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Executive Summary

The Cherenkov Telescope Array (CTA), will be the major global observatory
for very high-energy (VHE) gamma-ray astronomy over the next decade
and beyond. The scientific potential of CTA is extremely broad: from
understanding the role of relativistic cosmic particles to the search for dark
matter. CTA is an explorer of the extreme universe, probing environments
from the immediate neighbourhood of black holes to cosmic voids on the
largest scales. Covering a huge range in photon energy from 20 GeV to
300 TeV, CTA will improve on all aspects of performance with respect to
current instruments. Wider field of view and improved sensitivity will enable
CTA to survey hundreds of times faster than previous TeV telescopes. The
angular resolution of CTA will approach 1 arc-minute at high energies —
the best resolution of any instrument operating above the X-ray band —
allowing detailed imaging of a large number of gamma-ray sources. A one to
two order-of-magnitude collection area improvement makes CTA a powerful
instrument for time-domain astrophysics, three orders of magnitude more
sensitive on hour timescales than Fermi-LAT at 30 GeV. The observatory
will operate arrays on sites in both hemispheres to provide full sky coverage
and will hence maximise the potential for the rarest phenomena such as
very nearby supernovae, gamma-ray bursts, or gravitational wave transients.
With 99 telescopes on the southern site and 19 telescopes on the northern
site, flexible operation will be possible, with sub-arrays available for specific
tasks.

CTA will have important synergies with many of the new generation
of major astronomical and astroparticle observatories. Multi-wavelength
(MWL) and multi-messenger (MM) approaches combining CTA data with
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those from other instruments will lead to a deeper understanding of the
broad-band non-thermal properties of target sources, elucidating the nature,
environment, and distance of gamma-ray emitters. Details of synergies in
each waveband are presented.

The CTA Observatory will be operated as an open, proposal-driven
observatory, with all data available on a public archive after a predefined
proprietary period (of typically one year). Scientists from institutions
worldwide have combined together to form the CTA Consortium. This
Consortium has prepared a proposal for a Core Programme of highly
motivated observations. The programme, encompassing approximately 40%
of the available observing time over the first 10 years of CTA operation, is
made up of individual Key Science Projects (KSPs), which are presented
in the subsequent chapters. The science cases have been prepared over
several years by the CTA Consortium, with community input gathered via a
series of workshops connecting CTA to neighbouring communities. A major
element of the programme is the search for dark matter via the annihilation
signature of weakly interacting massive particles (WIMPs). The strategy
for dark matter detection presented here places the expected cross-section
for a thermal relic within reach of CTA for a wide range of WIMP masses
from ~200 GeV to 20 TeV. This makes CTA extremely complementary to
other approaches, such as high-energy particle collider and direct-detection
experiments. CTA will also conduct a census of particle acceleration over a
wide range of astrophysical objects, with quarter-sky extragalactic, full-plane
Galactic, and Large Magellanic Cloud surveys planned. Additional KSPs are
focused on transients, acceleration up to PeV energies in our own Galaxy,
active galactic nuclei, star-forming systems on a wide range of scales, and
the Perseus cluster of galaxies. All provide high-level data products which
will benefit a wide community, and together they will provide a long-lasting
legacy for CTA.

Finally, while designed for the detection of gamma rays, CTA has
considerable potential for a range of astrophysics and astroparticle physics
based on charged cosmic-ray observations and the use of the CTA telescopes
for optical measurements.
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1
Introduction to CTA Science

Ground-based gammarray astronomy is a young field with enormous
scientific potential. The possibility of astrophysical measurements at tera-
electronvolt (TeV) energies was demonstrated in 1989 with the detection
of a clear signal from the Crab nebula above 1 TeV with the Whipple
10 m imaging atmospheric Cherenkov telescope (IACT). Since then, the
instrumentation for, and techniques of, astronomy with IACTs have evolved
to the extent that a flourishing new scientific discipline has been established,
with the detection of more than 150 sources and a major impact in
astrophysics and more widely in physics. The current major arrays of [ACTs,
H.E.S.S., MAGIC, and VERITAS, have demonstrated the huge physics
potential at these energies as well as the maturity of the detection technique.
Many astrophysical source classes have been established, some with many
well-studied individual objects, but there are indications that the known
sources represent the tip of the iceberg in terms of both individual objects
and source classes. The Cherenkov Telescope Array (CTA) will transform
our understanding of the high-energy universe and will explore questions in
physics of fundamental importance. As a key member of the suite of new and
upcoming major astroparticle physics experiments and observatories, CTA
will exploit synergies with gravitational wave and neutrino observatories as
well as with classical photon observatories. CTA will address a wide range
of major questions in and beyond astrophysics, which can be grouped into
three broad themes:
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Theme 1: Understanding the Origin and Role of Relativistic
Cosmic Particles

e What are the sites of high-energy particle acceleration in the universe?

e What are the mechanisms for cosmic particle acceleration?

e What role do accelerated particles play in feedback on star formation and
galaxy evolution?

Theme 2: Probing Extreme Environments

e What physical processes are at work close to neutron stars and black holes?

e What are the characteristics of relativistic jets, winds, and explosions?

e How intense are radiation fields and magnetic fields in cosmic voids, and
how do these evolve over cosmic time?

Theme 3: Exploring Frontiers in Physics

e What is the nature of dark matter? How is it distributed?
e Are there quantum gravitational effects on photon propagation?
e Do axion-like particles exist?

This chapter introduces the key characteristics of the observatory and
describes the involvement of the wider scientific community in the derivation
of the scientific requirements for CTA. The broader multi-wavelength and
multi-messenger context is presented in the following chapter and the
scientific programme proposed for the Key Science Projects, to be carried
out by the CTA Consortium using guaranteed time, is presented in later
chapters of this document.

1.1 Key Characteristics and Capabilities

CTA will be an observatory with arrays of IACTs on two sites aiming to:

e improve the sensitivity level of current instruments by an order of
magnitude at 1 TeV,

e significantly boost detection area, and hence photon rate, providing access
to the shortest timescale phenomena,

e substantially improve angular resolution and field of view and hence ability
to image extended sources,
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e provide energy coverage for photons from 20 GeV to at least 300 TeV, to
give CTA reach to high-redshifts and extreme accelerators,

e dramatically enhance surveying capability, monitoring capability, and
flexibility of operation, allowing for simultaneous observations of objects
in multiple fields,

e serve a wide user community, with provision of data products and tools
suitable for non-expert users, and

e provide access to the entire sky, with sites in two hemispheres. (In this
document, the two sites are referred to as CTA-South and CTA-North).

CTA will be operated as an open, proposal-driven observatory for the first
time in very high-energy (VHE, E > 20 GeV) astronomy. The observatory-
mode operation of CTA is expected to significantly boost scientific output by
engaging a research community much wider than the historical ground-based
gamma-ray astronomy community.

The very wide energy range covered by the southern CTA array
necessitates the use of at least three different telescope types: referred to as
Large, Medium, and Small-Sized Telescopes (LSTs, MSTs, and SSTs). The
LSTs provide sensitivity at the lowest energies and the SST's at the highest.
There are multiple strong motivations for the wide CTA energy range: the
lowest energies provide access to the whole universe (avoiding significant
gamma-gamma absorption on the extragalactic background light); the
highest energies are needed to study the extreme accelerators which we
know from direct cosmic-ray measurements are present in our Galaxy; a wide
energy range maximises the chances of serendipitous detection of new source
classes with unknown spectral characteristics, for example in the search for
dark matter with an unknown WIMP mass; a wide energy range is key for
discrimination between scenarios and to identify features. All objects which
have been studied over a wide energy range with good signal to noise using
current IACT arrays exhibit features in their gamma-ray spectra. Conversely,
the narrow energy range and lower signal to noise measurements more typical
of current generation instruments invariably result in spectra which are
consistent with power-law forms. In the north, where the inner regions of
the Galaxy are not visible, there will be a greater emphasis on extragalactic
targets. Therefore, in the interest of optimisation of the observatory, the
northern CTA array will be implemented with only LSTs and MSTs.

Access to the full sky is necessary as many of the phenomena to be
studied by CTA are rare and individual objects can be very important. For
example, the most promising galaxy cluster, the brightest starburst galaxy,
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and the only known gravitationally lensed TeV source are located in the
north. The inner Galaxy and the Galactic Centre are key CTA targets (see,
e.g. Chapter 5) and are located in the south. Full sky coverage ensures
that extremely rare but critically important events (for example a Galactic
supernova explosion, bright gravitational wave transient, or nearby gamma-
ray burst) will be accessible to CTA.

Individual CTA telescopes will have Cherenkov cameras with wide fields
of view: >4.5° for the LSTs, >7° for the MSTs, and >8° for the SSTs. The
wide camera field serves a dual purpose: to provide contained shower images
up to large impact distance (improving collection area and resolution) for
on-axis gamma rays and to increase the gamma-ray field of view of the
system as a whole. This characteristic of CTA is critical for the observation
of very extended objects and regions of diffuse emission, as well as for
surveys. Furthermore, the wide field provides reduced systematic errors, with
a uniform response over regions much larger than the point-spread-function
size (not always the case for current generation instruments).

The large telescope number (~100 in the south) and individual wide
telescope fields of view result in a CTA collection area which is one or more
orders of magnitude larger than current generation instruments at essentially
all energies, with substantial benefits for imaging, spectroscopy, and light-
curve generation. Multi-square-kilometre collection area is essential at the
highest energies where there is essentially zero background even in long expo-
sures and sensitivity is limited by the collection of sufficient signal photons.
For very short timescale phenomena, CTA is background free over much of
its energy range and the large collection area is the key performance driver.

For events incident in the central parts of the CTA arrays, the number
of recorded shower images will be large (>10) for all but the lowest energies.
These high image multiplicities, combined with the contained nature of
events and superior image information to existing instruments, provide
excellent energy and angular resolution. A precision of 1 arc-minute on
individual photons will be obtained for the upper end of the CTA energy
range, which is the best resolution achieved anywhere above the X-ray
domain.

The ability to rapidly respond to external alerts, and to rapidly issue its
own alerts, is built into the CTA design. In particular the LSTs, where the
energy range covered provides access to essentially the whole universe, are
optimised for rapid movement, with a goal slewing time of 20 s (minimum
requirement 50 s) to anywhere in the observable sky. A real-time analysis
pipeline will enable the identification of significant gamma-ray activity in
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any part of the field of view and the issuing of alerts to other instruments
within one minute.

The dramatic improvement in the point-source sensitivity of CTA
with respect to current instruments is a consequence of the combination
of improved background rejection power, increased collection area, and
improved angular resolution. The improved background rejection power
is achieved primarily through high image multiplicity and is particularly
important for the study of extended, low-surface brightness objects and
for low-flux objects where deep exposures are required. Figures 1.1 and
1.2 compare the sensitivity and angular resolution of the CTA arrays to
a selection of existing gamma-ray detectors.

Finally, the number of individual telescopes in the CTA arrays, and
the ability to operate multiple sub-arrays independently, provides enormous
flexibility of operation. CTA will operate with different pointing directions
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Figure 1.1: Comparisons of the performance of CTA with selected existing gamma-ray
instruments. Differential energy flux sensitivities for CTA (south and north) are shown
for five standard deviation detections in five independent logarithmic bins per decade in
energy. For the CTA sensitivities, additional criteria are applied to require at least ten
detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different
energy binning. The curves shown give only an indicative comparison of the sensitivity
of the different instruments, as the method of calculation and the criteria applied are
different. In particular, the definition of the differential sensitivity for HAWC is rather
different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. See Figure 1.2 for references.
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Figure 1.2: Angular resolution expressed as the 68% containment radius of recon-
structed gamma rays (the resolution for CTA-North is similar). The sensitivity (Figure 1.1)
and angular resolution curves are based on the following references: Fermi-LAT [1], HAWC
[2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves represent the understand-
ing of the performance of CTA at the time of completion of this document; for the latest
CTA performance plots, see https://www.cta-observatory.org/science/cta-performance.

for different sub-systems, for example with the LSTs pointed to a distant
active galaxy and the MSTs and SSTs observing a hard-spectrum Galactic
source. Furthermore, small groups of MST's or SST's may be used to monitor
up to 10 variable sources simultaneously. The pointing pattern of the CTA
telescopes may also be optimised for the purpose of surveying an extended
region of arbitrary shape, for example the error box from a gravitational wave
alert [6, 7]. Preliminary CTA performance curves are available publicly at [8].
Below, we highlight two key aspects of the unique instrumental reach of CTA.

1.1.1  Surveying Capabilities

CTA will conduct a census of particle acceleration in our universe by per-
forming surveys of the sky at unprecedented sensitivity at very high energies.
Deep fields will be obtained for some key regions hosting prominent targets,
while wider and shallower surveys will be conducted to build up unbiased
population samples and to search for the unexpected. The combination of the
wide CTA field of view with unprecedented sensitivity ensures that CTA can
deliver surveys one to two orders of magnitude deeper than existing surveys
early in the life of the observatory. Indeed, over much of the sky and much of
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the energy range of CTA, no sensitive survey exists and CTA measurements
will be revolutionary. The CTA surveys will open up discovery space in an
unbiased way and generate legacy datasets of long-lasting value.

The potential for surveys with CTA is described in Ref. [9]. To ensure
that essential surveys will be conducted by CTA early on in the observing
programme, and to accommodate the related observing time demands,
surveys will be part of CTA’s Core Programme and are described in the
Key Science Project (KSP) chapters that follow.

e Extragalactic Survey (Chapter 8): Covering 1/4 of the sky to a depth
of ~6 mCrab. No extragalactic survey has ever been performed using
TACTs, and the existing VHE surveys using ground-level particle detectors
[10, 11] have modest sensitivity, limited angular and energy resolution, and
limited energy range. A 1000 h CTA survey of such a region will reach the
same sensitivity as the decade long H.E.S.S. programme of inner Galaxy
observations and will cover a solid angle ~40 times larger, providing a
snapshot of activity in an unbiased sample of active galactic nuclei (AGN)
(see Figure 1.4).

e Galactic Plane Survey (GPS) (Chapter 6): Consisting of a deep
survey (~2 mCrab) of the inner Galaxy and the Cygnus region, coupled
with a somewhat shallower survey (~4 mCrab) of the entire Galactic
plane. For the typical luminosity of known Milky Way TeV sources of
1033 3% erg/s, the CTA GPS will provide a distance reach of ~20 kpc,
detecting essentially the entire population of such objects in our Galaxy
and providing a large sample of objects one order of magnitude fainter.
The excellent angular resolution of CTA is critical here to avoid being
limited by source confusion rather than flux (see Figure 1.3).

e Survey of the Large Magellanic Cloud (LMC) (Chapter 7):
Providing a face-on view of an entire star-forming galaxy, resolving regions
down to 20 pc in size with sensitivity down to luminosities of ~103* erg/s.
CTA aims to map the diffuse LMC emission as well as individual objects,
providing information on relativistic particle transport.

These surveys will establish the populations of VHE emitters in Galactic
and extragalactic space and provide large enough samples of objects to
understand source evolution and/or duty cycle. Data products from the
survey KSPs include catalogues and flux maps which will serve as valuable
long-term resources to a wide community.

Some other KSPs are also effectively surveys due to the wide field of
view. For example, a deep observation of the Perseus Cluster is envisaged
(see Chapter 13) to provide a sample of low redshift galaxies and to have
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Figure 1.3: (a) Simulated CTA image of the Galactic plane for the inner region,
—80° < I < 80°, adopting the proposed GPS KSP observation strategy and a source
model incorporating both supernova remnant and pulsar wind nebula populations, as well
as diffuse emission. (b) A zoomed image of an example 20° region in Galactic longitude.
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Figure 1.4: Predictions for the number of blazars on the sky in the GeV-TeV domain.
(a) Source counts versus peak synchrotron flux. The upper panel shows predictions by
[12] together with the current and envisioned sensitivity limits of IACTs. The lower panel
shows detected AGN with current instruments. (b) Expected source counts as a function
of the integral gamma-ray flux above 100 GeV, from Ref. [13].

sensitivity to the low end of the luminosity function of active galaxies as well
as to diffuse emission associated with accelerated hadrons or dark matter
annihilation.

The search for an annihilation signature of dark matter, throwing light
on the nature of the dark matter particles, is a key part of the CTA
research programme. The prime targets are the Galactic Centre (Chapter 5)
and Milky Way satellite galaxies, but the surveys introduced above will
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probe concentrations of dark matter in the LMC and Milky Way, providing
complementary datasets. The strategy for dark matter detection with CTA
is introduced in Chapter 4.

Surveys will in general be conducted in a mode with telescopes
co-pointed, but a divergent mode is also possible and under consideration
for the Extragalactic Survey, offering increased instantaneous field of view
(~20° x 20°) and survey depth at the expense of angular and energy
resolution.

1.1.2 Short Timescale Capabilities

CTA is a uniquely powerful instrument for the exploration of the violent
and variable universe. It has unprecedented potential both in terms of energy
reach and sensitivity to short timescale phenomena. Figure 1.5 compares the
sensitivity of CTA to that of Fermi-LAT as a function of observation time.
CTA has four orders of magnitude better sensitivity to minute timescale
phenomena at energies around 25 GeV. Even at variability timescales of
1 month, CTA will be a factor 100 more sensitive than Fermi-LAT. Only
for emission which is stable over the full mission lifetime of Fermi are the
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Figure 1.5: Comparison of the sensitivities of CTA and Fermi-LAT in the energy range
of overlap versus observation timescale. Differential flux sensitivities at three energies are
compared. Adapted from Ref. [18]. Note that the Pass 6 sensitivity is shown for Fermi-
LAT and the CTA sensitivity is calculated using an early model of the arrays; thus, better
sensitivities for both Fermi-LAT and CTA are now expected.
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Figure 1.6: Simulated CTA GRB light curve, based on the Fermi-LAT-detected
GRB 080916C at z = 4.3. See Figure 9.1 for more details.

sensitivities of the two instruments comparable in the lowest part of the
CTA energy range. Instruments such as HAWC, which have sensitivity in
the higher part of the CTA range, are also limited at short timescales by
(relative to CTA) small collection areas, as well as low signal to noise.

The ability to probe short timescales at the highest energies will allow
CTA to explore the connection between accretion and ejection phenomena
surrounding compact objects, study phenomena occurring in relativistic
outflows, and open up significant phase space for serendipitous discovery.
Particularly important targets for CTA are gamma-ray bursts (GRBs),
AGN, and Galactic compact object binary systems. The most dramatic case
is that of GRBs where CTA will make high-statistics measurements for the
first time above ~10 GeV, probing new spectral components which will shed
light on the physical processes at work in these systems [14] (see Figure 1.6).

CTA’s reach to ultra high energies also provides access to a regime
where cooling times for electrons are extremely short and variability is
expected even for objects which are currently considered as stable sources
(for example the Crab pulsar wind nebula [15] and the supernova remnant
RX J1713—3946 [16]).

As well as having unprecedented sensitivity to emission on short
timescales, CTA will be able to respond very rapidly both to external alerts
and in delivery of alerts to other observatories. The absolute maximum
repointing times for the CTA telescopes (to and from anywhere in the
observable sky) will be 50 seconds for the LSTs and 90 seconds for the MST's
and SSTs, with the goal to reach shorter slewing times. This fast slewing
capability is particularly important for capturing transient phenomena such
as GRBs.
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The wide field of view and unprecedented sensitivity of CTA make
the serendipitous detection of transient or variable VHE emission likely.
To maximise the scientific return, CTA will be equipped with a low-latency
(effectively real-time) analysis pipeline which will monitor the field of view
for variability on a wide range of timescales. The detection of a gamma-ray
flare in the field and the issuing of an alert will be possible within 60 seconds.
CTA will itself respond to such alerts by repositioning the telescopes, by
modifying the observing schedule and by alerting other observatories to allow
rapid follow-up. See Ref. [17] for details.

The KSPs which rely on the short-timescale capabilities of CTA include:

e Transients (Chapter 9): Comprising a programme responding to a broad
range of multi-wavelength and multi-messenger alerts, including GRBs,
gravitational wave transients, and high-energy neutrino transients. Rapid
feedback to the wider community on the VHE gamma-ray properties of
transients is a key element of the KSP.

e Active Galactic Nuclei (Chapter 12): Where flaring activity forms a
key part of the science case, with rapid bi-directional information flow
again critical. Blazars exhibit the fastest known variability (1 minute
timescales) at TeV energies and blazar flares can be used to search for
Lorentz invariance violation, as well as to cast light on the physics of the
ultra-relativistic inner jets of these systems (see for example [19]).

e Galactic Plane Survey (Chapter 6): With multiple observations of
every part of the Plane allowing the identification of objects variable on
timescales from seconds to months, including the expected discovery of
many new gamma-ray binaries [20]. Real-time alert generation from CTA
will maximise the scientific return from short-timescale transients.

1.1.3 Capabilities Beyond Gamma Rays

While CTA is designed as a gamma-ray observatory it will, as part of its
normal operation, collect an enormous quantity of valuable information on
charged cosmic rays. Of particular interest are the highest energy cosmic-
ray electrons, which must be associated with nearby particle accelerators
(which can therefore be studied using CTA data in both the gamma-ray
and electron channels), and heavy nuclei, which can be separated using their
direct Cherenkov emissions (i.e. from the primary cosmic ray, rather than
from the secondary products in an air shower). Cosmic-ray observations with
CTA are discussed in Ref. [21] and in Chapter 14.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

12 Science with the Cherenkov Telescope Array

Both gamma-rray and cosmic-ray observations with CTA rely on
nanosecond-timescale cameras to detect Cherenkov light. Other uses for the
very large optical-photon collection area of the CTA telescopes do exist.
Longer integration time observations of optical targets with CTA could
include the use of intensity interferometry, to provide unprecedented angular
resolution at blue wavelengths for bright sources (see [22] and Chapter 14).

1.2 Overview of CTA Science Themes

Here, we provide a brief overview of the main scientific questions and topics
addressed by CTA, referring forward where relevant to the KSP chapter for
details.

1.2.1 Understanding the Origin and Role of Relativistic
Cosmic Particles

Relativistic particles appear to play a major role in a wide range of
astrophysical systems, from pulsars and supernova remnants to active
galactic nuclei and clusters of galaxies. Within the interstellar medium of
our own Galaxy, these cosmic rays are close to pressure equilibrium with
turbulent motions of gas and magnetic fields, yet the relationship between
these three components, and the overall impact on the star-formation process
and the evolution of galaxies, is very poorly understood. CTA will provide
the first high angular resolution measurements of cosmic-ray protons and
nuclei (rather than the energetically sub-dominant electrons that produce the
non-thermal emission seen at radio and X-ray wavelengths) in astrophysical
systems, providing insights into the process(es) of acceleration, transport,
and the cosmic-ray-mode feedback mechanisms in these systems. Historically,
non-thermal effects in astrophysical systems have largely been ignored or
parametrised away due to a lack of high-quality data. The insights from CTA
will therefore represent a major contribution to our deepening understanding
of the processes by which galaxies and clusters of galaxies evolve, in the era
of precision astrophysics with major instruments across all wavebands from
radio (SKA) to VHE gamma ray (CTA).

Below, we introduce the main elements of this theme, moving from the
accelerators themselves to the impact of accelerated particles.

1.2.1.1 Cosmic accelerators

The primary goal of gamma-ray astrophysics thus far has been to establish
in which cosmic sources particle acceleration takes place and, in particular,
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to establish the dominant contributors to the locally measured ‘cosmic rays’
which are 99% protons and nuclei (collectively referred to as ‘hadrons’).
Much progress has been made in the last decade in this area, with the
combination of Fermi-LAT and TACT data proving extremely effective in
identifying the brightest Galactic accelerators and providing strong evidence
of hadron acceleration in a handful of sources. However, key questions remain
unanswered: are supernova remnants (SNR) the only major contributor to
the Galactic cosmic rays? Where in our Galaxy are particles accelerated
up to PeV energies? What are the sources of high-energy cosmic electrons?
What are the sources of the ultra high-energy cosmic rays (UHECRs)?

CTA will address all of these questions and also the critical issue of the
mechanism(s) for particle acceleration at work in cosmic sources, through
two main approaches:

e a census of particle accelerators in the universe, with Galactic and
extragalactic surveys and deep observations of key nearby galaxies and
clusters and

e precision measurements of archetypal sources, where bright nearby
sources will be targeted to obtain resolved spectroscopy or very high
statistics light curves, to provide a deeper physical understanding of the
processes at work in cosmic accelerators.

A general census is required to understand the populations of accelerators
and the evolution/life cycle of these source classes. Deep observations of
individual sources are required to acquire the very broad-band spectra
needed to unambiguously separate lepton and hadron acceleration and to
test acceleration to the highest energies possible for Galactic accelerators.

While the main resources for the census are the KSP survey observations
introduced above, the Guest Observer (GO) programme will provide most
of the deep observations of individual sources. For example, the deep
observation of the TeV-bright pulsar wind nebula (PWN) HESS J1825-137,
mapping in detail its energy-dependent morphology and studying particle
propagation and cooling in the post-shock flow [15], is anticipated as a GO
proposal.

One key object that is included in the proposed KSPs is the TeV-bright,
young supernova remnant (SNR) RX J1713-3946 (see Figure 1.7 and Chap-
ter 10), where the dominant gamma-ray emission mechanism is unclear from
current measurements [23, 24|, but where CTA can resolve the ambiguity
between electron- and proton-dominated emission and resolve sub-structure
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Figure 1.7: Simulated CTA images of the TeV-bright supernova remnant RX J1713-
3946 for different emission scenarios, showing the power of CTA to differentiate between
these scenarios. Reproduced from Ref. [25].

within the SNR shell on scales that are important for our understanding of
the acceleration process.

Known TeV-emitting source classes where CTA data will have a transfor-
mational impact on our understanding include PWNe, gamma-ray binaries,
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colliding-wind binaries, massive stellar clusters, starburst galaxies, and active
galaxies. There is clearly huge potential for the discovery of new classes of
accelerators, with emission from clusters of galaxies (see Chapter 13) as one
of the most exciting possibilities.

1.2.1.2  Propagation and influence of accelerated particles

Beyond the question of how and where particles are accelerated in the
universe is the question of what role these particles play in the evolution
of their host objects and how they are transported out to large distances.
On the scale of clusters of galaxies, cosmic rays with TeV-PeV energies are
thought to be confined over a Hubble time [26]. On smaller scales, they
typically escape from their acceleration sites and may impact upon their
environments in a number of ways:

1. as a dynamical constituent of the medium,

2. through generation / amplification of magnetic fields, and

3. through ionisation and subsequent impact on the chemical evolution of,
for example, dense cloud cores.

All these effects are relevant for the interstellar medium of our own Galaxy
and are likely to be important in star-forming systems on all scales (see, e.g.
Chapters 11 and 7). The first aspect is also likely to be important for the
process of AGN feedback on the host galaxy cluster and growth of massive
galaxies (see, e.g. Chapter 12 and 13).

CTA will map extended emission around many gamma-ray sources
and look for energy-dependent morphology associated with diffusion (in
the case of hadrons) or cooling (in the case of electrons). As the energy
dependence is expected to be opposite in the two cases, such mapping
provides another means to separate emission from these two populations. It is
CTA’s unprecedented (in the gamma-ray domain) angular resolution, energy
resolution, and background rejection power that make this possible (see, e.g.
Chapter 10).

There are important synergies here with THz instruments capable of
mapping molecular material and deriving the physical conditions in the
TeV-emitting regions (see Chapter 2).

Again, many of the key targets for this topic are left for GO proposals,
with the expectation that teams with access to key data sets at other
wavelengths will propose CTA observations. For example, although there
are a number of galaxy clusters and AGN with cluster-scale impact that are
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potentially detectable with CTA, the KSP on galaxy clusters targets only a
single object (Perseus, see Chapter 13).

1.2.2 Probing Extreme Environments

Particle acceleration to very high energies is typically associated with
extreme environments, such as those close to neutron stars and black holes,
or in relativistic outflows or explosions. VHE emission from accelerated
particles can therefore act as a probe of these environments, providing
access to time and distance scales which are inaccessible in other wavebands.
VHE emission often escapes from systems where UV and X-ray emission
is absorbed, and it provides information independent of assumptions on
magnetic field strengths. In addition, VHE photons from distant objects can
be used as a probe of the intervening space. Gamma—-gamma pair production
signatures will allow us to measure the redshift evolution of the UV-IR
background, and hence the star-formation history of the universe, to probe
magnetic fields in cosmic voids down to values many orders of magnitude
below the reach of any other technique. CTA will also establish if VHE
photons heat the gas in these under-dense regions, suppressing the formation
of dwarf satellite galaxies.

Below, we consider three key areas within this theme where CTA data
will have a transformational impact, referring forward to the Key Science
Projects that will address them and to potential major GO observations.

1.2.2.1  Black holes and jets

Active galactic nuclei are thought to harbour supermassive black holes
(SMBHs), accreting material and producing collimated relativistic outflows
by a still poorly understood process. Similarly, accreting stellar mass
black holes are known to produce jets, and particle acceleration seems to
be universally associated with BH-powered jets. Acceleration may occur
extremely close to the SMBH (and must do so in some systems to explain the
remarkably short variability timescales, see Figure 1.8) or up to Mpc scales,
where the largest AGN jets finally terminate. Active galaxies are seen as one
of the most likely sites of the acceleration of the UHECRSs, with energies
up to around 10%°
acceleration in AGN jets.

eV, but so far there is no strong evidence for hadronic

Simultaneous broad-band data (see Chapter 2) is needed to study
variable jet emission in both Galactic and extragalactic systems, with CTA
data playing a key role: establishing the presence of very high energy
particles, identifying the presence of hadrons, and studying extremely
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Figure 1.8: Probing ultra-fast variability in the inner jet of an active galaxy: simulated
CTA light curve for the 2006 flare of PKS2155-304 (reproduced from Ref. [30]). Such
observations provide access to timescales much shorter than the light-crossing time of the
supermassive black hole.

short-timescale variability that provides information on the smallest spatial
scales and probes the bulk ultra-relativistic motions of the inner jet. Time-
resolved VHE spectral measurements are key to disentangling leptonic and
hadronic emission scenarios, to study jet power and dynamics, and to probe
magnetic fields in this extreme environment. While a significant sample of
AGN will be targeted in the Active Galactic Nuclei KSP (see Chapter 12)
and discovered in the CTA survey KSPs, it is anticipated that the majority
of targeted AGN observations with CTA will occur in the open time, with
many as target-of-opportunity (ToO) proposals associated with triggers from
other wavelengths.

The low luminosity AGN at the heart of our own Galaxy, Sgr A*,
is coincident with a TeV source and has associated non-thermal emission
in the radio and X-ray bands. However, the sensitivity, resolution, and
pointing precision of current gammarray telescopes are insufficient to
separate the emission from very nearby sources from the diffuse emission
around the Galactic Centre. CTA will map this region in unprecedented
detail (see Chapter 5), probing the relationship between the central source
and the diffuse emission and, on much larger scales, up to the Fermi
bubbles.

There is evidence from current IACTs for TeV emission from a single
system hosting a stellar mass black hole: Cygnus X-1. The sensitivity of CTA
should allow this object to be studied in detail, opening the door to studies of



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

18 Science with the Cherenkov Telescope Array

high-energy non-thermal processes associated with stellar mass black holes
and allowing the first comparisons to be made with SMBH systems. While
the Core Programme will cover the Cygnus region as part of the GPS and
black hole binary activity will be used to trigger the Transients KSP (see
Chapters 9 and 6), the bulk of observations of such objects, including deep
observations of Cygnus X-1, are expected throughout the GO programme,
again likely from proposers with access to data from other wavelength
bands.

The recent discovery of gravitational wave (GW) emission associated
with the mergers of massive compact objects [7, 27, 28] raises many exciting
new possibilities in observational astrophysics and many questions about the
evolution of high mass binary systems [27, 29]. Clearly, the possibility for
jet formation and acceleration of particles to TeV energies in such systems
exists, and as GW detections will, for the foreseeable future, all originate
within the TeV gamma-ray horizon; such alerts will form a key target for
CTA (see Chapter 9).

1.2.2.2  Neutron stars and relativistic outflows

CTA will probe the environment around neutron stars via pulsed gamma-ray
emission from the magnetosphere of pulsars and study the ultra-relativistic
outflows of these systems via mapping and spectral measurements of the
associated synchrotron/inverse-Compton nebula and (possibly and uniquely)
the unshocked pulsar wind. Young and energetic (in terms of available
rotational energy) pulsars cluster tightly along the Galactic plane, and
hence the majority of objects will be covered by the CTA Galactic Plane
Survey (see Chapter 6). Two key objects, HESS J1825-137 and the Vela
pulsar (and the associated Vela X nebula), are very promising targets and
are expected to be targeted by GO proposals.

Binary systems including a pulsar provide a unique opportunity to
study a relativistic outflow under changing physical conditions as the orbit
progresses, via energy-dependent light-curve measurements. Several such
systems will be covered by the CTA Galactic Plane Survey, but deep
observations are again expected as GO proposals.

Merging neutron stars and other compact object mergers are the likely
counterparts of short GRBs and are of course the targets of the young field
of gravitational wave astronomy. CTA will be able to respond rapidly to
triggers from GRB or GW instruments and hence probe the highest energy
processes associated with such events.
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1.2.2.3  Cosmic voids

Much of the universe consists of extremely under-dense regions known as
cosmic voids. Very high-energy photons interact within these voids and allow
us to probe the radiation fields and magnetic fields that they contain. The
extragalactic background light (EBL) is the integrated emission from stars
and galaxies of all types throughout the evolution of the universe. As such,
it is an important tool for cosmology, but it is extremely difficult to measure
directly due to very strong foregrounds from the Solar System and the
Milky Way. However, the EBL leaves an imprint on the measured spectra of
gamma-ray sources, via the process of gamma—-gamma pair production. The
wide-band, high-quality spectra measured with CTA for a large number of
objects will allow the EBL spectrum from the optical to the far infrared to
be precisely measured at redshift zero. Furthermore, with the expected large
sample of blazars up to redshift ~1 detected with CTA, the evolution of the
EBL with cosmic time can be probed for the first time. See Ref. [31] and
Chapter 12 for more details.

Pair production by TeV photons interacting in voids also offers the
prospect of measuring the extremely weak magnetic fields thought to exist
in these regions. Secondary gamma rays are produced by the primary e*
pairs via inverse Compton scattering on the EBL. A cascade can then
develop from further pair and inverse Compton interactions. Depending on
the typical value of the intergalactic magnetic field (IGMF), deflections of the
secondary particles may either be small enough that secondary components
may be observable as pair echoes, which arrive with a time delay relative
to the primary emission, or as a pair halo, potentially resolvable extended
emission around the primary source. The properties of the extended emission
depend on the IGMF strength. A strong enough IGMF (>10'2 G) leads to
full isotropisation of the cascade emission and formation of a physical pair
halo, while a weaker magnetic field leads to the appearance of an extended
emission with an IGMF-dependent size. If the IGMF strength is in the range
of B~ 10716 — 10712 G, the spatially extended emission may be detectable
and resolvable by CTA by virtue of its high sensitivity and angular resolution;
e.g. for a source at a distance of 100 Mpc, the extended emission would be
on the ~1° scale and would be comfortably contained within the CTA field
of view. See Ref. [30] and Chapter 12 for details.

If, as has been recently suggested, TeV electrons produced in gamma-—
gamma interactions in the voids do not initiate cascades but rather heat the
ultra-low dense plasma [32], CTA will allow this hypothesis to be proven and
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the heating rate to be very well constrained. As such, heating could be the
dominant means of heating in low density regions after redshift ~2 and could
solve the problem of the missing dwarf satellite galaxies; this measurement
would be a very valuable addition to cosmology.

1.2.3 Exploring Frontiers in Physics

The reach of CTA encompasses considerable discovery space in the area of
fundamental physics. CTA will reach the expected thermal relic cross-section
for self-annihilating dark matter for a wide range of dark matter masses,
including those inaccessible to the Large Hadron Collider (LHC). The long
travel times of gamma rays from extragalactic sources combined with their
short wavelength make them a sensitive probe for energy-dependent variation
of the speed of light due to quantum-gravity induced fluctuations of the
metric. CTA will be sensitive to such effects on their expected characteristic
scale: the Planck scale. On their long journey, gamma rays may couple to
other light particles such as axion-like particles (ALPs), under the influence
of intergalactic magnetic fields. Such photon-ALP oscillations effectively
make the universe more transparent to gamma rays and, akin to neutrino
oscillations, introduce a spectral modulation. Each of these effects would
represent a very major discovery, alone worth the effort of constructing and
operating CTA. The major step in sensitivity and energy coverage that CTA
represents brings such effects within reach and could well allow further issues
in fundamental physics to be addressed.

Below, we briefly consider each of these fundamental physics probes in
turn, referring forward to the Key Science Projects which will address them
in detail.

1.2.3.1 Dark matter

A major open question for modern physics is the nature of dark matter.
On scales from kpc to Mpc, there are numerous lines of evidence for the
presence of an unknown form of gravitating matter that cannot be accounted
for by the Standard Model of particle physics. The observation of the acoustic
oscillations imprinted into the cosmic microwave background quantifies this
dark component as making up about 27% of the total universe energy budget.
Being dominant with respect to the baryonic component, which accounts
for only about 5% of the total energy density, dark matter shaped the
growth of cosmic structures through gravitational instability. By comparing
the observed distribution in large galaxy redshift surveys with computer
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simulations of structure formation, it emerges that the particles constituting
the dark matter had to be moving non-relativistically when they stopped
scattering in the early universe, hence the term cold dark matter (CDM).
The observational evidence has led to the establishment of a concordance
cosmological model, dubbed ACDM. Despite the fact that the standard
cosmology rests on the dark matter paradigm, we still have no clue as to
its particle nature. One of the most popular scenarios for CDM is that
of weakly interacting massive particles (WIMPs) that comprise a large
class of non-baryonic candidates with a mass typically between few tens
of GeV and a few TeV and an annihilation cross-section of the order of the
weak interaction. Natural WIMP candidates are found in many models, for
example, in supersymmetric extensions of the Standard Model and indeed in
any model incorporating the breaking of electroweak symmetry by the Higgs
mechanism. The success of the WIMP scenario relies on the observation
that weak scale masses (GeV-TeV) and couplings yield a self-annihilation
cross-section that generically implies their relic abundance to be close to
the currently observed value for dark matter. This (velocity-weighted) cross-
section (~3 x 10726 cm®s71) is therefore a benchmark value that CTA aims
to reach through searches for the gamma rays arising from annihilation of
dark matter in the Galaxy, as has been attempted already by all operating
TACTs. Note that CTA is also sensitive to particle physics models in which
gamma rays result from the decay of dark matter particles.

Obtaining convincing evidence for dark matter from excesses in the
measured energy spectrum of gamma rays needs careful assessment of
(uncertain) astrophysical backgrounds as well as a good understanding of
the Galactic dynamics of dark matter. There is a major complementary
effort at the LHC in attempting to create dark matter directly in the
laboratory or in detecting its virtual traces on Standard Model signals.
Some underground direct-detection experiments that measure the recoil
energy of nuclei in a well-shielded detector when hit by a passing dark
matter particle have reported events in their signal region (e.g. CDMS-
Si, CRESST, and EDELWEISS-II) although these are all consistent with
being residual background and are in tension with stronger limits placed
by other experiments (e.g. XENON100, LUX, and CDMS II-Ge). Moreover,
controversial evidence has been presented of an annual modulation signal
(due to our motion around the Sun) of dark matter with mass around
10 GeV (presented originally by DAMA /LIBRA but, more recently, also
by CoGeNT). Concerning indirect detection, CTA will have a much greater
potential for dark matter detection than the current generation of VHE
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telescopes, for a number or reasons: (1) CTA’s extended energy range will
allow searches for WIMPs with lower mass, (2) the improved sensitivity in
the entire energy range will improve the probability of detection of dark
matter, (3) the increased field of view with a homogeneous sensitivity as
well as the improved angular resolution will allow for more efficient searches
for extended sources and spatial anisotropies, and (4) the improved energy
resolution will increase the chances of detecting a possible spectral feature
in the dark matter induced photon spectrum.

By observing the region around the Galactic Centre and by adopting
dedicated observational strategies (see Chapter 5 and Figure 1.9), CTA
will indeed reach the canonical velocity-averaged annihilation cross-section
of ~3 x 10726 cm?s™! for a dark matter mass in the range ~200 GeV to
20 TeV — something which is not possible with current instruments for
any exposure time. Together with the constraints from Fermi-LAT on dark
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Figure 1.9: CTA sensitivity to a WIMP annihilation signature as a function of
WIMP mass, for nominal parametres and for the multiple CTA observations described
in Chapter 4. The dashed horizontal line indicates the likely cross-section for a WIMP
which is a thermal relic of the Big Bang. See Figure 4.1 for a discussion of the various
sensitivities.
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matter lighter than a few hundred GeV, this will seriously constrain the
WIMP paradigm for CDM in the case of non-detection. Models with a
large photon yield from dark matter annihilation will be constrained to even
smaller cross-sections. In conclusion, the WIMP paradigm, either through
detection or non-detection will be significantly impacted upon during the
first years of operation of CTA. Additional targets, including Milky Way
satellites (see Chapters 4 and 7), complement the primary Galactic Centre
observation, with considerable scope for Guest Observer observations.

If signatures of dark matter do appear in direct-detection experiments or
at the LHC, gamma-ray observations will provide a complementary approach
to identify dark matter, while the typical cutoff of the energy spectrum
will allow for a precise mass determination. If such experiments do not
detect dark matter, as may be the case for sufficiently heavy dark matter
candidates, CTA may be the only way to look for such particles over the
next decade.

1.2.3.2  Quantum gravity and azion-like particle search

Photons of energy extending up to hundreds of TeV which will be detected
by CTA from distant cosmic sources provide a powerful tool to search for
possible new physics beyond the Standard Model. Apart from the search for
annihilation/decay signals from dark matter, there is the exciting possibility
of detecting ALPs and finding evidence of Lorentz invariance violation (LIV)
associated with possible quantum gravity effects on space-time at the Planck
scale. Blazars (Chapter 12) and GRBs (Chapter 9) have been identified
as the most promising (bright and distant) target classes for both these
searches. It has been suggested that quantum gravity effects may induce
time delays between photons with different energies travelling over large
distances, corresponding to a non-trivial refractive index of the vacuum. High
statistics measurements of GRBs and blazars over a wide energy range (see
e.g. Figures 1.8 and 1.6) will allow CTA to probe this possibility significantly
better than is possible with current IACTs. Even a negative result is rather
important in this context to guide theoretical work.

Axions are a proposed solution to the strong-CP problem of quantum
chromodynamics and also well-motivated candidates to constitute a part
or all of CDM. ALPs would not have the correct properties (i.e. mass and
coupling) to explain the strong-CP problem, but they could potentially be
an important component of the dark matter. ALPs are expected to convert
into photons (and vice versa) as they traverse cosmic magnetic fields. In
the case of a very distant AGN, the ALP/photon coupling can result in a
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detectable enhancement of the TeV photon flux (which competes with the
absorption on the EBL), dependent on the ALP mass. The search for ALPs
by CTA will complement dedicated laboratory experiments and studies using
indirect astrophysical tests and X-ray telescopes. See Chapter 12.1.3 for more
details.

1.3 Community Input to the Science Case

The scientific motivations and requirements for CTA have been developed
by the CTA Consortium with the engagement of the much wider community
of scientists working in astrophysics and astroparticle physics. A dedicated
work package (LINK) of the FP7-funded Preparatory Phase of CTA was
created to provide this community engagement. A series of workshops
provided the main basis for reaching out to the broader community, gathering
input to refine the science goals, to perform the scientific optimisation of the
instrument, and to develop user interfaces and services to provide the best
possible scientific exploitation of the observatory.

Three FP7-supported LINK workshops took place:

e 1st: Probing physics beyond the Standard Model with CTA, Oxford, UK,
November 11-12, 2010.

e 2nd: Links between CTA science and cosmic ray physics at high energies,
Buenos Aires, Argentina, November 19-21, 2012.

e 3rd: X-raying the gamma-ray Universe, Hakone, Japan, November 4-6,
2013.

Additional symposia and workshops included:

e AGN physics in the CTA era, Toulouse, France, May 16-17, 2011.

e The highest-energy gamma-ray Universe, A Joint Discussion Session of
the International Astronomical Union General Assembly, Beijing, China,
August 20-21, 2012.

e FEaxtragalactic gamma-ray astronomy with CTA, Muonio, Finland, March
18-21, 2013.

e The gamma-ray sky in the era of Fermi & CTA, Symposium at the
European Week of Astronomy & Space Science (EWASS), Turku, Finland,
July 11-12, 2013.

These meetings were all targeted at different communities, where links to
CTA were apparent, but needed to be developed. In addition, a number
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of national-level meetings took place, exploring links to existing strong
theoretical and experimental activities in individual CTA member countries.
As part of these activities, a special issue of the journal Astroparticle
Physics was also produced: Seeing the High-FEnergy Universe with the
Cherenkov Telescope Array [33], dedicated to CTA and with seven articles
by prominent scientists outside of the CTA Consortium, as well as detailed
studies and highlight articles written by the Consortium science teams.
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Synergies

CTA will have important synergies with many of the new generation of
astronomical and astroparticle observatories. As the flagship VHE gamma-
ray observatory for the coming decades, CTA plays a similar role in the VHE
waveband as the SKA in radio, ALMA at millimetre, or E-ELT/TMT/GMT
in the optical wavebands, providing excellent sensitivity and resolution
compared to prior facilities. At the same time, the scientific output of CTA
will be enhanced by the additional capabilities provided by these instruments
(and vice-versa). MWL and MM studies using CTA provide added value to
the science cases in two main ways:

Non-thermal emission: To understand the origin of cosmic rays and the
extreme physical environments that produce them, it is necessary to study
non-thermal signatures that span many orders of magnitude in frequency
in the broad-band spectral energy distribution (SED) of a given object.
In the case of time-variable emission, such studies require simultaneous
observations and/or alerts and triggers between observatories.

Source properties: Information on the nature of gamma-ray emitting
sources can be provided by MWL observations, enabling, for example, the
object class, environmental conditions, or the distance to be established. For
this purpose, simultaneous observations are in general not required, except
for the need to characterise transient sources, for example in the case of
gamma-ray burst redshift measurements.

The need for (simultaneous) MWL and MM observations has been considered
as a factor in the site selection process for CTA and in the preparations for
CTA science. Below, we describe the main areas in which synergies exist by

27
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Figure 2.1: Timeline of major MWL/MM facilities over the next decade. Note that
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indicate this uncertainty via the gradient, but have chosen timelines based on the best
information currently available. Instruments still in the proposal phase have been omitted,
as have many relevant survey instruments mentioned in the text, for the sake of space.

waveband; see also a summary timeline of major facilities in Figure 2.1.
We also discuss cases where agreements between CTA (Consortium or
Observatory) are desirable, as well as cases where data can be obtained
without agreement via publicly accessible archives. Detailed MWL/MM
plans can be found in the individual KSP chapters. Please note that there are
many important and complementary facilities to CTA the world over, and
for the sake of space we cannot list them all, particularly the many existing
survey instruments. We thus focus primarily on the newest developments,
and this chapter is representative rather than exhaustive.
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2.1 Radio to (Sub)Millimetre

Until a few decades ago, the radio band provided our main window to
the non-thermal universe, via the cyclo-synchrotron emission of relativistic
electrons that often dominates over thermal processes below ~10 GHz. Syn-
chrotron emission goes hand in hand with particle acceleration, due to the
inferred presence of magnetic fields and the presence of relativistic electrons,
either directly accelerated or produced as secondaries. In addition, dark
matter annihilation scenarios usually lead to the production of synchrotron-
emitting secondaries along with gamma-ray emission.?

The radio bands also have tremendous advantages for localising accel-
eration zones, because of the high angular resolution (e.g., down to tens
of microarcseconds with VLBI) and the ability to observe in daylight.
The combination of radio measurements with those at very high energies
can provide limits on the electron density independent of assumptions
about magnetic field strengths and can help determine which of several
competing non-thermal processes dominate at the highest energies. Radio
measurements also provide important magnetic field constraints via Faraday
rotation and provide the ephemerides of known pulsars, to guide the search
for potential gamma-ray pulsations with CTA. The success of Fermi-LAT
in this regard relied on close cooperation with radio observatories [35]. An
exciting recent development in the radio domain is the discovery of fast radio
bursts [36, 37], with the possibility of high energy counterparts and potential
synergies due to the wide field of view of CTA.

After decades of incremental improvements, radio astronomy has now
again entered a rapid development phase. Many existing facilities have
recently received major upgrades, providing much improved bandwidth
and sensitivity (e.g., JVLA, eeMERLIN). At the same time, windows to
entirely new parts of the radio spectrum at both low and high frequencies
are finally being opened. In particular, the low-frequency bands (30-80,
120-240 MHz) are now being explored using LOFAR, which can monitor
2/3 of the sky nightly in Radio Sky Monitor mode and has a Transients
Key Project dedicated to the detection, triggering, and cataloguing of new
radio transients. In China, the Five-hundred-metre Aperture Spherical radio
Telescope (FAST, 70 MHz to 3 GHz), the largest radio telescope ever built,
had first light in 2016 and is now undergoing commissioning tests. A key
new radio project is the Square Kilometre Array (SKA), whose phase 1

#See [34] for many examples.
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will come online during CTA’s science verification phase, followed by a
ramp up to full operation with phase 2 by about 2024. SKA will have
unprecedented sensitivity and excellent angular resolution, and the use of
phased-array technology allows for a very large field of view, ideal for survey
studies and transient detection (see Section 2.2). The pathfinders for SKA
are very powerful instruments in their own right and will be important
for early multi-frequency work involving CTA. A low-frequency pathfinder
(MWA; 80-300 MHz) is well into its early science phase in Australia with
upgrades in progress, and new projects at somewhat higher frequencies are
under development in Australia (ASKAP; 700-1800 MHz and UTMOST;
843 MHz) and South Africa (MeerKAT; eventually 3 bands between 0.6
and 14.5 GHz). The ThunderKAT programme for transients with 3000 h
of MeerKAT plus matching optical coverage (2017-2021) is particularly
interesting for CTA. Finally, while not strictly a pathfinder for SKA, VLITE
has just been commissioned with a wide bandwidth 330 MHz channel and
large field of view (FoV) to conduct a new low-band survey of the sky, as well
as detect new transients in real time. VLITE is a three-year pathfinder for the
proposed LOBO project, a more extensive low-frequency radio monitoring
project using the full JVLA. Having radio facilities in both hemispheres
provides important complementarity for the two CTA sites.

CTA'’s sensitivity to diffuse emission around accelerators makes mapping
of the interstellar gas over wide areas absolutely essential to enable identifi-
cation of sources in the Galactic plane and within other large-scale surveys
such as that of the LMC. (Sub)-millimetre wavelengths thus complement
CTA science by offering a detailed understanding of the environment into
which shock waves propagate and through which accelerated particles are
transported and interact. Most relevant to CTA are the facilities geared to
degree-scale surveys such as Mopra (Australia), APEX and Nanten2 (Chile),
and Nobeyama 45 m (Japan), whose beam sizes are well-matched to CTA’s
arc-minute resolution. These telescopes measure molecular gas via a variety
of molecular lines that trace the matter density over a wide range of scales.
Of particular interest is the missing “dark” molecular gas now attracting
serious attention in the ISM community, traced by THz lines, with pathfinder
telescopes in Antarctica such as HEAT (USA/Australia) paving the way for
large-scale survey instruments such as the proposed DATES project led by
China.

The recently completed Atacama Large Millimetre/sub-millimetre Array
(ALMA) represents a huge leap forward for (sub)-millimetre interferometry.
With sub-arcsecond resolution and the sensitivity to probe a very wide
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range of interstellar molecules, ALMA can carry out high fidelity probes
of the density, temperature and ionisation level of material towards many
CTA sources (including the LMC and nearby starburst galaxies), helping to
understand the environments in which particles are accelerated and interact.

Furthermore, in recent years it has become clear that the sub-millimetre
range is of particular interest for studying the particle acceleration processes
in the jets of Galactic black hole transients (microquasars), as well as in the
innermost regions of nearby AGN. For the former, there are many new small
arrays and single-dish facilities in both hemispheres available. For the latter,
the upcoming Event Horizon Telescope will link ALMA and other facilities in
the first global VLBI array at millimetre/sub-millimetre frequencies, offering
direct imaging of the jet-launching regions of key sources such as Sgr A* and
M 87. Eventually mm/sub-mm observations together with CTA can be used
to directly study the relation between near event horizon physics and cosmic-
ray acceleration and non-thermal processes in astrophysical jets.

At higher frequencies, the microwave all-sky survey by the Planck mission
(decommissioned in 2013) has produced a legacy archive that can be searched
for very extended microwave counterparts to CTA sources within our Galaxy,
complementary information on the lobes of nearby radio galaxies and nearby
clusters, and constraints on Galactic magnetic fields.

2.2 Infrared/Optical through Ultraviolet and Transient
Factories

Traditionally, the overlap between optical/infrared (OIR) astronomy and
gamma-ray astronomy has been considered to be fairly small. Indeed much
OIR emission has a thermal origin, such as stellar light, heated dust, or
emission from HII regions. However, the last few years have revealed that
many compact, high-energy sources emit detectable levels of synchrotron
emission in the OIR, which can also display very fast variability. Some
examples include blazars, microquasars, and pulsar-wind nebulae, all of
which are high energy gamma-ray emitters, making OIR a new frontier
also for MWL exploration, and especially for producing transient alerts.
Some steady gamma-ray sources also display mixed OIR emission, such as
the supernova remnant Cas A, which emits strong thermal emission but
also has IR synchrotron-emitting regions. In addition, OIR studies of non-
radiative shocks in supernova remnants can provide useful constraints on
nonlinear particle acceleration and its influence on shock heating. Finally,
OIR observations provide an interesting perspective in the case of gamma-ray
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binaries, as properties of circumstellar discs may directly affect inter-wind
shocks and lead to light-curve evolution.

There are too many existing smaller facilities to list here that will likely
be useful for follow-up of CTA results, so we focus only on the larger
developments. The high sensitivity of future telescopes will increase the
number of sources for which one can identify non-thermal emission, or for
which one can detect faint line emission from non-radiative shocks. By the
time that CTA is operational, several very large, ground-based facilities will
also come online. Already quite advanced is the project to build the European
Extremely Large Telescope (E-ELT) in Chile, which will have diameter of
39 m and is expected to start operation by ~2024. A similar project on the
US side, the Thirty Meter Telescope (TMT) meant for Hawaii has run into
some uncertainty with the site, but has enough momentum that it is likely to
continue with a somewhat delayed timescale. The Giant Magellan Telescope
(GMT) in Chile also begins commissioning in 2021, with diameter of 24.5 m.
In space, the follow-up for the Hubble Space Telescope (HST) is the James
Webb Space Telescope (JWST), launching in 2018. Similar to HST, the
emphasis for JWST will be more on thermal sources, however HST has made
some important progress for IR synchrotron-emitting sources and JWST’s
improved sensitivity will likely prove relevant for constraining several TeV-
emitting sources. On the longer timescale, NASA has just placed highest
priority on the O/NIR WFIRST mission, a wide-field survey instrument.

Optical polarimetry, as compared for example to radio, has not histor-
ically been of interest for MWL studies of VHE sources. It is becoming
apparent, however, that polarisation offers an ideal way of isolating the
synchrotron/non-thermal component in cases of mixed emission. This
technique can be employed to provide new insights in broad-band SED cor-
relations, for example to reveal potential low-energy signatures of otherwise
orphan VHE flares. Additionally, polarisation studies of jets allow direct
derivation of magnetic field parameters that can be used to improve SED
modeling and emission-region localisation.

In general, the technical requirements for basic, but valuable, optical
studies can be met at modest cost, suggesting that the installation of
a small on-site (or nearby) optical telescope with polarimetric capability
could significantly benefit the CTA science case. Having a dedicated facility
for simultaneous, high cadence monitoring of AGN sources, as well as to
follow-up transients or help trigger CTA programmes, could be an impor-
tant addition to the Observatory capabilities. For example, several new VHE
blazars were discovered from triggers based on high optical emission states
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Figure 2.2: Results from the first season of RoboPol [38] blazar monitoring, simulta-
neously with Fermi observations in the GeV gamma-ray range. The fractional amplitude
of a gamma-ray flare is plotted against the time delay between the gamma-ray flare and
observed rotation in the optical polarisation angle. The length of the delay seems to be
correlated with the gamma-ray flare amplitude. Red symbols show values prior to redshift
correction. Reproduced from Ref. [39].

(see e.g. [40-42]), and optical polarisation shows interesting correlations
with gamma-ray flares (see Figure 2.2). The addition of a dedicated optical
telescope to the CTA baseline is under discussion within the project.

The newest development in the CTA context are the multiple initiatives
for increasingly more sensitive, wide-field optical transient monitoring,
collectively referred to as “Transient Factories”. Currently in operation are
two ground-based facilities with ~7—8 deg? FoV, the Panoramic Survey Tele-
scope and Rapid Response System (Pan-STARRS), and the “intermediate”
Palomar Transient Factory (iPTF). The latter is itself a pathfinder for the
Zwicky Transient Facility (ZTF) that will have a very large 50 deg? FoV, a
survey speed of 3750 deg?/hr, and be online in 2017. On a similar timescale,
the BlackGEM project, aimed to identify counterparts of gravitational wave
(GW) sources, will focus on transient detection, particularly before GW
sources are discovered, and will start operation in ~2018 with an initial
deployment of three telescopes. All of these facilities use < 1 m telescopes
and in some sense pave the way for the Large Synoptic Survey Telescope
(LSST), an 8 metre class telescope with a 9.6deg? FoV that will scan the
available sky every three nights with much higher sensitivity. By the time
CTA is starting science verification, these facilities together with SKA and its
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prototypes will generate overwhelming numbers of triggers (e.g., thousands
each of GRBs and tidal disruption events, and likely hundreds of Galactic
transients per year). Thus in the coming years, it is key to understand the
potential for VHE follow-up and define appropriate response criteria, in order
to select from the many transient alerts that will be supplied via subscribable
streams such as VOEvent.P Particularly, the earliest of these facilities will
be proprietary in terms of sharing their transients alerts, exactly when the
response modes of CTA need to be trained. To that end, agreements between
CTA and some of these collaborations are likely to be beneficial and could
also include triggering of the external facilities on CTA-detected transients.

Finally, the ultraviolet (UV) domain probes synchrotron emission of
electrons which have comparable energies to those emitting inverse-Compton
emission detected by CTA. As such, simultaneous UV observations of bright
AGN, blazars and other variable objects can be extremely useful, as long as
their emission is not too absorbed by interstellar gas. Swift, XMM-Newton,
and ASTROSAT all have UV capabilities, and other missions are being
proposed, but at the time of writing there are no definitive plans for a
UV-capable space mission on the timescale of CTA.

2.3 X-ray

There is an obvious synergy between gamma-ray astronomy and X-ray
astronomy. Phenomena which result in high enough temperatures for
thermal X-rays to be produced are very often associated with shock waves,
accretion, or high velocity outflows, and hence with particle acceleration
and gamma-ray emission. In addition, studies of synchrotron and inverse-
Compton emission in the X-ray domain have become increasingly important
as missions capable of higher spatial resolution and sensitivity have been
launched. In supernova remnants for example, the X-ray emitting electrons
have ~100 TeV energies, making the combination of VHE gamma-ray and
X-rays extremely powerful for constraining magnetic field strengths, the
electron to proton ratio of the accelerated particles, and the particle energy
distributions. The thermal X-ray emission from gamma-ray sources provides
valuable information about plasma properties (e.g., temperatures, densities)
and energetics (e.g., outflow/shock velocities). Non-thermal X-ray emission
also provides a natural tracer of locations of extreme particle acceleration.

Phttp://wiki.ivoa.net/twiki/bin /view /TVOA /TvoaVOEvent
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Over the last decade X-ray astronomy has been very successful thanks
to large missions such as Chandra and XMM-Newton, both spectro-imaging
missions, plus several medium missions such as the Rossi X-ray Timing
Explorer (RXTE, which pioneered many timing and monitoring studies),
Suzaku (imaging-spectroscopy), and Swift (which continues to be extremely
successful for transient detection and follow-up, including in the UV).
NuSTAR, launched in 2012 and with a guest-observer programme started in
2015, is the first focusing telescope at hard X-rays and is currently making
many exciting discoveries about extreme particle accelerators in the energy
range 10-80 keV. MAXI, a Japanese all sky monitor, is currently in operation
on the International Space Station, and the main X-ray transient detector
besides Swift. More recently, CALET and the UFFO pathfinder have added
additional hard X-ray/soft gamma-ray transient capabilities.

Chandra, XMM-Newton, and Swift will likely continue to operate
throughout the early years of CTA operation, if not beyond. Several new
missions have recently been launched or are funded, and will be very relevant
for CTA science during its operation. For example, the German/Russian
mission eROSITA (launch 2018; 0.3-10 keV imaging spectroscopy survey)
will overlap with CTA’s early operation years and further. eROSITA in
particular will be the first imaging all-sky survey in the 2-10 keV range and,
as such, it can be expected to provide a primary reference for CTA source
identification and multi-wavelength correspondences. The data however will
be proprietary, with the German side planning two data releases, one around
2021 and the other two years later at the end of the survey, ~2023. The
Russian side will likely join in at least the final data release, but if CTA
wants earlier access to survey data, as well as first pick of transients
discovered in their offline (not real-time) pipeline analysis, a memorandum
of understanding may be necessary. The loss of the Hitomi (earlier Astro-H)
mission is clearly a major blow, but a replacement mission (XARM) has now
been approved by JAXA.

Instruments with more focused capabilities include the recently launched
(2015) Indian UV /X-ray satellite ASTROSAT, which features an all-sky
monitor that will be very valuable for triggering CTA. An agreement may
be necessary here as well. In June 2017, NICER was installed on the
International Space Station (ISS) for soft X-ray timing focusing on primarily
neutron stars and will be open for proposals in the second year. Also recently
launched by China is the Hard X-ray Modulation Telescope (HXMT), a
“super RXTE” operating in the 20200 keV band with a 3600 deg? FoV.
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Beyond that, the landscape for future X-ray missions is not yet fully
determined but is looking very promising. SVOM is an optical /X-ray mission
primarily for discovering GRBs, planned for launch in 2021. SVOM has
similarities with Swift, triggering on bursts in both softer and harder bands,
and following them in the X-ray and optical on-board. SVOM also includes
a dedicated group of ground-based optical telescopes for wide FoV coverage
before and after transient events.

Concepts under development which could provide synergies with CTA
include the Chinese enhanced X-ray Timing and Polarimetry mission
(eXTP), which incorporates large-area soft and hard X-ray telescopes, a
wide-field monitor and a polarimeter, and would be launched around 2025.
Several concepts related to Lobster-eye wide-field X-ray optics are being
explored in the US, Europe, and in China. Such instruments could provide
a major source of triggers for CTA transient observations.

The Athena+ project due for 2028 launch is, however, the next major
observatory class mission, with good spatial resolution (~10"), high sensi-
tivity and energy resolution, and excellent spectroscopic capabilities. This
mission will be the key X-ray facility for the 2030 decade and is designed for
complementarity with radio/optical facilities and a large scientific breadth,
providing additional high-energy constraints for CTA-detected sources.

One final development is the potential for X-ray polarimetry, a sure-fire
way to isolate X-ray synchrotron from other components and to constrain
the presence of accelerated particles. The IXPE mission has recently been
selected by NASA as part of the SMEX programme. In the M4 ESA call,
the X-ray Imaging Polarimetry Explorer (XIPE) was selected for a two-year
design study as part of the Cosmic Vision programme. By the time of CTA’s
early science verification, the future for this exciting new capability should
be clear.

2.4 Sub-VHE Gamma-ray Energies

The hard X-ray/soft gamma-ray domain (0.1-10 MeV) represents a very
useful window on the non-thermal spectra of astrophysical sources, but
is extremely challenging experimentally. Three main instruments currently
contribute here: INTEGRAL, Swift-BAT, and Fermi-GBM. INTEGRAL
was launched in 2002 and its lifetime has been extended through to 2018,
and it may be extended further into the CTA early science period. The
Fermi-GBM and Swift-BAT detectors are the critical current instruments
for the detection of high-energy transients. Swift was launched in 2004 with
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anominal 10-year lifetime that has already been extended. In the 2016 NASA
Senior Review, it reviewed first out of six missions, with operations confirmed
through 2018 and recommended for extension at least until 2020. With an
orbital lifetime stated as 2025 or beyond, it will likely continue to be a
resource for transient detection during the CTA period.

At higher gamma-ray energies, the synergies with CTA are stronger and
the instrumental performance is better matched to CTA. The GeV domain is
dominated by pion decay, bremsstrahlung, and inverse-Compton emission,
and in combination with the TeV range can help identify the dominant
radiative mechanisms. CTA’s lowest energy range overlaps with that of
the two current instruments: the Fermi Large Area Telescope (Fermi-LAT)
and AGILE. The Fermi mission has been so successful that its lifetime has
been extended through 2018, and it will likely continue operating through
2020 and potentially beyond. NASA does not generally decommission fully
operational missions, especially those with no clear successors, and Fermi’s
science performance continues to improve while having no consumables. The
2016 NASA Senior Review panel explicitly acknowledged the added scientific
value of extending Fermi’s lifetime so that it overlaps with CTA operations.
Thus, it seems likely that Fermi will still be able to provide triggers and
complementary coverage for a number of years of the CTA era. Fermi will
continue to provide the main reservoir of extragalactic targets for CTA.

On the horizon, there are several missions upcoming or proposed to
advance the observations of gamma rays from space in diverse domains.
The Chinese Academy of Science’s DAMPE (launched in 2015) and HERD
(proposed for launch in the 2020’s) are going to explore the energy range
from hundreds of GeV to 10 TeV with an energy resolution approaching 1%.
A few missions currently in the concept development phase (AMEGO in the
U.S. and PANGU in China/Europe) aim at exploring the energy range from
0.5 MeV to 1 GeV with much improved sensitivity, point spread function,
and polarisation capabilities thanks to the first-time ever combination of
detection techniques based on pair production and Compton scattering in
the same instrument. An alternative concept for a high-sensitivity, high-
angular-resolution instrument with polarisation capabilities in the MeV to
GeV domain uses gas time projection chambers. The concept is substantiated
in two ongoing R&D projects, AdePT and HARPO. All of these future
(potential) missions offer new and interesting synergies with CTA.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

38 Science with the Cherenkov Telescope Array

2.5 Complementary VHE Gamma-ray Instruments

Several ground-based VHE gamma-ray instruments may be operational at
the same time as CTA. None of these instruments are direct competitors, but
rather provide complementary performance. In particular, the High Altitude
Water Cherenkov (HAWC) detector is a 100% duty cycle and very wide field
of view (~1 sr) TeV range instrument [43]. Seated at a high-altitude site in
Mexico, HAWC is capable of detecting the brightest known TeV sources in
~1 day and will be able to provide alerts to CTA for active/flaring states
of blazars and transients. HAWC’s modest (~0.5°) angular resolution and
somewhat limited energy resolution gives it competitive sensitivity for very
extended emission, and by the time of CTA, it will have mapped the northern
sky to intermediate depth (see Chapter 6), identifying many interesting
steady sources for CTA to investigate.

LHAASO [44], is an ambitious multi-component project incorporating
HAWC-like water Cherenkov detectors and a very large array of scintillators
at a site in China. LHAASO will complement CTA at higher energies in
a similar way to HAWC, with modest resolution and background rejection
power offset by high duty cycle, wide field of view, and large area. A number
of concepts now also exist for a ground-particle-based detector for VHE
gamma rays in the southern hemisphere, strongly complementing CTA-
South by providing triggers and additional information on very extended
emission regions.

One or more of the current generation of TACT arrays — H.E.S.S.-2,
MAGIC and VERITAS — may continue operations into the CTA era.
Use of these telescopes for monitoring could be considered, under suitable
agreement between the telescope and CTA. In particular for cases when the
CTA sites are at different longitudes than current TACTSs, these can extend
monitoring of bright flaring sources to periods before and after the CTA
observations.

2.6 VHE and UHE Neutrinos

Essentially all mechanisms invoked for the production of high-energy
neutrinos will also produce gamma rays of similar energies, and unlike
charged cosmic rays, both point back to their sources. There is thus strong
complementarity to observations with these two messengers. Gamma-ray
telescopes, using e.g., the atmospheric Cherenkov technique, achieve the
precision pointing and sensitivity to identify and understand populations
of accelerators and to even localise acceleration sites in nearby objects.
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Neutrino telescopes, using e.g., reconstructed muon tracks, are less able to
precisely pinpoint the origin of neutrinos, but the neutrinos they detect are
the only completely unambiguous tracers of hadronic acceleration, even out
to high redshifts and beyond PeV energies, a combination that is not possible
for gamma-ray telescopes due to photon—photon absorption.

The experimental situation in the VHE neutrino domain has recently
dramatically altered, with the first strong evidence for astrophysical neu-
trinos above the MeV band. The IceCube collaboration has announced the
detection of a diffuse astrophysical neutrino signal at 0.1-1 PeV energies [45].
Individual neutrino sources with a flux corresponding to O(1) neutrino per
IceCube exposure will be very easily detectable with CTA up to 1 PeV if
they are Galactic in nature® as has been suggested [46].

With the construction of KM3Net [47] and several upgrades to IceCube
in the planning, the detection of individual neutrino sources is a distinct
possibility. CTA is the ideal instrument to follow-up on any VHE neutrino
clustering, necessary to localise and characterise the VHE accelerators. An
important new aspect therein will be the follow-up of neutrino-generated
triggers as ToOs, in order to localise and identify the hadronic accelerators.

2.7 Gravitational Waves

Now that gravitational waves from compact object merger events have
unambiguously been detected by Advanced LIGO [7, 27, 28], a new and
exciting field is opening up for electromagnetic follow-up and identification.
Mergers of binary black holes and neutrons stars (or mixed systems) should
be detectable out to a few hundred Mpc [48], with expectations of several
to hundreds of GW transients per year after 2018 [49]. However, until
the advent of third-generation detectors such as the Einstein Telescope

[50], the localisation errors on these transients will be relatively large and
asymmetric. For follow-up of GW alerts, CTA has huge advantages with
respect to most other instruments and wavebands. These advantages include
the large field of view and the flexibility to map very large and non-circular
error boxes (which comes from the large telescope number [6] and potential
divergent pointing modes), the rapid response time, and the less ambiguous
nature of counterpart identification (when compared, for example, to the
optical band).

“Unless there is very strong internal gamma-gamma absorption, as might be the case for
some binary systems.
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Core Programme Overview

Over the lifetime of CTA, most of the available observation time at both
of the CTA sites will be divided into open time, based on scientific merit
and awarded by a Time Allocation Committee to Guest Observer proposers,
and a Core Programme consisting of a number of major legacy projects.
Smaller fractions of observation time will be allocated to Director’s Discre-
tionary time and host reserved time. The Core Programme, corresponding
to approximately 40% of the total observation time over the first 10 years
of CTA operations, will be comprised of Key Science Projects (KSPs) to be
carried out by the CTA Consortium. Here, we introduce the KSPs; in the
following chapters, they are described in more detail.

The CTA KSPs have been defined through a multi-year process of
discussion within the CTA Consortium and in interaction with the wider
community. They are ambitious projects with very significant scientific
promise that also require considerable observation time. As such, they are
suitable for execution in the guaranteed time of the CTA Consortium.
Figure 3.1 provides a matrix of the main science questions within the CTA
themes versus KSPs. The KSPs are multi-purpose observations designed to
efficiently address the broad-ranging science questions of CTA. An internal
review of the KSPs was conducted in late 2014, followed by a presentation
in 2015 to the CTA Scientific and Technical Advisory Committee (STAC).
The projects were refined and optimised accordingly.

41
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The criteria used for selection of the KSPs were:

1. excellent scientific case and clear advance beyond the state of the art,

2. the production of legacy datasets of high value to the wider commu-
nity, and

3. clear added value of the project as a KSP rather than as part of the Guest
Observer Programme, including;:

e the scale of the project in terms of observing hours — very large projects
will be difficult to accommodate in the open time early in the lifetime
of the observatory,

e the need of a coherent approach across multiple targets or pointings,
and

e the technical difficulty of performing the required analysis, and hence
reliance on Consortium expertise.

As a demonstration of feasibility, this programme has been scheduled in
detail using the prototype software for final CTA observation scheduling,
under the assumption of an approximate 40% share of the observation time
during the first 10 years. The preliminary conclusions of this exercise are that
the presented programme is feasible overall, with some adjustments needed
on the total observation hours and on the relative hours among the KSPs.

The following chapters present each KSP in turn. The Dark Matter
Programme, being of particular importance to CTA and overlapping consid-
erably in terms of observation fields with other science topics, is dealt with
somewhat differently, with a dedicated Chapter 4 describing the complete
strategy.

We note that the Core Programme described below was developed over
a period of several years and was largely finalised in 2016. It is expected to
evolve before it is implemented, due to changes in theoretical understanding
and new observational insights. It is envisaged that working groups within
the CTA Consortium will continuously improve and update the programme
and that feedback from the broader astronomical community will be essential
in refining the KSPs.
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Dark Matter Programme

The existence of dark matter as the dominant gravitational mass in the
universe is by now well established, but the detailed nature of dark mat-
ter is still unknown. Multiple hypotheses endure as to the character of
dark matter, and for the most popular models discussed the Cherenkov
Telescope Array (CTA) has a unique chance of discovery. In the form of
weakly interacting massive particles (WIMPs), dark matter particles can
self-annihilate, converting their large rest masses into other Standard Model
particles, including gamma rays. Indirect detection from such annihilations
provides a unique test of the particle nature of dark matter, in situ in the
Cosmos. Observations of the gamma rays provide the probe for the “indirect”
detection of dark matter employed by CTA. In the standard thermal history
of the early universe, the annihilation cross-section has a natural value, the
“thermal cross-section”, which provides the scale for the sensitivity needed
to discover dark matter in this way. Particular models for WIMPs such as
supersymmetry (SUSY) and theories with extra dimensions give predictions
for gamma-ray energy spectra from the annihilations which are essential
ingredients towards the predictions of the sensitivity of the indirect searches.
Another vital ingredient in the CTA sensitivity predictions is the distribution
of dark matter in the targets observed for the search.

The priority for the CTA dark matter program is to discover the nature
of dark matter with a positive detection. The publication of limits following
non-detections would certainly happen, but in planning the observational
strategy the priority of discovery drives the programme. The possibility of
discovery should be considered in the light of model predictions where the
minimum goal for searches within the most widely considered models is the
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velocity-weighted thermal cross-section of 3 x 10726 cm®s~!. The principal

target for dark matter observations in CTA is the Galactic halo. These
observations will be taken within several degrees of the Galactic Centre
with the Galactic Centre itself and the most intense diffuse emission regions
removed from the analysis. With a cuspy dark matter profile, observations
of 500 hours in this region provide sensitivities below the thermal cross-
section and give a significant chance of discovery in some of the most popular
models for WIMPs. Since the dark matter density in the Galactic halo is far
from certain, other targets are also proposed for observation. Among these
secondary targets, the first to be observed will be ultra-faint dwarf galaxies
with 100 h/yr proposed.

Beyond these two observational targets, alternatives will be considered
closer to the actual date of CTA operations. New star surveys will extend
the knowledge of possible sites of large dark matter concentrations, and a
detailed study of the latest data will be made to continuously select the
best targets for dark matter searches in CTA. Among these new possible
targets are newly discovered candidate dwarf galaxies and dark matter
clumps which could be very promising sources if their locations are identified
a priori. Beyond the targets proposed for observations in the present KSP,
the data for the Large Magellanic Cloud (LMC) KSP will also be used to
search for dark matter. Furthermore, the data from the Galactic Plane and
Extragalactic surveys might give hints of gamma-ray sources which do not
have counterparts in MWL data and which could be pursued as dark matter
targets. The sensitivity predictions for the Galactic halo, the dwarf galaxy
Sculptor, and the LMC are summarised in Figures 4.1 and 4.2. Figure 4.1
shows that the sensitivity possible with the Galactic halo observation is much
better than what is possible with a single dwarf galaxy or the LMC.

The Dark Matter Programme is very well suited to being carried out in
the Core Programme by the CTA Consortium. The observations require a
large amount of time with a significant chance of major discovery but with
a clear risk of a null detection. For the Galactic halo, the observation time
used will also be of great use for astrophysics, but the time on dwarf galaxies
may be of lesser use. In the time period before the actual operation of CTA,
much will evolve in the knowledge of dark matter distributions in the various
targets. Further detailed work is needed to understand the systematics in
the backgrounds; however, it is very likely that to have a chance of discovery
the emphasis of observation should be on the Galactic halo. To have the
best opportunity to discover the nature of dark matter, CTA must probe
TeV scale masses with annihilation cross-sections in the range 5 x 10727
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Figure 4.1: Comparison of predicted sensitivities in (ov) for the following targets: the
Milky Way Galactic halo, the LMC, and the dwarf galaxy Sculptor. The CTA sensitivity
curves use the same method and WTW™ annihilation modes for each target and the
FEinasto dark matter profile. The sensitivities for the three targets are all for 500 h taking
into account the statistical errors only; for the Milky Way and the LMC, the systematics
of backgrounds must be well controlled to achieve this statistically possible sensitivity.
The H.E.S.S. results come from the Galactic halo for the W"W™ channel [51] and the
Fermi-LAT results come from dwarf spheroidal galaxies for the WHW™ channel [52]. The
horizontal dashed line indicates the thermal cross-section at 3 x 1072% cm®s™'. Note that
the Fermi-LAT results come from a stacked analysis of many dwarf spheroidal galaxies
and the CTA curves are for specific individual sources.

to 3 x 10726 cm3s™!. This seems possible if adequate observation time is
allocated to the Dark Matter Programme as well as sufficient resources to
develop methods to control the systematic errors.

Although there are great expectations for the search of new particles at
the Large Hadron Collider (LHC), collider experiments will most probably
not on their own be able to assess if any discovered particles are the whole
constituent of the dark matter in the universe. Complementary searches, by
means of direct nuclear recoil measurements and indirect searches such as the
one CTA will perform, could allow an important breakthrough in the identifi-
cation of the true nature of dark matter. The combination of results obtained
from the three major axes of dark matter searches, production at colliders,
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Figure 4.2: The zoomed sensitivities in the TeV mass range together with model
points from the phenomenological minimal supersymmetric model (pMSSM), extracted
from Ref. [53] (see also Ref. [54]). The H.E.S.S. results come from the Galactic halo
for the Tasitsiomi parametrisation (close to the WHW™ channel without electroweak
correction) [55], and the Fermi-LAT results come from dwarf spheroidal galaxies for the
WHW™ channel [52].

direct detection of nuclear recoil, and indirect detection, will be essential to
refine our understanding of the physics beyond the Standard Model. The
dark matter parameter space in reach for CTA is unique and will benefit
the entire scientific community. The release of multi-dimensional likelihood
functions enabling model-independent searches for new particles is foreseen.

4.1 Science Targeted

The nature of dark matter in the universe is one of the most compelling
questions facing physics and astronomy at the present time. There are
many programmes around the world that have capabilities or are devoted
to searching for non-gravitational signals of dark matter. Among these,
CTA has an almost unique capability during the next decade to explore
the WIMP mass region in the few hundreds of GeV to the 10 TeV regime,
above the reach of the LHC and ton-scale direct detection experiments. To
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capitalise on this remarkable opportunity, it is imperative for CTA to devote
substantial resources (both observing time and analysis effort) towards a
comprehensive and integrated Dark Matter Programme. If this is done, CTA
will be a cornerstone of the global, multi-faceted line of attack from different
experiments probing with different methods to understand the nature of the
dominant gravitational matter in the universe.

4.1.1 Existence of Dark Matter

The existence of dark matter in the universe was first proposed by Zwicky [56]
in the 1930s to explain the dynamics of the Coma galaxy cluster where the
observed luminous matter was insufficient to provide gravitational stability.
More recent studies have confirmed the presence of dark matter in galaxy
clusters by gravitational lensing, for instance in the galaxy cluster Abell
1689 shown in Figure 4.3(a). Evidence for dark matter now exists on many
scales. In spiral galaxies, composed of a central bulge surrounded by a
luminous disk, stellar motions are dominated by rotation within the disk.
The luminous component of such a galaxy decreases exponentially from the
centre giving the expectation that the star rotation velocities would scale

Figure 4.3: (a) Hubble Space Telescope image of the inner region of the galaxy cluster
Abell 1689. The blue overlay shows the dark matter distribution reconstructed by gravita-
tional lensing using the multiple galaxy images seen in the telescope image. Credit: NASA,
ESA, E. Jullo (JPL), P. Natarajan (Yale), and J.-P. Kneib (LAM, CNRS). (b) Composite
image of the galaxy cluster 1E 0657-56 (also known as the Bullet cluster) [59]. Hot X-ray
emitting gas is shown in red, and the blue hue shows the dark matter distribution in the
cluster deduced from gravitational lensing. Credit: X-ray: NASA /CXC/CfA /M.Markevitch
et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/
STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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as r1/2

according to Kepler’s laws; however, galaxy rotation curves usually
remain flat far from galactic centres, typically beyond 30—40 kpc, where gas
and stars are not dominant, implying a massive dark component. In elliptical
galaxies, where the dynamical equilibrium is dominated by random motion
of dark matter and stars rather than the rotational motion, observations
also indicate a large contribution of dark matter. Two galaxy types are
particularly dominated by dark matter: low surface brightness galaxies and
dwarf spheroidal galaxies. In galaxy clusters, about 80% of the total mass is
composed of dark matter. Recently, gravitational lensing studies of colliding
galaxy clusters have shown different behaviours of the major components
of the cluster pair during collision [57, 58] and provide one of the strongest
pieces of evidence to date for the existence of dark matter (Figure 4.3(b)).

Numerous observational cosmology experiments performed over the past
two decades, such as observations of the cosmic microwave background,
baryonic acoustic oscillations, large-scale structures and supernovae, combine
to give the standard picture of the composition of matter/energy in the
universe as: ~68% dark energy, ~27% dark matter and ~5% baryonic
matter, and a small fraction of radiation in various forms. Only ~1% of
the universe is normal matter in luminous star systems. The limited amount
of normal matter in the form of baryons and luminous stars is given in
independent ways from the predictions of primordial nucleosynthesis and
the measurements of the spectrum of fluctuations of the cosmic microwave
background. The total amount of matter, baryonic plus non-baryonic, comes
again from two independent sets of measurements: in galaxy clusters and the
cosmic microwave background. It is simulations of structure formation which
indicate that the non-baryonic dark matter is “cold” rather than “hot” in the
sense that to explain the observed structures in the universe the dark matter
must behave in a non-relativistic manner. The baryonic dark matter could be
concentrated in molecular clouds or small stellar objects with masses too low
to be luminous, although searches for these latter objects have not proved
fruitful [60, 61]. With this broad set of observations, it is now well established
that the dominant gravitation mass in the universe is non-baryonic dark
matter with a global density of Qpyh? = 0.120 4+ 0.003 [62, 63], where
Qpwm is the ratio of the dark matter density to the critical density and
h is the dimensionless Hubble parameter in units of 100kms—! Mpc™!.
Independently, Big Bang nucleosynthesis measurements indicate that most
of the dark matter is non-baryonic. However despite this precise knowledge
on the global amount of dark matter, its nature is still elusive and remains
to be discovered.
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4.1.2 Distribution of Dark Matter

The hierarchical formation of structures in the universe is due to the
gravitational amplification of primordial density fluctuations during its
expansion. Due to the complexity of the physical processes that play a role
in the structure formation, large-scale cosmological N-body simulations are
used for modelling of the evolution from density fluctuations in a non-linear
regime. These simulations give predictions for the dark matter halos that are
observed to surround all systems, from galactic scale to galaxy cluster scale.
Among the groups performing simulations are the Aquarius Project [64] and
the Via Lactea Project [65]. Until recently, simulations used only cold dark
matter (CDM), included only the gravitational force, and usually predicted
the dark matter density to go approximately as 1/r towards the centre of the
dark matter halos. Standard parametrisations of these simulated dark matter
halos are the Navarro, Frenk, and White (NFW) [66] and the Einasto [67, 68]
profiles. The latter one is moderately shallower on small spatial scales
compared to the NF'W profile. N-body simulations showed dark matter
profiles that can be both steeper and shallower [64, 65]. Steeper profiles are
usually referred to as cuspy profiles. All the dark matter simulations agree
on the main halo structure at large distances, but the predictive power is
limited by the spatial resolution of the simulation, and the shape and density
of the profile in the inner part of the halo relies on extrapolation of the
simulation prediction. The existence of such a cuspy density profile is in
disagreement with observations of disc and dwarf galaxies where detailed
mass modelling using rotation curves suggests a flatter or cored dark matter
density profile in the central region. The study of velocity dispersions of stars
in dwarf galaxies suggest that they can be equally accommodated by cuspy
and cored profiles [69]. Recently, it has been shown that the detection of
distinct stellar populations in dwarf galaxies allows for measurements of the
inner slope of the dark matter profile and may allow cored and cuspy profiles
to be distinguished [70].

Incorporating baryons into the N-body simulations dramatically
increases their complexity. Predictions on the dark matter and total mass
distribution require a realistic treatment of the baryons and their dynamical
interactions with the dark matter. Extensive work is being done to quantify
the effects of baryons [71-74] and black holes [75, 76] in modifying the
dark matter distribution. The centre of galaxies are complex environments,
and a number of astrophysical processes may likely change the initial
dark matter density distribution. Because baryons dissipate energy and
so collapse to smaller scales than dark matter, they constitute a sizeable
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fraction of the mass in the central regions. In the central regions of galaxies,
the gravitational potential is dominated by baryons and the dark matter
distribution is expected to evolve due to interaction with these components.
Collisionless dark matter simulations have reached maturity, and much
effort has been devoted recently to implement gas hydrodynamics and a
description of star formation within simulations [77-80]. Feedback processes
including supernova winds, radiation from young stars, and radiation and
heat from black hole accretion play a crucial role in galaxy formation. These
processes have an impact on the scaffolding of dark matter during galaxy
formation; cuspy dark matter distributions in halos may be altered and tend
to produce core-like dark matter distributions, reducing the potential for a
CTA discovery of dark matter.

4.1.3 The Nature of Dark Matter

Present information indicates dark matter is non-baryonic and is compatible
with a collisionless fluid of cold and WIMPs. A major motivation for WIMPs
is that in the standard thermal picture of the early universe a particle with
annihilation cross-section and mass of the order of the weak interaction
leads to the observed dark matter relic density [62]. To be dark matter,
WIMPs have an average annihilation cross-section (multiplied by the relative
velocity of the annihilating WIMPs) of (ov) = 3 x 1072%cm3s~!. This point
is discussed further in Section 4.1.6. The dark matter particle is necessarily
neutral of charge and colour and must be stable on cosmological time scales.
For the discussion in this document, it is assumed that there is only one
type of non-baryonic dark matter which makes up the full amount of the relic
density Qpyh?. Latest results from Fermi-LAT [81] and Planck [63] satellites
are starting to probe thermal WIMPs with masses up to ~100 GeV.

No candidate exhibits the necessary properties within the Standard
Model of particle physics. However, theories beyond the Standard Model,
mainly built in order to solve problems inherent to particle physics, like the
unification of couplings at high energy and the hierarchy and naturalness
problems [82], do have dark matter candidates. The currently most popular
candidates for WIMPs with masses from a few GeV to a several tens of
TeV come from the supersymmetric and extra-dimensional theories. In many
SUSY models, the lightest supersymmetric particle is the lightest neutralino.
In models with extra dimensions, the dark matter candidates include the first
KaluzaKlein excitation of the B(Y) boson and the neutrino v(!). Axion-like
particles are also among the popular candidates. A review of particle physics
candidates can be found in Ref. [83].
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4.1.4 Search Methods for Dark Matter

Different complementary approaches are required to establish and cor-
roborate a dark matter signal and to extrapolate from a discovery to
understanding the properties of dark matter in the universe. The four
searches to carry out for non-gravitational signatures of dark matter in the
form of WIMPs are: direct detection, indirect detection, collider experiments,
and astrophysical probes sensitive to non-gravitational interactions of dark
matter. The direct detection method looks for interactions of dark matter
particles embedded in the Milky Way’s dark matter halo in Earth-based
detectors (see Ref. [84] for a recent review) while the indirect detection
method looks for secondary particles emanating from dark matter anni-
hilations or decays in our own and other galaxies. The two methods are
complementary; positive evidence seen with distinct methods would provide
convincing confirmation of the discovery of dark matter. To elucidate the
particle properties of the dark matter, collider experiments have searched
for evidence of dark matter particle candidates over the past three decades.
Many searches for direct production of supersymmetric particles (sparticles)
have been made at the LEP, TeVatron, and LHC colliders as well as various
fixed target experiments. All such searches have led to negative results.
Many parameters and branching ratios measured in accelerator experiments
do, however, lead to strong constraints and indications of where the dark
matter particles may lie. The particle properties of dark matter can be also
constrained through its impact on astrophysical observables. In particular,
non-gravitational interactions of dark matter can affect the densities of dark
matter present in the central regions of galaxies or the amount of dark matter
substructure found in galactic halos [85]. Such interactions may also alter the
cooling rates of stars and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

The indirect search method looks for cosmic radiation emitted from
annihilations of pairs of WIMPs in regions of the surrounding universe
with a high dark matter density. Different experiments search for different
annihilation products, and currently searches are in progress with charged
cosmic rays, gamma rays, and neutrinos. Experiments with neutral particle
probes (gamma rays and neutrinos) can point directly to the annihilation
sources, while charged cosmic rays, at least below energies of ~10' eV,
are deflected considerably by Galactic and intergalactic magnetic fields and
cannot be used to trace back to any particular location. Indirect detection of
dark matter annihilations through gamma rays has attracted much interest
due to several unique properties of gamma rays. First of all, they do
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not scatter appreciably during their travel through the Galaxy, but rather
point back to the site where the annihilation took place. Also, absorption
can generally be neglected, as the cross-section for scattering on electrons
and nuclei for GeV to TeV photons is small. This means that one may
use properties of the energy distribution resulting from these processes to
separate a signal from astrophysical foreground or backgrounds. And, as the
electromagnetic cross-section of gamma rays is so much higher than the weak
interaction cross-section for neutrinos, they are relatively easy to detect.

These different search methods are sensitive to different couplings and
different dark matter candidates. Also, the diverse experiments are sensitive
to different dark matter particle masses. For a complete understanding of
the nature of dark matter, these different techniques are complementary
and essential. Figure 4.4 shows the survival and exclusion rates from the
direct, indirect, and LHC searches and their combinations in the plane of
scaled spin-independent cross-section versus lightest supersymmetric particle
(LSP) mass [86]. The spin-independent cross-section is scaled to the fraction
of dark matter provided by the WIMPs. The relative contributions arising
from the LHC and CTA searches to the model survival/exclusion are shown.
It is clear that CTA dominates for large LSP masses, which correspond
mostly to the neutral wino and Higgsino LSPs, and it also competes with
the LHC throughout the band along the top of the distribution.

4.1.5 Annihilation of Dark Matter Particles

For the indirect search experiments, complete rate predictions rely on
calculations of the numbers and spectra of the relevant particle species in
the annihilation reaction final state. To be able to self-annihilate, the dark
matter candidate is most often a Majorana particle or a Dirac particle with
no matter—antimatter asymmetry, but a complex scalar, or even a vector-
like particle, could be a possibility. In all annihilation locations, the relative
velocity of the WIMPs is low and usually annihilation rates are calculated
in the null velocity limit where only the s-wave term contributes. In this
limit, the annihilation products in the leading order of perturbation theory
are mostly pairs of Standard Model fermions/anti-fermions and neutral pair
combinations of gauge or Higgs bosons.

Three types of dark matter annihilation spectra are expected in the final
state: (i) a continuum of gamma rays up to the dark matter mass from
the decays of neutral pions produced by hadronisation and/or decays of
the annihilation products; (i) a monochromatic gamma-ray signal produced
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Figure 4.4: (a) Comparisons of models from the phenomenological minimal supersym-
metric model (pMSSM) surviving or being excluded by future direct detection, indirect
detection, and collider searches in the neutralino mass-scaled spin-independent cross-
section plane. The spin-independent XENONI1T exclusion is shown as a solid black line.
The models accessible to CTA (blue) and LHC (red) are shown. Figure extracted from
Ref. [86]. (b) Current best limits on the annihilation cross-section from indirect detection
(Fermi-LAT dwarf spheroidal galaxies stacking analysis, W W~ channel [52] and H.E.S.S.
Galactic halo, W" W~ channel [51]) and cosmic microwave background experiments
(WMAP and Planck, bb channel [63]) compared to the projected sensitivity for CTA from
observations of the Galactic halo for the Einasto profile and W W~ channel.
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by loop-order induced processes at E, = mpum; and (iii) line-like features
close to the dark matter mass from radiative corrections to processes with
charged final states (e.g. virtual internal bremsstrahlung). These spectral
features provide powerful discrimination against the more smooth spectra
expected for standard astrophysical sources. Figure 4.5(a) shows typical
spectra arising from the above-mentioned processes. Figure 4.5(b) indicates
the dominant annihilation modes as a function of the neutralino mass M,
for the allowed models in the pMSSM scan of Ref. [54]. From this plot, it
can be seen that above 800 GeV the WTW ™ channel is always the dominant
annihilation mode (meaning that for the particular model, it is the mode with
the largest branching fraction). Between 200 and 800 GeV, the ¢t and the
bb modes dominate in different regions. The 77~ mode is only significant
below 200 GeV.

The gamma-ray continuum from dark matter annihilation discussed in
the previous section typically vastly dominates the total photon count, at
least for energies £/, < 0.1 M, . However, the resulting spectrum is rather soft
and does not contain any specific features that would unambiguously point
to its dark matter origin. Higher-order processes, on the other hand, can
add sharp spectral features to the high-end part of the spectrum, E, ~ M,,
and would provide potential smoking-gun signatures for the detection of
particle dark matter. In fact, the detection of such features would not only
help to discriminate a signal from the background [87], but would also
provide valuable information about the particle nature of the annihilating
dark matter.

The first signal considered historically of this type is the direct anni-
hilation of dark matter pairs into yX (where X = ~, Z, H, or some new
neutral state). This process is necessarily loop-suppressed because the dark
matter particles carry no charge, but it leads to the striking signature of
monochromatic photons with an energy of E, = M, (1 — M% /4M§) The
discrimination of these lines is generally challenging, though annihilating
Kaluza—Klein dark matter may provide a noteworthy exception in that it can
lead to the fascinating signature of several equidistant lines at TeV energies.
For thermally produced dark matter, one would naively expect that the

3571 where

process xx — 7 happens at a rate of a?(0v)thermal ~ 1073! cm
« is the fine structure constant. While this naive estimate falls well below
the sensitivity of CTA, there are several mechanisms that can significantly
enhance line signals — in particular at the high energies accessible by CTA,

see, e.g. Ref. [88].
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Figure 4.5: (a) Annihilation spectra for the continuum signals from the quark, lepton,
and gauge boson primary channels for a 2 TeV dark matter mass. The line-like feature
expected from the virtual internal bremsstrahlung process contribution is particularly
prominent for the W W™ channel. (b) The dominant annihilation modes in the pMSSM
scan of Ref. [54]. As a function of neutralino mass, the plot shows the fraction of models
with each of the annihilation modes as indicated. It should be noted that in general for
any particular model more than one mode contributes and the dominant mode is the one
with the largest branching fraction.
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At first order in «, pronounced spectral features can also be generated
by an additional photon in the final state whenever dark matter annihilates
to charged particles. This process is known as internal bremsstrahlung and
one may further distinguish between final state radiation and virtual internal
bremsstrahlung, VIB [89]. The former produces a model-independent hard
spectrum with a sharp step-like cutoff at E, = M, [90], like in the case of
Kaluza—Klein dark matter [91]. VIB, on the other hand, dominates for TeV
dark matter annihilating into W bosons [92] or if the tree-level annihilation
of dark matter into light fermions is suppressed by a symmetry [93, 94], such
as the helicity suppression for neutralino dark matter. Given the energy
resolution of CTA, VIB features are essentially indistinguishable from a
monochromatic line (though in principle the exact spectral shape is highly
model-dependent). At lower energies, internal bremsstrahlung of gluons or
electroweak gauge bosons may also both change and significantly enhance
the photon spectrum.

4.1.6 Parameters Expected for WIMP Dark Matter

For a standard thermal history of the early universe, the abundance of
a particle is related to the thermally averaged annihilation cross-section
times relative velocity ((oyyv)). Initially, the WIMPs were in thermal and
chemical equilibrium with the hot “soup” of Standard Model particles. The
WIMPs dropped out of thermal equilibrium (“freezed-out”) once the rate
of interactions that change Standard Model particles into WIMPs, or vice-
versa, became smaller than the Hubble expansion rate of the universe. After
freeze-out, the co-moving WIMP density remained essentially constant and
the dark matter relic density and the annihilation cross-section are thus
inversely proportional (neglecting the logarithmic dependency on the dark
matter mass): Qpyh? ~ K/(oy,v), where the proportionality constant is
K ~ 3 x 107%"em3s™! and is related to the cosmic microwave background
temperature and the Planck mass. For Qpyh? ~ 0.1, this gives (TyyV) ~
3 x 107%6cm3s™!, which is referred to as the thermal cross-section. The fact
that this cross-section is of the order of magnitude of the weak interaction
is often referred to as the “WIMP miracle”.

This thermal value of the cross-section is often used as a sensitivity
goal for indirect searches; however, this value cannot be taken as a strict
expectation, in general, since the cross-section in the early universe is not
identical to the cross-section applicable to indirect searches at the present
time. Detailed discussions of the differences can be found in Ref. [54]. In
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Figure 4.6: Annihilation cross-section points from a 19-dimensional pMSSM fit from
Ref. [53] which contains a set of basic constraints and direct search limits as explained in
the reference. The colour coding identifies the composition of the lightest neutralino. Pure
states are shown for the supersymmetric electroweak gauge bosons (green for the bino and
blue for the wino) and for the Higgsino (supersymmetric partner of the Higgs boson) in
red. Admixtures are shown with intermediate colours in accordance with the legend.

the early universe, the relic density is obtained by using a momentum-
dependent cross-section including both annihilation of the LSP neutralino
and co-annihilation with close-in-mass neutralinos and other sparticles.
Due to the high temperature at freeze-out, the momentum dependence is
different from present day annihilation, which takes place essentially at
rest. Furthermore, the present-day cross-section contains no contribution
from co-annihilation since the co-partners have all decayed away. Figure 4.6
shows example points from a pMSSM model scan showing that many specific
points are below the thermal cross-section and some are above, and hence
searches should encompass a wider range of annihilation cross-sections. A
strong enhancement of the annihilation cross-section occurs for winos around
2-3 TeV due to Sommerfeld enhancement.

4.1.7 Rate of Gamma Rays in Detector

The rate of gamma rays from dark matter is usually expressed as a separation
into two terms which characterise the astrophysical properties of the source
and the particle physics contribution to the rate. The astrophysical terms
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are combined in a so-called J-factor term defined as
Jrq —/ dQ [ dl x p?[r(1)]. (4.1)
AQ los

The J-factor reflects the integral of the squared dark matter density
distribution, p?, over the line of sight (los) and inside the observing angle A,
The dark matter density is conveniently parametrised as a function of
the radial distance r from the centre of the astrophysical object under
consideration. Depending on the dark matter targets, the J-factors range
from ~10%! to ~10%* GeV2cm 5. The number of observable events is then
expressed as

(E)Aeq(E)dE, (4.2)

N o Tobs JAaq <O"U> /Emax dNDM
DM — — S 1,9

87TM>% Emin dE
where

e T, is the live time of observation,

e (ov) is the thermally averaged velocity-weighted annihilation cross-
section,

e M, is the dark matter particle mass,

e dNp\(F)/dE is the energy spectrum of the gamma rays produced in the
annihilation,

e A is the detector effective area, and

e Fin and Fy,y are the energy limits for the measurement.

4.2 Strategy

The indirect dark matter search with CTA has several possible astrophysical
targets, each with its own inherent advantages and disadvantages. The Milky
Way represents a natural place to look for dark matter signatures, and its
centre is expected to be the brightest known source in the dark matter
induced gamma-ray sky, although the exact magnitude is rather uncertain.
The dark matter density profile in the Milky Way should lead to an
annihilation signal observable on large angular scales; however, astrophysical
Galactic foregrounds coupled with the enormous spatial extent and the
truly diffuse nature of this Galactic dark matter emission make separation
between signal and background challenging. On the other hand, nearby dwarf
spheroidal galaxies should provide easier separation of signal and background
but yield comparatively lower signals because of both the distance and lower
dark matter content compared to the Milky Way.
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The concordance cosmological ACDM model predicts that the formation
of visible structures has been guided by gravitational accretion of baryons
onto previously formed dark matter over-densities. The astrophysical struc-
tures of interest result from the hierarchical formation of dark matter halos
from primordial dark matter over-densities. The subsequent evolution of
these dark matter halos occurred in many different ways. In particular, on
galactic and sub-galactic scales, the process depended on halo parameters
such as the halo mass and the mass density profile, the evolution history,
and the conditions set by the local galactic evolution environment. Some of
the resulting halos could have been sufficiently massive to accrete enough
baryons to initiate star formation and form galaxies, including the variety of
satellite galaxies we actually observe in the Milky Way halo. In-falling dwarf
galaxies (e.g. dwarf irregular galaxies) approaching more central parts of
their host halo could have evolved to dwarf spheroidal galaxies (dSphs), see
e.g. Ref. [95]. These dwarf galaxies, being highly dark matter dominated
and comparatively close by, form one of the primary targets for CTA
observations of this programme. However, for various reasons, including the
halo size, location, encounters, the baryonic content of the environment,
or the presence of a central black hole, less massive dark matter clumps
could have evolved differently and not into a visible dSph. They would
constitute dark matter-dominated over-densities purely observable in gamma
rays or cosmic rays emerging from dark matter annihilations. Such objects
are commonly known as dark matter subhalos or dark matter clumps.

It is clear that the scientific interpretation of any dark matter signal
detected by CTA (or indeed a non-detection) in terms of a constraint on
the properties of dark matter particles depends sensitively on our knowledge
of the dark matter distribution within the targeted systems. This section
considers the likely impact of observations and modelling over the next 5-10
years on our knowledge of the dark matter profiles of dSphs, the LMC, and
the central regions of the Milky Way.

Observations with the fully operational CTA are required in order
to maximise the sensitivity and to take advantage of the best energy
and angular resolutions. In particular, the energy resolution is of utmost
importance to identify possible spectral features, e.g. bumps and the cutoff.
If detected, these will provide crucial information in the identification of
the dark matter particles. In case of massive dark matter candidates,
the continuous dark matter-induced gamma-ray spectra extends down to
the GeV scale. A low energy threshold is therefore mandatory to probe
the largest energy range and to be sensitive to dark matter candidates with
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low masses. Observations at the lowest possible zenith angle are preferred,
since they provide access to the lowest possible energies. Good weather
conditions are also required to keep an optimal energy resolution and to
reduce systematic effects.

The observational strategy proposed for the CTA Dark Matter Pro-
gramme is focused first on collecting a significant amount of data on the
Galactic Centre. Complementary observations of a dSph galaxy will be
conducted to extend the search. The Galactic Centre, the LMC, and galaxy
clusters are valuable targets both for dark matter searches and for studies
of non-thermal processes in astrophysical sources. Data will be searched
for continuum emission and line features, and strategies will be adopted
according to the findings. Discoveries will modify any strategies defined
a priori.

Below, we outline the strategy for CTA observations of the Galactic halo,
dwarf galaxies, the LMC, and the Perseus cluster, respectively, followed by
an overall summary of the targets.

4.2.1 Milky Way
4.2.1.1 Description

The centre of the Milky Way has in the past been considered as a target
for dark matter searches [96]. More recently, because of the rich field of
VHE gamma-ray astrophysical sources in the region, the searches focus
on the Galactic halo excluding the central region of Galactic latitude
b < 0.3° [55]. Even excluding the very central region, the total mass of
dark matter in the Galactic halo together with its proximity to Earth
make it the most promising source for dark matter searches with CTA. The
inconvenience of this target, however, is the fact that being a diffuse source,
the integration over the inner halo, while yielding a large signal, gives a
very large instrumental background from misidentified charged cosmic rays.
Furthermore, there are astrophysical backgrounds from various sources which
must be understood, even with the very central region excluded from the
analysis. It is believed that the disadvantages of the Milky Way target can
be overcome with sufficient experimental effort to control systematic effects
in the background subtraction and modelling. The expertise required for
this analysis strengthens the case for this programme to be conducted by
the CTA Consortium.

Standard astrophysical processes typically have steeper VHE spectra
than the expected dark matter-induced gamma-ray continuum emission.
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Given the wealth of other high-energy emitters expected in this region, the
search for a dark matter component requires a very deep exposure to enable
detection and detailed spectromorphological studies, a good understanding
of the instrumental and observational systematics, and accurate measure-
ments of other astrophysical emission in the region to be able to reduce any
contamination to the dark matter signal. A deep exposure for the Galactic
Centre observation will provide the means for an in-depth study and better
understanding of the astrophysical emissions in this region.

Stellar dynamics in the Milky Way is dominated by the gravitational
potential of baryons up to the kpc scale, and the dark matter density
distribution in the inner kpc region can thus be accommodated by both cuspy
(NFW, Einasto) profiles and cored (isothermal, Burkert) profiles. Important
efforts are ongoing to accurately simulate the baryon impact on dark matter
distribution in the central region of galaxies. With rapid progress being made
in the field, a more comprehensive picture for the central region of the Milky
Way is expected by the time of CTA observations with reduced theoretical
uncertainties on dark matter distribution. Although the observation strategy
may substantially differ for a kpc-size core profile compared to a cuspy
profile, the detection of a dark matter signal and the detailed study of its
morphology would help to resolve this important question.

4.2.1.2  FEvolution of knowledge

The inner region of the Milky Way presents a very complex environment
in which to determine the distribution of dark matter. Present kinematic
and microlensing data are consistent with an inner log slope for the
halo of —1.0 [97], the value predicted by dark matter-only simulations
of structure formation, although the observational constraints are very
broad. Simulations including baryonic physics can produce steeper profiles
through adiabatic contraction of gas and supermassive black hole formation.
However, outflows produced by AGN activity and/or star formation have
the opposite effect. The theoretically expected value is therefore almost
as uncertain as the observationally determined one. Given the high level
of activity in the field of galaxy formation, it is expected that improved
simulations, e.g. EAGLE [98], will provide further insights into theoret-
ical expectations over the coming years. However, the interpretation of
CTA observations requires tighter observational constraints. The two likely
avenues for improvement on this front are from microlensing and large-
scale radial velocity surveys. Microlensing surveys can be used to probe the
baryonic mass function towards the Galactic Centre and hence place limits
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on the baryonic contributions to the mass distribution of the inner Galaxy,
e.g. Ref. [99]. Kinematic surveys such as ARGOS [100], BRAVA [101],
GAIA [102], and GIBS [103] are collecting samples of thousands of radial
velocities which will be used to map the dynamical structure of the bulge
and bar regions. Together, the microlensing and kinematic data have the
potential to provide improvements on the constraints in the mass profile of
the inner Galaxy:.

4.2.1.3 Observational strategy

The Galactic Centre observations will be taken with multiple grid pointings
with offsets from the Galactic Centre position of about +1.3° to cover
the central 4° as uniformly as possible. The observation strategy defined
explicitly to search for dark matter will require 525 h to probe cuspy profile
dark matter distributions. In the Galactic Centre KSP, a further 300 h are
proposed for astrophysics covering up to latitudes £10°. These data will
also be included in the analysis for dark matter to improve the sensitivity
for cored dark matter density profiles. Given the major scientific impact of
a positive result, we propose that the initial 525 h exposure be done in the
first three years of CTA operation with high priority.

4.2.1.4 Performance

The quest for dark matter requires a deep and uniform exposure over several
degrees around the central black hole Sgr A* to allow for both spectral
and spatial morphological studies, a deep understanding of the instrumental
and observational systematics, and precise determinations of the standard
astrophysical emissions. The expected CTA energy and angular resolutions
are key ingredients to disentangle a dark matter signal from standard
astrophysical background. The sensitivity predictions for observations in the
Galactic Halo are shown in Figure 4.7. Figure 4.7(a) shows the sensitivity
for different annihilation modes (bb, 777, WTW~, f) and Figure 4.7(b)
for different observation times with a method [104] to include systematic
uncertainties on the residual cosmic ray background as indicated in the
caption. Figure 4.8 shows the CTA sensitivity for various dark matter
halo profiles satisfying stellar dynamics. Even in the case of a pessimistic
dark matter distribution at the Galactic Centre, e.g. a Burkert profile,
the sensitivity of CTA is comparable to what is expected for a classical
dwarf galaxy (see Figure 4.11). Figure 4.9 compares the CTA Galactic halo
sensitivity limit predictions with the pMSSM model scan of Ref. [54]. Each
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Figure 4.7: (a) CTA sensitivity for (ov) from observation of the Galactic halo for different annihilation modes as indicated. (b) CTA
sensitivity for bb annihilation modes for different conditions; black is for 100 h of observation and red is for 500 h. The solid lines are
the sensitivities only taking into account the statistical errors, while the dashed and dotted curves take into account systematics as

indicated. The dashed horizontal lines approximate the level of the thermal cross-section of 3 x 10~ 26cm3s~1.
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Figure 4.8: CTA sensitivity for (ocv) on the Galactic halo for cuspy (NFW, Einasto)
and cored (Burkert) dark matter halo profiles. The sensitivities are plotted for 500 h
observation, the bb annihilation channel, and for statistical errors only. The dashed

horizontal lines indicate the level of the thermal cross-section of 3 x 10~ 25cm3s™!.

panel shows the branching fraction of the primary annihilation channels for
a given model. Similar studies can be found in Refs. [86, 105]. It can be seen
that for models with M, > 500 GeV, CTA will be the only experiment able
to probe the vast majority of models.

Similar studies have been carried out in the recent literature on the CTA
sensitivity prospects towards the Galactic Centre [104, 106, 107]. A careful
examination of these works reveals differences in the dark matter distribution
modelling and /or in the sensitivity computation that significantly impact the
expected sensitivity. Among the differences are the instrument’s response
functions together with the residual background used for CTA and the
dark matter distribution in the innermost kpc of the Galactic Centre. A
description of the instrument response functions used for this study can be
found in the appendix.

The estimate of CTA sensitivity in the monochromatic line search is
shown in Figure 4.10, where the data are analysed in a circle of 1° radius
encompassing the Galactic Centre position assuming two different dark
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WHW™, bb, tf and 777~ in (a)-(d) as indicated with the corresponding sensitivities as
calculated in their paper. The colour code shows the value of dominant branching fraction
for each point (the stars mark the particular benchmark points discussed in Ref. [54]).

matter distribution profiles (Einasto and isothermal). The modelling of
the standard astrophysical emission is obtained by taking into account the
already detected gamma-ray emission by H.E.S.S. in that region convolved
with the instrument response functions as well as the residual rate of charged
cosmic rays. Using the energy-dependent variation of the energy resolution,
an unbinned analysis of Monte Carlo simulations was performed. A sliding
search window of four times the size of the energy resolution centred at the
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Figure 4.10: Sensitivity of CTA to monochromatic gamma-ray signals from dark matter
annihilation, with £ = M, after 500 h of observation of a region with 1° radius around
the Galactic Centre using an unbinned likelihood analysis (blue line) and a differential
sensitivity analysis (orange curve) assuming an Einasto profile. For comparison, the
currently best limits from Fermi [108] (black triangles) and H.E.S.S. [109] (red dots) are
also shown, along with the much discussed line-like feature at around 130 GeV [110, 111]
(magenta star). The dashed lines also show the mean upper limits obtained in case of a
Burkert profile. The natural scale for monochromatic gamma-ray signal is highlighted as
a black shaded area.

position of the expected line is used. The results in Figure 4.10 show this
method as well as an analysis cross-check, assuming a 500 h exposure and an
FEinasto dark matter distribution profile. While the current analyses do not
include systematic uncertainties, these are expected to be small. As no known
standard astrophysical sources would produce such sharp energetic features,
the discrimination against background is easier in line searches compared to
the continuum emission search.

4.2.2 Dwarf Spheroidal Galaxies and Dark Clumps
4.2.2.1 Description

The dwarf spheroidal galaxies (dSphs) of the Local Group could give a
clear and unambiguous detection of dark matter. They are gravitationally
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bound objects and are believed to contain up to O(10%) times more mass
in dark matter than in visible matter, making them widely discussed as
potential targets. Being small and distant, many of the dwarf galaxies will
appear as point sources to CTA, and hence the nuisance of the instrumental
background is much reduced. Although less massive than the Milky Way or
the LMC, they are also environments with a favourably low astrophysical
gamma-ray background making the unambiguous identification of a dark
matter signal easier compared to the Galactic Centre or LMC. Neither
astrophysical gamma-ray sources (supernova remnants, pulsar wind nebulae,
etc.) nor gas acting as target material for cosmic rays have been observed in
these systems.

The search program selects dwarf galaxy targets on the basis of
both their J-factors and relative J-factor uncertainties. Due to the larger
available sample of spectroscopically measured stars, the classical dwarf
galaxies such as Draco, Ursa Minor, Sculptor, and Fornax have significantly
smaller uncertainties on the J-factor than the ultra-faint dwarf galaxies
[81]. However, several of the ultra-faint galaxies (e.g. Ursa Major 2) have
J-factors which are larger than the J-factors of the best classical dwarfs
which, to some degree, outweighs the larger J-factor uncertainties for
these objects. A recent evaluation of dwarf galaxy J-factors was presented
in Ref. [112] which used a Bayesian hierarchical modelling analysis to
constrain the dark matter mass and scale radius in 18 dSph galaxies
with good spectroscopic data. Using these mass models, we can compare
the CTA detection prospects of the dwarf galaxies in this sample on the
basis of the J-factor integrated within an angular region of radius 0.1°
(Jo.1), where the angular scale of the integration region has been chosen
to match the CTA point spread function at 100 GeV. This study shows
that two of the best classical dwarf candidates are Draco in the northern
hemisphere with log;o(Jo.1/GeVZem™5) = 18.69 + 0.16 and Sculptor in
the southern hemisphere with log;o(Jo.1/GeVZem =) = 18.47 4+ 0.18. The
most promising known ultra-faint galaxies are best observed from the
northern hemisphere, although discovery of new ultra-faints in the southern
hemisphere is anticipated within the next 5-10 years as new optical surveys
come online. Ultra-faint dwarf candidates observable from the northern
hemisphere include Segue 1, Coma Berenices, and Ursa Major 2. Very
recently, the Dark Energy Survey (DES) data revealed eight Milky Way
satellites [113, 114] in the southern hemisphere likely to be ultra-faint dwarf
galaxies. In particular, Reticulum II is the most attractive of these, given
both its proximity and high dark matter content [115]. With forthcoming
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in-depth studies of their dark matter content and distribution, these ultra-
faint dSph candidates may be well-motivated targets for CTA.

Structure formation predicts gravitationally bound dark matter clumps
down to much lower masses than observed for dSph galaxies. The low-
mass cutoff of the clump distribution is related to the free-streaming
scale of dark matter particles in the early universe and is expected to
be between 107'2 Mg and 1072 My, for typical WIMP scenarios [116].
The number-counts distribution of clumps in Milky Way-like galaxies has
been investigated with numerical N-body simulations, finding a power law:
dN/dMoc M in clump mass M, with a high-mass cutoff at M ~ 101 M and
an index o between —1.9 and —2.0 [64, 65]. For the Milky Way, this would
imply a clumpiness factor of ~18% (referring to the relative contribution of
the total mass in clumps to the total mass of the main halo). The spatial
distribution of dark matter clumps is biased away from the smooth central
dark matter distribution of the host halo, i.e. the majority of clumps populate
outer halo regions (r > 100 kpc).

In the near future, experiments will be able to probe the subhalo
population above 10° M, using gravitational millilensing of background
objects [117], while the statistical properties of lighter clumps (down to
mass scales below a Solar mass) in the Solar neighbourhood can be measured
from gravitational nanolensing [118, 119]. Additional statistical techniques
to estimate the presence and properties of moving sources contributing to a
diffuse background emission are being investigated as well [120]. Dark clumps
orbiting in the solar vicinity also affect the kinematics of stellar streams.
A peculiar distribution of gaps would be imposed on local stellar streams
by impacting clumps of all mass scales. First studies of local streams have
already hinted at clump impacts [121], while further studies are ongoing or
proposed [122-126].

Lacking identification in optical surveys, the prime channels of detecting
dark clumps are VHE gamma rays emerging from annihilations or decays of
dark matter particles in the clump. Clumps would show the unique spectral
gamma-ray signature of dark matter annihilation or decay [127-129]. The
Smith Cloud is a unique nearby Galactic substructure which was detected
as a cold cloud of neutral hydrogen (HI) and is characterised by its large
peculiar velocity [130]. The dark matter content of such objects is still under
debate [131, 132], but it is plausible that the Smith Cloud hosts a large dark
matter halo.
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4.2.2.2  FEvolution of knowledge

Our knowledge of the dark matter distribution in the so-called “classical”
dSph satellites of the Milky Way is based on dynamical modelling of their
internal stellar kinematics (for recent works, see, e.g. Refs. [133, 134]). The
availability of multi-object spectrographs on a number of large telescopes
combined with the dSphs’ proximity to Earth has made it possible to
obtain data sets of individual stellar velocities ranging in size from ~170
(Leo II [135]) up to ~2500 (Fornax [136]) stars. Reference [137] provides an
excellent review of the currently available data.

The next step change in the size of dSph kinematic data sets is expected
once instruments such as the Prime Focus Spectrograph [138] mounted on
the 8.2-m Subaru telescope are available, providing thousands of fibres over
a large field of view. Based on the numbers of red giant stars in the classical
dSphs down to magnitude 22, it is reasonable to expect that on a 5-10-
year timescale there will be samples of at least 1000 stars for all of the
classical dSphs, with Sculptor and Fornax yielding particularly rich samples
of ~5,000 and ~10,000 stars, respectively. These new data will need to be
complemented by more advanced modelling in order to constrain their dark
matter profiles. A number of groups are working on a range of approaches,
and there is reason to be optimistic that community efforts such as the
Gaia Challenge will drive further developments in this area by comparing
existing modelling techniques, identifying systematic errors and biases in
current algorithms, and facilitating the development of new ones. Studies
are underway to estimate the impact that increased data sets and improved
modelling can be expected to have on the ability of CTA to constrain the
nature of dark matter, building on the earlier work of Ref. [139].

Since the recent discovery of a new population of satellite galaxies around
the Milky Way, the ultra-faint dSphs, significant attention has been focused
on their potential as targets in which to search for dark matter annihilation
signals [140]. The paucity of stars in these objects means that current
sample sizes range from ~200 stars in CVnl to ~70 in Segue 1 and as
low as 5 in the case of LeoV (see Ref. [137] for references), with limited
prospects for significantly larger samples in the near future. These objects
with a limited number of stars are prone to higher systematic uncertainties
when modelling their dark matter content (see, for instance, Ref. [133]). An
additional complication is that the nature of these objects is still uncertain.
If they represent a population of objects which have been strongly affected
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by the tidal field of the Milky Way, their dark matter content may have
been over-estimated by simple equilibrium models. Further work is required
to establish whether the potential constraints which these satellites may
place on dark matter, see e.g. [141], justify the risk that they may not
contain sufficient dark matter to be detectable. New surveys such as Pan-
STARRS and SkyMapper are expected to yield numerous additional ultra-
faint dSphs, e.g. [142, 143]. Indeed, a new population of low-luminosity
dSphs with a peak surface brightness lower than 30 mag arcsec™? (i.e. below
current detection thresholds) is expected [144]. Toy models applied to
numerical N-body simulations predict the discovery of 3—13 L > 10 L and
9-99 L <103 L, (i.e. ultra-faint) dwarfs with DES, and 18—53 L > 103 L,
and 53—307 L < 10° L dwarfs with LSST [145]. Ultra-faint dSphs are likely
to be hosted by light dark subhalos (<106 M) which could be orbiting in the
vicinity of the Solar System. These future surveys will extend significantly
the knowledge of dwarf galaxies in the southern sky where CTA will have
the highest sensitivity.

4.2.2.3 Observational strategy

The observations of a dwarf spheroidal galaxy will be started in the first year
of the Dark Matter Programme. Any hints of dark matter signals or unknown
sources would guide the plans for future observations. In the absence of
signals, a programme of observation on the most promising dSph would be
taken. As discussed earlier, according to existing data, the ultra-faint dwarf
galaxies have the highest J-factors, and so the best of these at the time
would be adopted with the criterion of maximising the chance of discovery. In
the time before full CTA operations, it is expected, as discussed previously,
that much more information will be available to make the final choice. If
new astrophysical data on stellar dynamics for a given dSph provide further
motivation for pursuing the search, the observation strategy will be modified
accordingly. Following a full evaluation of all results, the observing strategy
is to acquire 100 h of observations per year on the best candidate dSph at
that time.

4.2.2.4  Performance

Dwarf Galaxies have been principle targets for dark matter searches in
existing gamma-ray experiments. Many strategies are considered for CTA
with the spirit of being flexible to observe the most promising targets
known when CTA is operational following information from the new surveys
discussed previously or from any other resource.
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An example of the sensitivity which could be obtained by observations
of a classical dwarf galaxy is shown in Figure 4.11, using the same analysis
methodology [104] as that performed for the Galactic halo so the results
can be directly compared. In making this comparison with Figure 4.7, it
can be seen that the sensitivity is a factor 100 worse for this classical dwarf
galaxy; however, the effect of systematics is drastically reduced for this small
source compared to the extended Galactic halo, explaining the significant
interest in observations of dwarfs. Interestingly, observations of a classical
dSph provide comparable sensitivity to the Galactic Centre for the cored
dark matter profile.

Figure 4.12 compares the sensitivity in the bb annihilation channel for
500 h observation time on the ultra-faint dSph Segue 1 and Coma Berenices
to the sensitivity on classical dSphs Draco and Sculptor. Ultra-faint dSphs
provide stronger constraints compared to classical dSphs though higher
uncertainties are expected in the dark matter distribution. One standard
deviation uncertainties are shown as dashed lines [81].

4.2.3 Large Magellanic Cloud
4.2.3.1 Description

The LMC is a nearby satellite galaxy at high Galactic latitude, and it has
the shape of a disk seen nearly face-on. At a distance of only ~50 kpc,
and with a large dark matter mass of ~10'° M, the LMC is a candidate for
indirect dark matter searches which has long been recognised as a potentially
favourable target [146]. The mass of the LMC of 1% of the Milky Way
makes it interesting even though its distance, at six times further away
than the Galactic Centre, gives a large signal reduction. The LMC is an
extended source for CTA. Most of the emission lies within the CTA field of
view, enabling the full galaxy to be observed in detail. Like the Milky Way
Galactic halo, astrophysical backgrounds are a significant challenge for the
LMC. However, the J-factor of the LMC has been claimed to be as high
as log1o(J/GeVZem™2) ~ 20.5 [146, 147], making it an attractive target for
indirect searches. However, the spatial extent of the LMC and its significant
astrophysical gamma-ray emission lead to both analysis uncertainties and
systematics.

The LMC hosts many interesting astrophysical sources: the largest star-
forming region in the Local Group of galaxies, one of the densest stellar
clusters known, the most massive stars ever observed, several tens of HII
regions, more than a dozen super-bubbles, numerous giant shells, more than
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(a) CTA sensitivity for (ov) from observation of the classical dwarf galaxy Sculptor for different annihilation modes
as indicated. (b) CTA sensitivity for bb annihilation modes for different conditions; black line is for 100 h of observation and red line
for 500 h. The solid lines are the sensitivities only taking into statistical errors, while dashed and dotted curves take into account

systematics as indicated in the figure. The dashed horizontal line shows the thermal cross-section of 3 x 10~ 2¢cm3s™1.
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Figure 4.12: CTA sensitivity for (ov) from 500 h observation of the classical dSphs
Draco and Sculptor, and the ultra-faint dwarf galaxies Segue 1 and Coma Berenices
as indicated. Dashed lines correspond to one standard deviation uncertainties on the
J-factors. Sensitivity is computed assuming the bb annihilation mode and statistical errors
only are taken into account. The dashed horizontal line shows the thermal cross-section of
3 x 107 cm3s 1.

50 catalogued supernova remnants, and the remnant of the recent naked-
eye supernova SN 1987A. The LMC was detected in high-energy gamma
rays and characterised by Fermi-LAT after just one year of data [148].
Recently, powerful VHE emitters have been detected by H.E.S.S. [149]. The
astrophysical motivation for observations of the LMC are discussed in the
LMC Key Science Project.

The dark matter distribution uses benchmark halo models of the LMC
for which updated modelling was performed in Ref. [147] using HI rotation
curve data [150] and stellar velocity data [151]. The rotation curve was
decomposed into a dark matter component, the HI mass, and the stellar
mass. At all stages of the analysis, choices were made to maximise the
baryonic contribution to the rotation curve and to minimise the dark matter
contribution, leading to conservative estimates of the dark matter content.
The dark matter distribution was fit to an isothermal profile, representing
the conservative case of a cored inner density profile, and an NFW profile,



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

76 Science with the Cherenkov Telescope Array

representing a more typical choice for the assumed dark matter distribution.
The analysis was performed assuming the best-fit position for the LMC
centre based on HI and proper motion studies. The largest source of
uncertainty in the rotation curve determination is the inclination of the
LMC, so the fit for each profile was performed for extreme values of the
inclination angle to bracket this source of uncertainty.

The rotation curve data place a robust lower limit on the J-factor of
the LMC of ~ 5 x 10" GeV?em™ (integrated over the LMC), although
we emphasise that the rotation curves are also consistent with much larger
J-factors. The J-factor values integrated within 15° of the LMC centre range
from ~ 5x 10" to ~ 5 x 10?° GeV? cm ™ and, for both profiles, the emission
profile is peaked towards the centre with more than half of the emission
originating from within a few degrees of the centre. Eventually, detectability
depends not only on the J-factor but also the dark matter distribution
and on how well it can be discriminated from instrumental background and
astrophysical emission. The level of expertise for this analysis motivates this
program to be conducted by the CTA Consortium.

4.2.3.2  Evolution of knowledge

The complexity of the dynamical state of the LMC, and the associated
difficulty of modelling it, is reflected in the relatively few attempts at
building a comprehensive picture of the mass distribution in its inner regions.
Reference [152] presented a detailed study of the stellar kinematics in the
LMC, and recently updated modelling was performed in Ref. [147]. As in
the case of spiral galaxies, the baryonic mass in the disk and bar of the
LMC contributes a significant fraction of the gravitational potential in the
inner regions, making the LMC more difficult to model than the dSphs in
which the stellar component can, to first order at least, be treated as a
massless tracer population. Furthermore, the LMC is interacting with the
Small Magellanic Cloud and has a central stellar bar which is not properly
understood dynamically. Both these complications, coupled with the >20°
extension of the LMC on the sky, make it very challenging to construct a
precise picture of its inner mass distribution. Interestingly, despite all the
uncertainties and complications noted above, the range of J values for the
LMC is just a factor of 20 when the halo profile is varied from NFW to cored
isothermal. By comparison, in the centre of the Milky Way, the J-factor
varies by a factor of 100 when the halo is varied over the narrower range
of an NFW halo and a halo with inner log slope of 0.5 [106]. Under such
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consideration, the LMC appears to be a robust target, despite the lower
nominal value of J relative to that of the Milky Way.

Spectroscopic studies continue to expand the size of radial velocity
samples in the LMC (see e.g. Ref. [151] for an overview with new instruments
(e.g. MUSE on the VLT)) providing opportunities for detailed studies of the
stellar kinematics of the inner degree. Proper motions obtained using Hubble
Space Telescope observations [151] have complemented the line-of-sight
velocities, and it is the Gaia satellite that promises the next major step
in understanding by mapping out the proper motion velocity field in much
greater detail. With 3D velocities, it may become possible to unravel the
inner dark halo slope, although considerable further modelling effort for the
stellar and gas components will be needed. Finally, gravitational microlensing
studies may assist in this by constraining the line of sight depth of
the LMC.

4.2.3.3 Observational strategy

For the LMC, observations will be taken with several pointings to cover
the full galaxy. A total of 340 h of observations are proposed for both dark
matter and astrophysical motivations (see LMC Key Science Project).

4.2.3.4  Performance

The sensitivity is computed for two benchmark annihilation channels, bb
and WTW™, with the results shown in Figure 4.13. The curves represent
the 95% confidence level upper limits that would be obtained on the dark
matter annihilation cross-section as a function of dark matter particle mass
in the case that no emission associated with a dark matter spatial template
is detected. The minimum energy considered in the analyses is 200 GeV
due to the minimum zenith angles allowed for LMC observations. The
strongest sensitivity is achieved for the NFW profile with the maximum
rotation curve and maximum allowed density within uncertainties in the
inclination angle of the LMC, while the minimum rotation curve with the
isothermal profile yields the weakest sensitivity. In the most optimistic case,
the expected sensitivity is about a factor of 20 above the natural cross-
section. The difference in the testable annihilation cross-section between the
extreme cases is a factor of ~ 10. The astrophysical backgrounds in the LMC
and their uncertainties differ from those in the Galactic Centre, making it a
complementary dark matter search target.
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Figure 4.13: CTA sensitivity on (ov) from observation of the LMC for 340 hours of
observation in the bb and WTW™ annihilation channels for both NFW and isothermal
(ISO) dark matter profiles, as shown in the legend. The sensitivities are computed with a
200 GeV energy threshold assuming statistical errors only.

4.2.4 Clusters of Galazies

Clusters of galaxies are the largest and most massive gravitationally bound
systems in the universe, with radii of a few Mpc and total masses of 10 to
10' My, of which galaxies, gas, and dark matter contribute roughly 5%,
15%, and 80%, respectively. They present very high mass-to-light ratio
environments and should be also considered promising targets for indirect
dark matter searches, both for decay and annihilation. In particular, the
dark matter decay rate is directly proportional to the enclosed mass, making
clusters the best targets together with our Galactic Centre [153]. The
dark matter halo of galaxy clusters harbour an abundance of dark matter
substructures which contribute to the overall dark matter luminosity of
the clusters. In principle, they provide substantial contribution to the dark
matter annihilation signal. However, large uncertainties in the substructure
boost factors remain [154], making them less favoured environments for
annihilating dark matter than previously thought [155, 156].
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Figure 4.14: Expected CTA sensitivity to the dark matter decay lifetime for 300 h of
observation of the Perseus cluster. We assume a dark matter profile as in Ref. [158] and
adopt the full-likelihood analysis of Ref. [159], while the adopted dark matter spectra
are from Ref. [161]. The size of the signal integration region (0.3° radius) has been
optimised taking into account the expected source extension and the performance for
off-axis observations. We assume five off regions. We compare our CTA predictions with
the results from the Galactic halo by Fermi [160].

Galaxy clusters are a promising target for decaying dark matter (see,
for instance, Ref. [157]). While the signal originating from annihilating
dark matter is proportional to the square of the dark matter density, for
decaying dark matter the dependence is on the first power. As a consequence,
dense dark matter concentrations outshine the astrophysical backgrounds
if annihilation is at play, but remain comparatively dim if dark matter
is decaying. Decaying dark matter wins instead, generally speaking, when
large volumes are considered. Figure 4.14 shows predictions for the case
of the Perseus cluster for 300 h of observation. We assume a dark matter
profile in the cluster as in Ref. [158] while adopting the full-likelihood
analysis of Ref. [159]. We consider an integration radius of 0.3°. As is
clear from the figure, CTA can do much better than Fermi [160] at the
TeV scale.
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The astrophysical motivations for observation of Perseus presented in
the Galaxy Cluster KSP complement and extend the science case for dark
matter presented here.

4.2.5 Summary of Targets

The Dark Matter Programme comprises 10 years of observations dedicated
to dark matter targets. The calendar for the observations is shown in
Table 4.1. The first three years are devoted to deep observations of the
Galactic Centre together with observation of the best ultra-faint dwarf
galaxy. The observations towards the Galactic Centre will represent an
important achievement and the result, eagerly awaited by the scientific
community, is an expected deliverable of CTA.

Two different observation scenarios are considered depending on the
outcome of the first three years of observations, i.e. whether there is a
detection of a signal or not in the Galactic Centre dataset:

e In case of a detection and a relatively high annihilation cross-section
(a few times 10725 cm?®s!), the schedule will focus the observation
time on the ultra-faint dwarf galaxy with a high J-factor to probe
the annihilation cross-section in a cleaner environment. Simultaneously,
follow-up observations of the Galactic halo would be scheduled to allow

Table 4.1: Strategy for dark matter observations over 10 years with CTA.

Year 1 2 3 4 5 6 7 8 9 10

Galactic halo 175h 175 h 175 h
Best dSph 100 h 100 h 100 h

In case of detection at GC, large ov

Best dSph 150 h 150 h 150 h 150 h 150 h 150 h 150 h
Galactic halo 100 h 100 h 100 h 100 h 100 h 100 h 100 h

In case of detection at GC, small ov

Galactic halo 100 h 100 h 100 h 100 h 100 h 100 h 100 h

In case of no detection at GC

Best Target 100 h 100 h 100 h 100 h 100 h 100 h 100 h

Note: The first three years are devoted to the deep observation of the Galactic Centre (GC)
together with the observation of the best ultra-faint dwarf galaxy. In case of non-detection
of the GC, observations starting in the fourth year focus on the most promising target at
that time to provide legacy constraints.
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for in-depth study of the morphology of the dark matter distribution. For a
relatively small annihilation cross-section (a few times 10726 cm3s~1), the
following years will be devoted to follow-up observations of the Galactic
Centre in order to double at least the photon statistics to accurately
characterise the faint detected signal.

In case of no detection at the Galactic Centre, we will focus our observation
time towards the best target at that time, on e.g. an ultra-faint dwarf
galaxy or dark clump target, from years 4 to 10. This observation time
will be devoted to provide long-standing legacy constraints.

4.3 Data Products

The following data products will be provided to the community:

For each target: Data-cubes (binned in the two spatial dimensions around
the source and in energy) with the measured number of excess events over
the background, together with the statistical significance of the excess.
For each detected source: Energy spectrum and surface brightness of the
emission, with a binning determined by its intensity and spatial extension.
A model of diffuse VHE gamma-ray emission in the field of view of each
target.

For each target: The value of the likelihood function versus gamma-ray
flux, in bins of energy, following the prescription used in Ref. [81]. This
information is sufficient to compute the total likelihood (individually for
each source or globally for all of them) for any given dark matter model.
Using the previous information, constraints will be placed on the param-
eters of a set of dark matter annihilation and decay channels, including
those producing gauge boson, quark, lepton, and photon pairs, and any
other channels favoured by the theory and other experimental constraints
at the time of the data analysis.

These results will be produced and released whenever a new source will

be observed and/or when a significant amount of new data will justify an

update of the results. In the case of no signal, we will publish our results

after 100 h and 500 h of observations (for any given source).
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5
KSP: Galactic Centre

The Galactic Centre Key Science Project is comprised of a deep exposure of
the inner few degrees of our Galaxy, complemented by an extended survey
to explore the regions not yet covered by existing very high-energy (VHE)
instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy
and possible options given in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide
variety of possible high-energy emitters, including the closest supermassive
black hole, dense molecular clouds, strong star-forming activity, multiple
supernova remnants and pulsar-wind nebulae, arc-like radio structures, as
well as the base of what may be large-scale Galactic outflows (commonly
referred to as the Fermi bubbles); it is also one of the best places to look
for dark matter, as outlined in Chapter 4. The central few degrees of our
Galaxy is arguably one of the most studied regions of the sky in nearly
every waveband (see Figure 5.2). In VHE gamma rays alone (for a review
see Ref. [165]), the region has yielded major scientific discoveries including
an unidentified central point-like gamma-ray source [166, 167] that may be
associated with Sgr A* and a complex pattern of diffuse emission [168, 169]
that may be an indication of local PeV cosmic-ray acceleration in the recent
past [170]. Precision measurements with CTA will allow us to study this
complex region in unprecedented spatial and spectral detail, and may allow
for the identification of the central source, the disentangling of models that
have been put forth to explain the extended emission, and perhaps the deeper
understanding of the capability for cosmic ray acceleration in our Galaxy and
the history thereof. A simulated CTA view of the Galactic Centre region

83
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Figure 5.1: A schematic representation of the Galactic Centre KSP. This figure shows
one possible observation strategy for CTA. The deep survey region is shown in red, with
the Galactic bulge extension shown in cyan (with each circle representing a 6° field of
view for a typical CTA configuration). Several object positions are overlaid with blue dots
for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the Galaxy.

that could be accomplished with the observations proposed in this KSP is
shown in Figure 5.3 for various astrophysical scenarios; the differences among
the scenarios can be clearly identified. Note that the angular resolution of
the diffuse template used in these simulations is poorer than that of CTA;
therefore, small-scale features possible with CTA are not well represented
beyond the included point-like sources.

A deep Galactic Centre survey is considered key science for both scientific
and technical reasons. The scientific results will encompass a wide variety
of targets and topics and will require a large time commitment spread over
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HESS PSF
CTA PSF

Figure 5.2: Multi-waveband view of the inner Galactic Centre region, showing the wide
variety of diffuse emission. The scale is set such that the bright point source associated
with Sgr A* in radio and X-rays is clipped to accentuate the surrounding emission. (a) The
X-ray emission detected by XMM-Newton, from Ref. [162]. (b) The radio view, showing
diffuse emission, SNR shells, and various arc-like radio features, from Ref. [163]. The CTA
point spread function is shown in comparison with that of the presently operating H.E.S.S.
telescope to illustrate the possibility of resolving structures with CTA that are point-like
with existing instruments. (c) Infrared (IR) view of the gas (target material for cosmic rays
to produce pion-decay gamma rays), showing the toroidal feature in the central molecular
zone, from Ref. [164].
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1.000 359.000

Figure 5.3: A simulated view of the Galactic Centre region as seen by CTA (excess
events above 800 GeV after cosmic-ray background subtraction, with Gaussian smoothing).
(a) and (b) The reference model that includes a point-like source at the position of Sgr A*
with an exponential-cutoff power-law spectrum matching H.E.S.S. measurements [166],
a similarly modelled point-like supernova remnant G0.9+0.1 [171], diffuse emission from a
template based on the dense matter distribution deduced from HCN molecule observations
[172], and an extended circumnuclear ring template. (a) is in log scale and (b) is clipped
to show the details of the diffuse emission (thus the point-like central source which is
an order of magnitude brighter is washed out). (c) The reference model plus a catalogue
of energetic pulsar-wind-nebulae [173]; here the central source clearly appears extending
towards the left. (d) An alternative model consisting of an extended circumnuclear ring
model assuming the source is produced by the interaction of isotropic cosmic rays with
the circumnuclear ring gas (which has a 1.5" diameter), diffuse emission from HCN maps
as above, and close-by pulsar-wind nebulae [173] (modelled as point-sources). The central
source and G 0.940.1 are excluded. Cosmic-ray background is subtracted using a model
generated from cosmic-ray events; the same background model is used in all cases.
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multiple years. The proposed observations will provide the deepest exposure
of the Galactic Centre region ever produced in the TeV domain and will
provide significant scientific output on a variety of topics for years to come.
As part of this project, the CTA Consortium will organise coordinated
observations in other wavebands that will permit detailed variability studies
and constitute an invaluable legacy data set.

The realisation of an extremely deep and high-precision survey of the
Galactic Centre region is non-trivial from a technical standpoint due to
the complexity and confusion of the gamma-ray and optical emission in
the region, the difficulty of modelling the background when there is an
expectation of sources that are larger or similar to the instrumental field of
view, the necessity to handle strong background optical light that varies by a
factor of over ten within the field of view, and the need to push the systematic
errors to extremely low levels to produce meaningful limits on models.
Such a study will therefore require a deep knowledge of the instrument
and atmosphere and will perhaps even require specialised knowledge of the
calibration, reconstruction, and discrimination of Cherenkov events that only
the CTA Consortium can readily provide.

The main science topics that can be explored with this rich data set are
described below, followed by the observational strategy, data products, and
expected return.

5.1 Science Targeted

This key science program of the Galactic Centre region covers a wide range
of scientific topics due to the rich environment within the central few degrees
of our Galaxy.

5.1.1 Scientific Objectives
5.1.1.1 Revealing the nature of the central gamma-ray source

CTA can provide the answer to what is producing the point-like source of
the VHE gamma-ray emission at the dynamic centre of the Milky Way.
The central VHE source was first detected in 2004 [174, 175], and
although well studied by current-generation atmospheric Cherenkov tele-
scopes (H.E.S.S. and VERITAS), it still remains unidentified due to source
confusion and limited sensitivity to variability and small-scale morphology.
The emission may originate from close to the supermassive black hole Sgr
A*, from winds driven out from it, from a background pulsar-wind nebula,



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

88 Science with the Cherenkov Telescope Array

or from a variety of other possibilities. CTA, with its arc-minute resolution
at high energies and dramatic improvement in sensitivity for rapidly variable
phenomena, will have the opportunity to resolve this question.

5.1.1.2 Diffuse VHE emission: Particle acceleration in the vicinity
of the Galactic Centre

The diffuse gamma-ray emission along the Galactic ridge provides the best
case for studying both gamma rays produced by hadronic interactions and to
understand the acceleration history of the central engine. This diffuse region
is the sole VHE source presently known that is generally acknowledged to
be predominantly hadronic in nature. H.E.S.S. observations revealed the
presence of a ridge of hard (photon spectral index, I' ~ 2.3) VHE emission,
extending over 1.5° along the Galactic plane [168]. The spectrum is similar
to that of the central source implying a possible connection, but it so far
shows no evidence of a high-energy cutoff — a fact that may be explained
by the diffusion of cosmic rays from a central accelerator [170] that reaches
PeV energies. The diffuse emission spatially correlates with the inner dense
clouds, and although it establishes that active or recently active cosmic-ray
accelerators are present in the central degree, the origin remains uncertain.
All current studies are limited by statistics and field of view, and CTA will
thus provide in an incredible wealth of new information.

Detailed spectro-morphological analyses of the diffuse VHE emission
are required. CTA deep coverage will enable us to properly determine the
level of hadronic cosmic-ray-induced emission by distinguishing clouds from
individual sources seen at other wavelengths, thanks to a largely improved
angular resolution with respect to current experiments. It will provide a
unique measure of cosmic-ray propagation in the central molecular zone
(CMZ), a region rich in molecules that contains the Galactic Central Radio
Arc. The large number of photons that can be detected across this region —
particularly at high energies where current instruments suffer from low
statistics — will allow detailed spectral characterisation. The improved
statistics with CTA will allow, in particular, the study of spectral changes
associated with diffusion from a central accelerator that are hinted at with
current observations [170].

5.1.1.3  Exploring large-scale outflows

An extended exposure with CTA will provide, for the first time, the ability
to search for VHE diffuse emission away from the Galactic plane (|b| > 0.3°)
in the region of the Galactic Centre.
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Beyond the supermassive black hole (SMBH) at the gravitational centre,
the central 30 pc region harbours up to 10% of the massive stars (>20Mg)
in the Galaxy [176], implying a star-formation rate per unit volume two
orders of magnitude larger than that in the rest of the disk. The kinetic
power released by supernova explosions is therefore expected to be as large
as 10% erg/s [177]. This should produce very sustained particle acceleration
as well as a strong outflow advecting cosmic rays into the Galactic halo,
thus possibly feeding the large Fermi bubbles (e.g. [177, 178]). A presumed
period of high activity of the SMBH has also been invoked to explain the
bubbles (e.g. [179] and others). Evidence of on-going cosmic-ray escape from
the Galactic Centre region would support this picture.

An interesting feature in this respect is the Galactic Centre lobe which
extends over 150 pc north of the Galactic Centre. It is an energetic outflow
from the inner regions. The energy required to inflate it is similar to that
released by 50 supernovae, and the outflow is presumably powered by the
sustained star formation activity in the Galactic Centre [180]. Similarly, a
bright extended region of recombining plasma has been recently discovered
at b = —1.4° which might be the relic of an energetic event at the Galactic
Centre some 107 years ago [181]. Detection of gamma-ray emission associated
with these features might help understand the connection between the
activity in the central 100 pc and the large-scale Fermi bubbles.

5.1.1.4  Supernova remnants, pulsar-wind nebulae, and molecular
clouds

A large number of supernova remnants (SNRs) and pulsar-wind nebulae
(PWNe) will be covered by a deep exposure of the Galactic Centre region (see
the radio image in Figure 5.2), providing a significant increase in the number
detected of these objects, which are known VHE accelerators. Though some
nearby SNRs like G 0.9+0.1 have already been detected and studied at very
high energies [171], others remain too weak for current instruments or suffer
from significant source confusion that could be mitigated by the improved
sensitivity and smaller point spread function of CTA. For example, the inner
Galactic Centre field of view contains G 1.94-0.3, which may be the youngest
Galactic SNR, the expansion of which can be seen in radio and X-rays, see
e.g. [182]. Since very young SNRs are thought to be the most likely objects
to be producing TeV cosmic rays, G 1.940.3 is definitely a major target
for CTA observation. The region also harbours a number of older SNRs,
some of which may be interacting with molecular clouds and producing the
gamma-ray emission, e.g. the source known as H.E.S.S. J1745-303 [183, 184].
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The improved point spread function of CTA will allow morphological studies
of some of these objects that are currently seen as point-like (see Figure 5.2).
In particular, about 20 filaments of non-thermal X-ray emission are visible
in the central degree. A significant number of them appear to be PWNe
and could therefore have non-negligible TeV emission. CTA will be able to
resolve several of them from the truly interstellar emission.

5.1.2 Context/Advance beyond State of the Art

While the Galactic Centre Key Science Project will allow us to explore new
domains in both space and energy, it will also drastically improve upon
the existing observations from current or past gamma-ray telescopes. In
particular, it will build upon the knowledge gained from Fermi-LAT at GeV
energies and from H.E.S.S. and VERITAS observations at higher energies.

Fermi-LAT has successfully explored the entire gamma-ray sky from
100 MeV up to ~100 GeV. In particular, it has measured the diffuse emission
in the Galactic Centre region. At higher energies above 100 GeV, however,
the limited size of Fermi-LAT severely constrains the number of detected
gamma rays. Moreover, the instrument suffers from high source confusion
due to its limited angular resolution and from poor sensitivity to short-term
variability.

Above 100 GeV, the discovery by imaging atmospheric Cherenkov
telescopes of VHE gamma-ray emission from the region was a major
success [165-167], highlighted by the strong detection of an unknown point-
like source coincident with the supermassive black hole Sgr A* that was
inconsistent with a dark matter interpretation [185]. H.E.S.S. [168], and
later VERITAS [169], further identified significant extended VHE diffuse
emission in the inner +1°. The apparent correlation of this emission with
dense molecular clouds suggests an illumination of the gas from recently
accelerated hadrons. However, these results are limited by the sensitivity,
angular resolution, and systematics of current instruments; further exploring
the science of this region requires an improvement in all three.

5.1.2.1 Central engine

The central VHE source has been well studied with existing atmospheric
Cherenkov telescopes, but still remains unidentified due to source confusion
and limited sensitivity to variability and small-scale morphology. It is
coincident with Sgr A* within the pointing accuracy of H.E.S.S. (<7”), but
it cannot be definitively associated with the SMBH; for example, there is an
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G 0.9+0.1

(b)

G 0.9+0.1

Figure 5.4: The VHE gamma-ray view of the Galactic Centre with H.E.S.S., reproduced
from Ref. [168]. (a) is the total emission, dominated by the central unidentified point
source, while (b) shows the emission after the point-source and SNR G 0.940.1 have been
subtracted. The residual signal shows the diffuse gamma-ray emission along the ridge,
which roughly matches the morphology of local molecular clouds (white contours).

X-ray emitting pulsar-wind nebula detected by Chandra that is within the
same error circle.

If the central VHE source can be associated with accretion-related
processes around Sgr A*, it will provide the best laboratory for studying
the details of particle acceleration from accretion or jet emission in a SMBH
that is not just nearby, but covered better with multi-waveband instruments
than any other similar source. Sgr A* is seen as a bright point-source in radio,
near-IR, and X-ray wavelengths, and it exhibits flaring activity on half-hour
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timescales in both IR and X-rays, pointing to rapid changes in accretion rate,
caused by anything from clumps in the surrounding gas to an Oort cloud
of asteroids [186]. The dynamics of the region are extremely well measured,
with the orbits of stars around the black hole tracked with high precision.
Starting in 2013, the approach and tidal disruption of a dense gas cloud
(G2) on a trajectory towards the black hole has been tracked with IR obser-
vatories, possibly leading to a detectable, long-term increase in accretion.
So far, no variability of the VHE source has been seen on short or long
timescales. However, current instruments are only sensitive to changes of flux
of roughly a factor of two, and systematics may limit long-timescale studies.
Deep observations of this object with CTA will provide:

e an angular resolution sufficient to image the arc-minute scale VHE source,
helping to resolve its nature (Figure 5.5 shows the ability of CTA to
measure the size of the central source),

e the possibility to search for variability of the central source, coinciding
with X-ray or IR flaring, which would enhance our understanding of the
emission processes in SMBH, and
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Figure 5.5: Expectation for the fitted size of the central source (assuming a Gaussian
shape) made by CTA as a function of observing time. Each point in the curve is generated
by 100 Monte Carlo simulations. The error bars show the typical spread of the simulated
measurements. With 200 h, CTA should reach a detection of the source extent with
a statistical significance of approximately four standard deviations. The error bars are
accurate to within +10%.
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e sufficient spectral sensitivity and energy coverage to determine the
maximum energy reached by accelerated cosmic rays in this region and
to measure any possible spectral variation during accretion events.

5.1.2.2  Advances in the study of diffuse emission

The ridge of hard (photon spectral index, I' ~ 2.3) VHE emission at the
Galactic Centre extending over 1.5° along the Galactic plane (seen modeled
in Figure 5.3 and in reality in Figure 5.4) is well correlated with the dense
clouds present in the central 200 pc that are traced with line emission from
CS molecules [168]. The photon spectral index of this emission is somewhat
harder than the cosmic-ray spectrum measured at Earth. Under the hadronic
origin assumption, the density of multi-TeV cosmic rays is significantly larger
in the central region than in the local medium. Therefore, active or recently
active cosmic-ray accelerators are likely present in the central degree, but
their nature is still very uncertain.

SNR Sgr A East was seen as a possible source of these cosmic rays [168],
but the influences of the starburst environment of the central 200 pc, or of the
supermassive black hole itself, have to be understood. A key question here is
to determine how cosmic rays propagate in the complex environment of the
CMZ. For instance, the large poloidal magnetic fields traced by non-thermal
filaments might limit the diffusion of particles along the Galactic plane.
Similarly, the presence of an advecting wind is required by several models
of the star formation activity of the CMZ [177, 178]. The idea of a single
accelerator injecting cosmic rays in the Galactic Centre has therefore been
questioned (see, for example [187]), and distributed turbulent acceleration in
the inter-cloud medium has been proposed by several authors [188, 189]. The
starburst activity and the associated supernovae should also provide enough
energy to create the observed excess and even power the large-scale Fermi
bubbles [177]. It is therefore fundamental to properly measure how cosmic
rays are distributed and how they diffuse in the central 200 pc. This requires
a detailed spatially resolved spectral analysis of the region that only CTA
can provide.

Deep observations of the CMZ with CTA will provide:

e an angular resolution sufficient to resolve diffuse emission down to the
arc-minute scale. Comparing with molecular matter surveys, this will help
resolve the truly interstellar emission from distinct features in the region
and thus precisely measure the level of hadronic cosmic rays in the CMZ.
The ability of specific objects (e.g. the young and massive Arches cluster,
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the radio arc, etc.) to accelerate particles to very high energies and emit
gamma rays will be precisely tested;

e very high photon statistics, making spectral extraction possible on scales
of a few arc-minutes and for energies above 10 TeV. This will allow a
detailed study of the cosmic-ray distribution in the region that will provide
invaluable information on cosmic-ray propagation and their penetration
into very dense clouds. The Galactic Centre region is probably one of the
very few regions in the Galaxy where such a study will be possible;

e excellent spectral sensitivity at very high energy to determine the
maximum energy reached by cosmic rays in the central 200 pc.

5.2 Strategy

There are several possible observation strategies to achieve the goals outlined
earlier. In general, the exposure can be broken into two small survey
regions: a deep exposure close in to the central source, centred on Sgr
A* and an extended region starting at the edge of the deep exposure
and extending to the edge of the Galactic bulge as delineated by optical
emission (approximately +10° in Galactic latitude). This strategy is shown
schematically in 5.1. The exact pointing strategy will be optimised once
the final characteristics of CTA are known, and it may also be adjusted to
provide, for example, better coverage of interesting features of the Fermi
bubbles based on new analyses of GeV data.

Nominally, the exposures can be described as follows (see also Table 5.1):

e Central survey region: A deep exposure of 525 h, centred on Sgr A*,
with pointings centred on grid points covering all combinations of
l=41.0° 0° and b = 41.0°, 0°. The grid spacing of this survey

Table 5.1: Exposure summary for the Galactic Centre KSP.

Deep Extended

exposure survey Monitoring+multi-waveband
Time requested 525h 300 h (Co-ordinated with other instruments)
Priority 1 3 2
Strategy survey survey Periodic + coordinated
Site S S S
Sub-array Full Full Full
Zenith Range <40° <50° <40°
Atmosphere Quality  high high Medium

Targets Covered multiple  multiple Multiple
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may be optimised depending on the final field of view and acceptance
characteristics of CTA. These observations should be completed in the first
three years of operation because of the high importance of the dark matter
search (see Chapter 4). In the first year, the data should be sufficient
to publish an updated analysis of the central source. After three years,
a detailed study of the extended/diffuse emission will be possible. This
exposure covers the:

— Galactic Centre central source,

— centre of the dark matter halo,

— all of the known diffuse emission, including H.E.S.S. J1745-303,
— multiple SNRs (G 0.940.1, G1.9+0.3, ...),

— multiple PWNe (Mouse G359.2-0.8), and

— central radio lobes (central +1°) and arc features.

e Extended survey region: 300 h of exposure covering a large region to
the south or north of the Galactic Plane Survey (Chapter 6) region out to
10° in latitude. Since large-scale emission is expected to be symmetric,
it is likely not necessary to extend observations to both north and
south, with north being preferred due to lower optical brightness. These
observations can be taken after the deep exposure, i.e. after the third year
of operation, though a first pass may be interleaved into the first few
years to help develop the analysis and to look for new bright targets. Note
that the observations are shown currently as a box, but could be skewed
to better cover interesting regions like the edge of a bubble. This exposure
covers the:

— edge of the Galactic bulge,
— base of Fermi bubbles,

— radio “spurs”, and

— the Kepler SNR.

5.2.1 Timeline and Sub-array Choice

The Galactic Centre observations should be taken primarily with the
southern array due to the declination of the region of interest ~ —30°.
Some fraction of the observation time should be coordinated with other
instruments (e.g. X-ray or radio) to facilitate variability studies. Small zenith
angle observations should be prioritised to give the low-energy threshold
needed for variability studies. However, since high-energy observations are
also useful, a fraction of the time could be taken with the northern array,
using large zenith angle observations. Taking data with the full array
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(i.e. LST+MST+SST) is also recommended, since the interesting energies
span the full CTA energy range. LST data are required to search for
variability at low energies, where CTA will have a large advantage in
sensitivity over Fermi. In addition, the study of outflows related to the
Fermi bubbles requires low-energy response, since the spectrum exhibits
a cutoff around 100 GeV in the Fermi data. Conversely, the high-energy
response is important for mapping the diffuse emission and for determining
the maximum energy of the various accelerators in the region. One caveat
is that since there is more signal at low energies and thus the low-energy
sensitivity may be achieved faster, it may be possible to optimise the energy
coverage by taking some data with the MST /SST sub-array only. This must
be studied once the final configuration of CTA is known.

The Galactic Plane Survey (Chapter 6) will contribute to observations
needed in this KSP in the first two years, providing a depth of approximately
15 h in survey mode. The deep observations required for this KSP imply the
need to take an additional 160 h every year during the first three years,
followed by 45 h/yr during the following seven years. Figure 5.6 shows
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Figure 5.6: Available time at the position of Sgr A* as a function of zenith angle for

CTA-South. The available time includes only moonless dark time and is adjusted for a

typical data taking efficiency of 70%. In order to achieve the time needed per year, the
maximum allowed zenith angle must be at least 35°.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

KSP: Galactic Centre 97

the estimated observation time available for a single year as a function of
zenith angle, which typically should be as low as possible. Restricting the
zenith angle to under 35° provides enough time per year for this KSP, under
the assumption of no other competing sources in the same band of right
ascension.

5.2.2 Relation to other KSPs

The Galactic Centre KSP is closely connected to the Dark Matter
Programme (Chapter 4), the Galactic Plane Survey (Chapter 6), and the
Extragalactic Survey (Chapter 8), in the case that the region of interest
is connected to the Galactic Centre. For this reason, some coordination
between these KSPs will be useful when determining the detailed observation
strategy.

5.2.3 Analysis Strategy

Due to the complexity of this region, careful consideration will be required
for the analysis. Several different analysis approaches will be applied
to the data, particularly because each science case has different goals.
This includes standard survey-like analyses, along with searches for time
variability at multiple scales. It implies both imaging, likelihood modelling,
and spatial/temporal region-based signal extraction. All science cases require
extremely low systematic errors, ideally better than those required by CTA
as a whole, which may be difficult to achieve without detailed knowledge of
the system.
The analysis challenges and possible solutions are as follows:

e Exposures near systematic limits are likely in the central survey
region, where the goals include a search for weak variability, and detailed
spectral and morphological studies. This is particularly challenging in
this region where the optical brightness can vary over an order of mag-
nitude, requiring careful consideration in the background determination
to avoid biasing. CTA should provide sufficient information to correct
for observation-to-observation atmosphere variations (i.e. seeing and
transparency), but this KSP will be one of the first to push them to their
limits.

e Strong source confusion is already a known challenge for this region
with current telescopes. A detailed likelihood modelling analysis will be
required in order to disentangle emission components, implying the need
for iterative modelling.
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e Emission that is of similar scale or larger than the field of view is
a key part of several of the science goals, namely large-scale outflows and
the diffuse emission. In all current analysis techniques where background
is normalised using off-source regions in the field of view, such emission is
subtracted due to the methodology. Therefore new techniques will need to
be developed to deal with large-scale targets, requiring better methods for
using external information to normalise background rates and the detailed
spatial shape of the detection efficiency.

e Development of a robust high-energy diffuse model will be required
at the lowest energies to separate emission from local acceleration from
emission from cosmic-ray interactions that is seen at GeV energies. To
date, there is no good model for this emission that extends to the core
CTA energies in the Galactic Centre region.

These challenges imply considerable work to be done by the CTA
Consortium, which may require the development of new science tools and
techniques that should eventually be propagated to Guest Observers.

5.3 Data Products
The data products produced by this KSP will include:

e maps/data-cubes of the full region of interest (excess, flux, spectral
hardness),

e spectra of the central source, at various regions in the diffuse emission, and
at the position of known SNRs, PWNs, and interesting sources within the
field of view,

e light curves of the Galactic Centre central source and any other point-like
sources,

e a catalogue of the Galactic Central region, including all detected sources
with morphological, spectral, and variability measures; this may require
special consideration above what is in a general CTA catalogue or for the
Galactic Plane Survey due to the complexity of the emission region, and

e a model of diffuse VHE gamma-ray emission in the region (needed for dark
matter, central source, or background object studies); ideally, this should
provide components expected from cosmic-ray interactions and from local
acceleration.

These data products will be produced by the CTA Consortium and will be
made available to the public when the results are published.
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5.4 Expected Performance/Return

5.4.1 Determination of the Nature of the Central Source

The angular resolution and source localisation capabilities of CTA will
provide strong constraints on the extension of the central source (see
Figure 5.5). This will help discard many scenarios regarding its nature.
For example, if the emission arises from cosmic rays interacting with the
circumnuclear ring (CMR) about Sgr A*, then we expect a larger extension
(up to 1.5, ignoring ballistic propagation) than that produced by the possible
counterpart PWN G359, which would give an extension of <10” given the
magnetic and radiation fields near the black hole. The proposed observations
will very clearly discriminate between these two options.

5.4.2 A Detailed View of the Diffuse VHE Emission

The increase in sensitivity over existing instruments will also provide the
ability to study the energy-dependent morphology of the diffuse region and
will enable the extraction of detailed spectra at various points, possibly
showing spectral variations expected if the diffuse emission was caused by a
past, point-like outburst. The comparison of spectra in various regions of the
central 100 pc will also help in evaluating whether cosmic rays can penetrate
the densest cloud cores present in the CMZ, such as Sgr B2, and will provide
more information about possible PeV cosmic-ray production in the region.

5.4.3 Resolving New, Previously Undetectable Sources

Simulations carried out verify that with the exposure proposed here, CTA
will be able to resolve point sources above the diffuse VHE emission at flux
levels from 2 to 5 mCrab, depending on their location in the region. This will
likely lead to the discovery of new sources that are presently not resolvable,
including young massive stellar clusters such as the Arches and Quintuplet
clusters, known SNRs such as Sgr C and SNR G 1.940.3, and over 10 PWN
candidates.

5.4.4 Search for Variability in the VHE Source Near Sgr A*

The X-ray variability of Sgr A* is on timescales down to an hour, which
are too short for current VHE instruments to resolve. CTA will provide
sensitivity to detect the central source on minute timescales, allowing for
the detection of strong variability on similar scales and for weaker variability
over hour timescales. Therefore, it should be possible to detect a flare and
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measure spectral variability on <30 min scales. The monitoring involved in
this KSP will also allow CTA to study any long-term flux variations that
may be due to changes in accretion around the black hole.

5.4.5 Studying the Interaction of the Central Source
with Neighbouring Clouds

Simulations show that the improvement in the point spread function and in
sensitivity over current instruments will allow CTA to resolve the Galactic
Centre source from neighbouring clouds and to provide a detailed view of
clumps in the central molecular zone. The CTA point-source localisation
accuracy of <3” will be sufficient to rule out some counterparts, and CTA’s
excellent angular resolution will enable the search for an extension of the
central source that might be expected in a PWN scenario or in the case of
hadronic interactions with nearby gas.

5.4.6 Science Impact

This KSP will produce the deepest exposure of the Galactic Centre region,
the richest known environment of VHE gamma-ray emission. The scientific
outcome on the different scientific cases discussed here is enormous. The
legacy data set provided by this KSP will benefit many multi-wavelength
and multi-messenger studies.
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KSP: Galactic Plane Survey

Astronomical surveys of the Galaxy provide essential, large-scale data sets
that form the foundation for Galactic science at all photon energies. Here, we
introduce a Galactic Plane Survey (GPS) for CTA that will fulfil a number
of important science goals, including: (1) providing a census of Galactic
very high-energy (VHE) gamma-ray source populations, namely super-
nova remnants (SNRs), pulsar-wind nebulae (PWNe), and binary systems,
through the detection of hundreds of new sources, substantially increasing
the Galactic source count and permitting more advanced population studies,
(2) identifying a list of promising targets for follow-up observations, such as
new gamma-ray binaries and PeVatron candidates, to be carried out by
the Consortium within the Key Science Projects (KSPs) or to be proposed
through the Guest Observer (GO) programme, (3) determining the proper-
ties of the diffuse emission from the Galactic plane, (4) producing a multi-
purpose, legacy data set, comprising the complete Galactic plane at very
high energies, that will have long-lasting value to the entire astronomical and
astroparticle physics communities, and (5) discovering new and unexpected
phenomena in the Galaxy, such as new source classes and new types of
transient and variable behaviour.

The GPS KSP will carry out a survey of the full Galactic plane using
both the southern and northern CTA observatories; the survey will be graded
so that more promising regions (especially the inner Galactic region of
—60° < I < 60°) will receive significantly more observation time than other
regions. Our knowledge from the current Galactic VHE source population
(e.g., log N —log S extrapolations) and from other high-energy (HE) surveys
(e.g., Fermi-LAT) motivate a target sensitivity for the CTA GPS at the

101
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level of a few mCrab (1 mCrab = 5.07 x 1071% cm™2 s7! for a minimum
energy threshold of 125 GeV) in order to achieve the aforementioned
science goals. As demonstrated here, the GPS will achieve a sensitivity® (for
detecting a point-like source at a statistical significance of 50) better than
4.2 mCrab over the entire Galactic plane and 1.8 mCrab in the inner Galactic
region. Thus, the CTA GPS will be a factor of 5-20 more sensitive than
surveys carried out by earlier or existing atmospheric Cherenkov telescopes
(HEGRA, H.E.S.S., and VERITAS). In the northern hemisphere, CTA will
complement and extend observations made by the water Cherenkov telescope
HAWC; CTA will go deeper by a factor of 5-10 in the core energy range of
100 GeV to 10 TeV compared to the HAWC five-year sensitivity [2, 190],
at much lower energy and with substantially better angular resolution (e.g.,
factor of 5 better at 1 TeV). A comparison of the instrumental differential
sensitivities is shown in Figure 1.1.

There are several strong motivations to carry out the GPS as a KSP of
CTA. The GPS will provide a valuable legacy product to the entire astro-
nomical community — the first sensitive VHE scan of the entire Galactic
plane. It is expected that many sources will be discovered, resulting in follow-
up observations and a large scientific output. The periodic data releases,
comprising sky images (maps) and source catalogues, will strongly shape
the observing programme of CTA as well as other observatories, both in
space and on the ground. In addition, the GPS will have significant synergies
with other MM facilities to enhance the scientific profile and output of CTA
(see Section 6.1.3). The Consortium, with its detailed knowledge of the
atmospheric Cherenkov technique and CTA-specific technical information,
will be in a good position to develop the non-standard data analysis tools
to account for a variety of observational and instrumental effects present in
exceptionally large data sets. Of particular importance will be the issues
of analysis of sources extended beyond the CTA point spread function
(PSF), proper treatment of diffuse emission and source confusion, and the
production of a coherent source catalogue.

The GPS will provide important pathfinder information for other CTA
KSPs, including the Galactic Centre KSP (Chapter 5), the Transients KSP
(Chapter 9), the Cosmic Ray PeVatrons KSP (Chapter 10), and the Star
Forming Systems KSP (Chapter 11). It will also support the preparation of

2All target sensitivities presented in this KSP are a result of the combined simulations
of individual telescope sub-arrays: small-sized telescopes (SSTs), medium-sized telescopes
(MSTs), and large-sized telescopes (LSTSs).
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the GO programme since it will guide the community towards interesting
targets via the production of source catalogues and sky maps.

The GPS is divided into an early-phase programme (years 1-2) and
a long-term programme (years 3-10) with a total requested observation
time of 1020 h (CTA-South) and 600 h (CTA-North). For comparison,
the total amount of dark time available for all CTA observations will be
1100-1300 h/year at each site. Observations will be done during dark time,
under good weather conditions, and at zenith angles less than 45°. A double-
row pointing strategy will be utilised, with a nominal pointing separation
distance of 3° and with a cadence set to optimise sensitivity to periodic
phenomena on a variety of time scales. Follow-up observations of promising
regions and sources revealed by the GPS will mostly be carried out in the
GO programme. Because of their scientific importance and timeliness, follow-
up observations of transients and PeVatron candidates will be done in the
context of the relevant KSPs.

Since the GPS will be carried out over the entire 10-year nominal lifetime
of CTA, it is of high importance that regular data releases to the community
are made. In the early phase, we expect an intermediate data release on a
time scale of 12-18 months after the start of data taking, with the main
data release for the first two years of observations to be made at the end
of year 3. Successive data releases during the long-term programme will
take place every ~2 years. The data products available to the community
via a searchable online archive will include: source catalogue(s), sky maps,
scientific analysis tools and GO tools (e.g., exposure maps, observation
schedules, etc.).

With the uniform, comprehensive, and mCrab-deep survey proposed
here, the GPS will greatly expand the discovery potential of CTA and will
also produce a great deal of guaranteed science. Hundreds of sources® will
be detected. For each of these sources, the GPS will provide spectral and
morphological information which can be used in conjunction with MWL
data and comparison to theoretical models to identify the origin of the
VHE gamma rays as well as the favoured scenarios for particle acceleration
ultimately responsible for the gamma-ray production. With data taken
over 10 years, the GPS will also be an important source of serendipitous
discoveries. The sensitivity achieved by the GPS compared to the current
state of the art will enable a major step forward in understanding the VHE

PIn this KSP, a “source” is defined as an astrophysical source, i.e., a discrete source of
VHE gamma rays which have a common astrophysical origin.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

104 Science with the Cherenkov Telescope Array

Galactic source population and will thus permit a better understanding of
the origin of cosmic rays.

6.1 Science Targeted

6.1.1 Scientific Objectives

Galactic plane surveys have been carried out in practically every wavelength
band, and new observatories regularly incorporate a GPS into their core
observation programme to take advantage of improvements in telescope
capabilities compared to previous generations and as an efficient way of
achieving their diverse scientific objectives.

Generally speaking, a GPS provides:

e important source discovery potential,

e the critical, first-look data which guide deeper, more specific observations,

e a complete and systematic view of the Galaxy to facilitate our understand-
ing of Galactic source populations and diffuse emission,

e a comprehensive data set and catalogue which comprise a key part of the
scientific legacy of an observatory, and

e upper limits where no significant emission is detected, to constrain
theoretical emission models.

The major scientific objectives for the CTA GPS include the following:

e Discovery of new and unexpected phenomena in the Galaxy. These
would include completely new source classes, new types of transient and
variability behaviour, or new forms of diffuse emission.

e Discovery of PeVatron candidates that are of key importance in our search
for the origin of cosmic rays. These candidates will likely require deeper,
follow-up observations to confirm and characterise their PeVatron nature.

e Detection of many new VHE Galactic sources (of order 300-500, see
Section 6.1.2), particularly PWNe and SNRs, to increase the Galactic
source count by a factor of five or more. The substantially increased statis-
tics and more uniform sensitivity will allow more advanced population
studies to be performed. The ultimate goal is to significantly advance our
understanding of the origin of cosmic rays.

e Measurement of the large-scale diffuse VHE gamma-ray emission [198], to
better understand its origin in terms of inverse-Compton, 7% decay, and
unresolved source components.
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e Discovery of new VHE gamma-ray binary systems, a unique class of
objects with periodic emission on varying timescales, where physical
processes are observed from different vantage points depending on each
system’s orbital inclination. Only five such systems are currently known
in the Galaxy.

e Production of a multi-purpose legacy data set comprising sky images and
source catalogues of the complete Galactic plane at very high energies.
This dataset will have long-lasting value to the entire astronomical and
astroparticle physics communities, far beyond the lifetime of CTA.

e The GPS will produce and periodically release sky maps and catalogues.
These will be important road maps to guide further Galactic observations
made by:

— the CTA GO community,
— the broader astronomical communities, and
— the CTA Consortium via other KSPs.

In the context of the defined science themes of CTA (Figure 3.1), the goal
of the GPS is to substantially improve our understanding of the origin of
cosmic rays by answering the following distinct questions:

1.1 How and where are protons and nuclei accelerated to PeV energies?

1.2 How are particles accelerated in relativistic shocks?

2.1 What is the role of external photon fields, jet content, and geometry in
distinguishing jet sources, such as pulsars and microquasars?

2.2 Where and how do pulsar complexes accelerate high-energy particles?

The current motivation for the CTA GPS builds upon the published work
of others, in particular Dubus et al. [9]. This KSP document is consistent
with that work, but has gone further by using up-to-date sensitivity
calculations, simulations, and observation planning. Additional comparisons
with observatories at complementary energies, namely Fermi-LAT and
HAWC, have also been carried out.

6.1.2 Context/Advance beyond State of the Art

Our current knowledge of the Galaxy at very high energies is based on both
surveys and pointed observations made by ground-based gamma-ray tele-
scopes using the atmospheric Cherenkov, water Cherenkov, and air-shower
techniques as well as space-based gamma-ray telescopes, such as Fermi-LAT
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Table 6.1: Compilation of previous VHE surveys of the Galactic plane. For each
telescope, the spatial coverage, energy threshold, approximate point-source sensitivity,
and reference are given. The telescopes are listed in order of increasing energy threshold.

Galactic Plane Energy Sensitivity
Telescope Hemisphere Coverage (GeV)  (mCrab) Reference
Fermi-LAT (space) full plane >50 ~30-40 [191]
2FHL
H.E.S.S.-I S —95° <1< 60° |b < 2° 2300 4-20 [192]
VERITAS N 67° <1<83°, —1°<b<4° =300 20-30 [193]
ARGO-YBJ N northern sky >300  240-1000 [194]
HEGRA N —2° < 1<85% bl < 1° >600 150-250 [195]
Milagro N northern sky >10,000  300-500 [196]

Notes: For a discussion of the “mCrab” unit of flux sensitivity, see Section 6.4.1.

and AGILE. Specifically, surveys have had a major impact on VHE source
detections in the Galactic plane, including the H.E.S.S. GPS, the Milagro
survey of the northern sky, the HEGRA survey of the northern Galactic
plane, the VERITAS survey of the Cygnus region, and the Fermi-LAT
catalogue of hard sources. Table 6.1 provides a compilation of the previous
VHE surveys of the Galactic plane.

A total of ~100 Galactic sources of VHE gamma rays have now been
detected. Their distribution in Galactic latitude peaks sharply along the
Galactic plane (b ~ 0°), with more than 90% located at latitudes b < 2.0°,
although there may be some bias due to the worsening sensitivity of the
H.E.S.S. survey off-plane. The largest source class is that of PWNe, followed
by SNRs and gamma-ray binaries. About two-thirds of known sources are
not yet firmly identified; most have multiple plausible associations that are
challenging to disentangle, although some appear to be dark accelerators
that are not detected at lower energies. Only a handful of the VHE Galactic
sources are point-like in nature (largely binary systems). The large majority
of sources have extended VHE emission, with a typical angular size of
~ 0.1-0.2° (in radius), and a few are considerably larger than this. The
reconstructed spectra are generally well fit by power-law spectral models,
with typical differential spectral indices in the range of I' ~ 2.3-2.7.

We can estimate the expected number of VHE sources (predominantly
PWNe and SNRs) to be detected in the CTA GPS from the known popu-
lation of ~100 VHE Galactic sources. For example, in Renaud 2009 [199],
the log N— log S distribution of the VHE Galactic population (including
all detections made by imaging atmospheric Cherenkov telescopes but
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Figure 6.1: Cumulative Galactic source count as a function of VHE gamma-ray flux.
Adapted from Renaud 2009 [199] to show the target CTA GPS sensitivity range (cyan-
shaded region).

dominated by H.E.S.S. detections) was used to predict 300-500 sources for
an instrument achieving a sensitivity of 1-3 mCrab. Figure 6.1 shows the
cumulative source count as a function of VHE flux. Similarly, a few different
source population models were used in Dubus et al. [9] to estimate the source
count for the CTA GPS at 20-70 SNRs and 300-600 PWNe; however, in this
case the models assume point-source sensitivities. It is important to note
that sensitivity will be worse for extended sources (see Section 6.2.2) and
the actual detected numbers of sources may be correspondingly reduced.
Alternatively, these extrapolations could also be viewed as conservative,
since they are based on the currently known VHE source populations. The
discovery of new source classes would increase the total number of Galactic
sources detectable by CTA.

Figure 6.2 shows a simulated image of what could result from a CTA
survey of a portion of the Galactic plane using a model that incorporates
SNR and PWN source populations as well as diffuse emission. The current
work is an extension of earlier simulations described in Ref. [9]. As can be
seen in this figure, the source density in the innermost regions of the Galaxy
(]I] < 30°) could approach 3-4 sources per square degree, and thus source
confusion is likely to be a concern (see Section 6.4.2). Preliminary work
has estimated the number of sources expected by calculating the intrinsic
VHE luminosities of the existing sources (with known distances) and then
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Figure 6.2: Simulated CTA image of the Galactic plane for the inner region —90° < [ <
90°, adopting the actual proposed GPS observation strategy, a source model incorporating
both supernova remnant and pulsar wind nebula populations and diffuse emission.

assuming a disc-like distribution of sources to estimate the increased number
of more distant sources with comparable intrinsic luminosities detectable
by CTA. This relatively simplistic but straightforward estimate yields ~300
sources and is likely conservative because it does not consider possible sources
that are intrinsically dim, i.e., those sources with intrinsic luminosities
comparable or dimmer than Geminga, the source that currently has the
lowest intrinsic VHE luminosity [200]. The conclusion that can be drawn
from these population estimates is that CTA can expect the detection of many
hundreds of Galactic sources that would follow from a survey of the plane
with a sensitivity at the level of a few mCrab.

For a somewhat different approach, one can use knowledge from Fermi-
LAT to estimate sources that could be expected in the VHE band. In one
study, the spectra of probable Galactic sources from the Fermi-LAT 2FGL
catalogue were extrapolated to VHE to predict that CTA would detect more
than 70 of the Galactic 2FGL sources [9]. The spatial (Galactic coordinate)
distribution of the Fermi-LAT sources has been studied further for this KSP,
using primarily the 2FHL [191] catalogue. Increased exposure by Fermi-LAT
has enabled the production of the latter catalogue, containing sources of
gamma rays with energies £ > 50 GeV, of which 62 are within |b| < 5°.
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Figure 6.3: (a) histogram of Galactic longitude of Fermi-LAT 2FHL sources (from
Ref. [191]) within 5° of the Galactic plane; (b) sky map of Fermi-LAT 2FHL sources
within 5° of the Galactic plane.

Of these, 15 are spatially coincident with SNRs, 13 with PWNe, 6 with
SNR/PWN complexes, three with X-ray binaries, one with a pulsar, and
one with the Cygnus region [191]. Figure 6.3 shows a projection in Galactic
coordinates of the 2FHL sources, along with a histogram of the distribution
in Galactic longitude.

It can be seen that the 2FHL source distribution is relatively broad in
longitude, which provides support for a VHE survey that is likewise broad.
It is important to mention several caveats when considering extrapolations
from the Fermi-LAT catalogues to higher energies: (a) the extrapolations



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

110 Science with the Cherenkov Telescope Array

assume continuous HE-VHE source spectra with no cutoff or break, (b) the
largest VHE source class, PWNe, are bright at VHE but generally faint at
HE (therefore suggesting that extrapolation from the HE regime may not be
a fair indicator of VHE source numbers), (c) the second largest source class
of SNRs often exhibit spectral breaks between the HE and VHE regimes, and
(d) the Fermi-LAT catalogues have reduced sensitivity in the inner regions
of the Galaxy where source confusion is significant. Thus, we conclude that
information from Fermi-LAT is a useful indicator from an adjacent energy
band but does not provide unambiguous predictions.

It is challenging to predict with better precision the number of sources
that CTA can expect to detect in the GPS. While there may be larger-than-
expected source populations in the outer Galaxy and at higher latitudes,
it is clear that the highest concentration of VHE sources lies in the inner
Galaxy. Therefore, a full-plane GPS, with graded sensitivity goals that
peak in the inner Galaxy, is the most efficient way to probe the VHE
source population. Aiming for a factor of approximately ten improvement
in sensitivity compared to the current state of the art will:

1. enable a major step forward in understanding the VHE Galactic source
population (and hence the origin of cosmic rays),

2. open a large amount of discovery space for new and unexpected phenom-
ena, and

3. provide an excellent baseline sensitivity in regions of the plane of great
interest to CTA and the overall community (e.g., the Galactic Centre,
Cygnus, Vela, etc.) that will set the stage for even deeper follow-up
observations.

All of these various considerations motivate a target sensitivity for the GPS
at the level of a few mCrab, approximately a factor of ten better than the
H.E.S.S. and VERITAS surveys.

Thus, to summarise the advances that the CTA GPS will bring to the
state of the art:

e in the south, CTA will go deeper in the inner region (|I| < 60°) by a factor
of 520 compared to H.E.S.S., and CTA will cover the entire accessible
Galactic plane, and

e in the north, CTA will go deeper by a factor 5-10 compared to HAWC in
the energy range 100 GeV-10 TeV and with a factor of five better angular
resolution (at 1 TeV). In Cygnus, CTA will reach a factor of ten better
sensitivity than that achieved by VERITAS.
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6.1.3 Multi-wavelength/Multi-messenger Context

6.1.3.1 Synergy with HAWC

The HAWC water Cherenkov array [2, 190] has recently started operation at
Sierra Negra, Mexico. Larger than its predecessor, Milagro, and at a higher
altitude of 4,100 m, it is substantially more sensitive. It is also farther south
(latitude = 19° N) than Milagro (latitude = 36° N), which will permit a
better view of the inner regions of the Galaxy. Table 6.2 shows a comparison
of the relevant capabilities of HAWC and CTA for surveying the Galactic
plane. The table shows that CTA and HAWC are complementary telescopes.
HAWC will survey the entire (northern) sky above an energy threshold of
~2 TeV. CTA will survey the Galactic plane in both the north and south
with an order of magnitude lower energy threshold, a factor of 5-10 better
sensitivity, and a superior angular resolution compared to HAWC. CTA’s
angular resolution in particular will allow it to probe morphological details
not apparent in the larger HAWC sources.

6.1.3.2 Synergies with other instruments

The CTA GPS will have significant synergies with other MWL and MM facil-
ities expected to operate contemporaneously with CTA, greatly enhancing
the profile and scientific output of CTA. To help in the interpretation of the
CTA results, it is necessary to measure the distribution of the interstellar
gas (both atomic and molecular) in order to estimate the diffuse gamma-
ray component arising from cosmic ray interactions on the gas. The gas
is measured directly using radio and millimetre-wave telescopes (see Sec-
tion 2.1), and thus collaboration between CTA and such instruments in both
the southern and northern hemispheres is essential. On the particle detection

Table 6.2: Comparison of CTA and HAWC for surveying the Galactic plane at VHE.

Observatory Hemisphere Energy thresh. Ang. resolution Pt. source sensitivity Ref.

CTA N, S 125 GeV ~0.07° at 1 TeV 2-4 mCrab [201]
HAWC N 2 TeV 0.30° 20 mCrab [190]

Notes: The angular resolution is defined as the 68% confinement radius. The HAWC
sensitivity assumes a livetime of five years. The sensitivity estimates for both instruments
assume a power-law spectrum (E~%® or E~%*) with no cutoff. Note that if a source cuts
off at 5 TeV, the HAWC sensitivity degrades to ~ 50 mCrab while the CTA sensitivity
is not greatly changed. The sensitivities for the CTA GPS were calculated for an energy
threshold of 125 GeV; for a discussion of the unit “mCrab”, unit of flux sensitivity, see
Sect. 6.4.1.
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side, the increasingly better localisation of sources of neutrinos and cosmic
rays detected by, e.g., IceCube, Km3Net, and the Pierre Auger Observatory,
makes a new searchable catalogue of TeV sources a valuable tool for MM
analysis of potential cosmic-ray sources. The GPS will also be very relevant
for the new and upcoming (on the same timescale as CTA early and full
operations) optical and radio “Transient Factories” (e.g., Gaia, iPTF, ZTF,
LSST, plus SKA and its pathfinders: LOFAR, MeerKAT, ASKAP, and
MWA). For instance, a key step in the necessary automated decision-tree
pipelines for further observation is to check coordinates against existing
catalogues in order to identify the source. Given the propensity of VHE
sources to vary also in radio and optical, it is important to provide access to
some results of the GPS as soon as possible, ideally without waiting for the
official public releases described above. This will require agreements between
CTA and other facilities in order to share key source information from the
GPS. Finally, GPS observations, spanning a large area of the sky and taken
over a period of 10 years, could also prove useful in finding counterparts to
sources of gravitational waves detected by LIGO and VIRGO.

6.2 Strategy

6.2.1 Observation Requirements

One of the most critical aspects of the GPS is the sensitivity goal for the
observations — the sensitivity achieved will directly impact the number
of detected sources and the quality of the determination of the source
parameters (position, morphology, energy spectrum, and ability to detect
variability). It will thus also impact the quality of the source identification.
Because of the survey technique (i.e., many, separate pointings on a regular
grid, where possible sources could be present anywhere in the field of
view), a second key aspect is the requirement for good stability of CTA
performance over different epochs. A third, critical aspect is to have
the lowest-possible energy threshold (to measure spectra over the widest
range and to reconstruct possibly soft-spectra sources; e.g., transients with
durations of minutes, and pulsars). These various key aspects motivate the
following general requirements for observing conditions:

e dark time (moonless) observations only,

e good (cloudless and low aerosol) weather conditions,
e zenith angles below 50°,

e use of both CTA-South and CTA-North, and
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e full array observations for both CTA-South and CTA-North. Such
operations are currently defined by having 80% of each telescope type
deployed on a site.

6.2.2 Targets, Observation Strategy, and Follow-ups

For the GPS, the “target” is in principle the entire Galactic plane. Thus,
when planning the GPS, the following parameters are of overall strategic
importance:

) Galactic longitude and latitude,
) required sensitivity and observation time,
(c) yearly schedule for observations and reviews,
(d) pointing strategy,
) pointings, cadence, and schedule of observations, and
) follow-up observations: transients and PeVatrons.

We consider each of these aspects in turn.

(a) Galactic longitude and latitude

We consider longitude coverage first. Based on the scientific objectives and
context presented in Section 6.1, there is good motivation for a survey of
the entire Galactic plane, at least to a moderate depth. This approach
has the benefits of maximising the discovery potential of CTA and also
providing the long-lasting legacy of a full-plane survey. However, it is also
clear that some regions of the Galactic plane (e.g., the inner region of
|I| < 60°, the Sagittarius—Carina arm in the south and the Cygnus—Perseus
arms in the north) will likely be more fruitful in VHE source discovery.
This assumption is based on the density of currently known (e.g., PWNe,
SNRs, binary systems, etc.) and prospective (e.g., globular clusters, star-
forming regions, OB associations, novae, etc.) source types, as well as on our
current knowledge from HE and VHE instruments. Thus, the survey should
be carried out in both the southern and northern hemispheres and a graded
approach should be implemented, i.e., the full plane should be surveyed to
some moderate sensitivity while certain regions of the plane should receive
significantly more observation time to achieve a deeper sensitivity.

In terms of Galactic latitude, we note that the large majority of current
VHE sources lie within |b] < 2°. With the double-grid pointing strategy,
discussed in (d) below, we can achieve relatively uniform sensitivity within
4° of the Galactic plane and additional, reduced sensitivity out to ~6° due
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to CTA’s relatively large field of view. Thus, the default double-grid pointing
strategy should be sufficient for most of the Galactic plane.

(b) Required sensitivity and observation time

The scientific considerations in Sections 6.1.1 and 6.1.2 motivate that the
CTA GPS achieve a point-source sensitivity in the 2-3 mCrab range.
A minimal value of 4 mCrab is set by being able to achieve a substantial
improvement over HAWC (see Table 6.2). As shown in Section 6.4, our
current estimates predict a sensitivity of better than ~3 mCrab over the
entire Galactic plane in the south, with better than 2 mCrab in the inner
region of |I| < 60°. In the north, we can reach a sensitivity better than
4 mCrab over the entire plane, and better than 3 mCrab in the Cygnus and
Perseus regions.

To reach these sensitivities and achieve the scientific goals, a minimum
of 1020 h is needed in the south and 600 h in the north, as determined
by simulations (see Section 6.4). These times do not include follow-up time
(e.g., pointed observations) for specific interesting regions of the plane.

The sensitivities quoted here are those for point sources, and it is
important to note that the sensitivity will degrade for extended sources.
For example, the sensitivity will be ~3 times worse for an extended source
with a radius of 0.25°. There will also be degradation in sensitivity from
source confusion.

(c) Yearly schedule for observations and reviews

The GPS will be an important pathfinder for many other KSPs, and the
probability of discovering many new VHE sources is very high. These
considerations motivate a relatively rapid start to the GPS programme in the
first two years of CTA, which will lead to important early scientific results
for the project. On the other hand, we have also demonstrated that there is
great scientific potential in going deeper to reach a few mCrab in sensitivity,
and it is thus essential to continue the GPS throughout the nominal 10-year
lifetime of the project. We define the short-term programme (STP) as years
1-2 and the long-term programme (LTP) as years 3-10. The STP starts in
year 1 and the LTP starts in year 3. In Section 6.4, we give the projected
sensitivities achieved in the STP and in the LTP as a function of Galactic
longitude.

The high profile and importance of the GPS require both periodic
assessments of the programme and regular data releases. The reviews are
needed to assess the progress of the GPS and to consider other information
gained from other CTA KSPs and from other instruments (e.g., HAWC,
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IceCube, X-ray and space gamma-ray missions, etc.). Scheduled reviews,
possibly including external scientists, will be needed on a regular basis, e.g.,
approximately every two years. There may also be internal and more informal
periodic assessments. We would also greatly benefit from input received from
the broader GO community. In Section 6.3, we discuss the requirements and
cadence of public data releases.

(d) Pointing Strategy

We considered two possible pointing strategies: a single-row raster scan and
a double-row, offset raster scan. These schemes are described in Dubus
et al. [9]. As shown in Figure 6.4, the single-row scheme uses a uniformly
spaced single row of pointings that lie along the Galactic plane (b = 0°,
or slightly adjusted in latitude, if need be). The double-row scheme uses
pointings that lie above and below the b = 0° line and that have a uniform
spacing between adjacent points in the same row and between nearest points
in different rows. The grid spacing in this scheme corresponds to the distance
between nearest pointings that form an equilateral triangle.

Our simulations demonstrate that both pointing strategies will be
satisfactory to achieve the desired sensitivities. However, the double-row
scheme is preferred because it offers better performance at larger Galactic

(b)

Figure 6.4: Pointing schemes considered for the Galactic Plane Survey. Single-row
scheme (a) and double-row scheme (b). The grid spacing is illustrated by the arrows in
both schemes.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

116 Science with the Cherenkov Telescope Array

latitudes (]b| > 2°) and more uniform sensitivity along the plane, and it may
be more robust during background subtraction.

(e) Pointings, cadence, and schedule of observations

As outlined in the previous section, the pointing strategy will use the double-
row scheme. We have simulated various separation distances (2°, 3°, and
4°) and find reasonable results with each of these possibilities; we select 3°
as a good default choice. In determining a realistic schedule for the GPS
observations, we keep the following guidelines in mind:

e Observations are carried out as close to culmination as possible, to
minimise zenith angles. This will permit the best overall sensitivity and
lowest energy threshold.

e We revisit fields on a recurring basis (e.g., on day, week, month, and year
time scales) to improve our sensitivity to detecting periodic phenomena.

A tentative schedule has been developed for the first two years (STP) of
the GPS. For the southern observatory, a total of 300 h spread over 120°
of Galactic longitude has been simulated; for the north, it is a total of
180 h over 90° of Galactic longitude (see Table 6.3). The scheduling study
indicates that the STP observations can be achieved during the first two
years of CTA operations. Work is continuing on this topic, in particular to
plan for re-scheduling of GPS observations affected by bad weather or data
quality:.

(f) Follow-up observations: Transients and PeVatrons

The GPS will discover many sources and regions of the plane for which follow-
up observations will be highly motivated. Some of the follow-up observations
will be carried within the KSP, but we expect that the majority will be done
through the GO programme.

We define transients as sources whose VHE fluxes change by a significant
amount over a relatively short period of time. Transients can occur anywhere
in the field of view during any CTA observation in any portion of the sky.
The definition for what a transient is (i.e., for the required flux change and
the appropriate time interval) is defined globally for CTA and is discussed
in detail in the Transients KSP (Chapter 9). Thus, in this regard, although
the GPS and the Extragalactic Survey cover many more pointings than
other KSPs, they are no different than other programs in how transients
should be considered. Any transients discovered during a KSP pointing will
be followed-up (or not), as discussed in Chapter 9.
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It is expected that general follow-up observations of non-transient sources
(including both steady sources and variable sources such as binaries) will
be proposed and carried out in the GO programme. The one exception
to this general strategy relates to PeVatron sources because of their high
importance; these sources are discussed below.

One of the main science goals of the CTA Observatory is to discover the
origin of Galactic cosmic rays. This goal is closely connected to the search
for elusive PeVatrons, putative cosmic accelerators that accelerate particles
up to PeV energies. The current theoretical consensus is that there should
exist a small number (~2-3) of currently active PeVatrons somewhere in the
Galaxy (see, e.g., Ref. [202]). The CTA GPS will provide an unparalleled
data set which can be used to carry out this search. With its full-plane
coverage and deep sensitivity — especially at multi-TeV energies, thanks to
the inclusion of SSTs in the CTA-South array — it should be possible to
identify at least several PeVatron candidates from the GPS data alone, by
looking for source candidates with hard power-law spectra that extend up to
~50 TeV and beyond, without evidence for a spectral cutoff. This work will
be carried out in the context of of the Cosmic Ray PeVatrons KSP, which
will follow-up with deeper, pointed observations to confirm the candidates’
PeVatron nature.

6.2.3 Relation/Importance to other KSPs

As a pathfinder for a number of other KSPs, the GPS will cover some of the
same sky using observations that will, in some cases, be taking place in the
early phase of CTA operations. The synergies with other KSPs are briefly
listed below:

e Galactic Centre KSP: The GPS will survey the region close to (i.e.
within a few degrees of) the Galactic Centre, achieving a sensitivity of
2.7 mCrab in the first two years and 1.8 mCrab over 10 years. The region
will be surveyed to a much deeper level in the context of the Galactic
Centre KSP.

e Cosmic Ray PeVatrons KSP: The GPS will find the first evidence for
PeVatrons which will be followed up by the Cosmic Ray PeVatrons KSP
to confirm and subsequently characterise their nature in detail.

e Star Forming Systems KSP: The GPS will survey the Carina and
Cygnus star-forming regions and the Westerlund 1 star cluster at a
sensitivity level of a few mCrab. In particular, the GPS coverage will
result in a complete survey of the Cygnus region (65° < [ < 85°, |b| < 3°),
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with a sensitivity of 4.2 mCrab in the first two years and 2.7 mCrab over
10 years. Specific regions-of-interest will be surveyed to deeper levels in
the context of the Star Forming Systems KSP.

e Transients KSP: As discussed above, transients detected during GPS
observations will be followed up in the context of the Transients KSP.
Additionally, any AGN detected during the GPS will be of interest to the
Active Galactic Nuclei KSP.

e Extragalactic Survey KSP: The spatial coverage of the Extragalactic
Survey is such that it will be contiguous with the GPS, i.e., it will extend
down to latitudes b ~ 5°, leaving no un-surveyed zone between them.
This will provide information about possible Galactic sources, the Fermi
Bubbles, and diffuse emission at high latitudes, which are less affected by
Galactic MWL backgrounds (or foregrounds).

6.3 Data Products

It is essential for the CTA GPS to make regularly scheduled data releases.
First, we discuss the results from the STP (years 1 and 2). The CTA
data rights policy has the philosophy that data should be released to the
community by, or before, one year after the completion of the programme
associated with those data. It is natural to define the first two years of data
taking as the initial program. We thus expect the main GPS data release
for the STP to be done at the latest by the end of year 3; doing it earlier
would be even better. However, three years is too long a time to hold off
on releasing results from the GPS to the community. Thus, we need to also
prepare for an intermediate data release of first GPS results on a time scale
of 12-18 months after the start of data taking (i.e., in the middle of year
2). This intermediate release would be similar in intent to the Fermi-LAT
bright gamma-ray source list [203].

Moving on to the LTP, if we define each successive two-year period as
a successive program, subsequent data releases can be naturally made every
two years, i.e., at the end of years 5, 7,9, and 11 (assuming a 10-year nominal
lifetime for CTA). If one of the CTA sites comes online significantly earlier
than the other, the initial releases may only contain data from the first
completed array.

Data products available to the outside community via an online search-
able archive will include:

e source catalogue, including source position, morphology, spectrum, and
light curve, all with appropriate errors,
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e sky maps (FITS format), and
e scientific analysis tools (including exclusion maps, diffuse emission tem-
plates, etc.).

The catalogue/archive will provide information about sources extended
beyond the CTA PSF, in terms of their preferred morphology (obtained
with a likelihood analysis). For unidentified sources, the catalogue/archive
will provide information about possible counterparts. The catalogue/archive
will be published and available online, perhaps with web-browsing tools (e.g.,
along the lines of TeVCat [204]). The number and type of sky maps have
not yet been determined, but they will likely include test significance maps

2 571 pixel™!). Legacy data products

and flux maps (units of photons cm™
(FITS format) to the astronomical community will include high-resolution
images, spectra, and light curves.

As discussed in Section 6.2, results from the CTA GPS will be of
high importance to the general astronomical and astroparticle physics
communities. Accordingly, prior to carrying out the GPS, we expect to
develop coordinated efforts between CTA and other observatories and data
archive centres to best leverage the worldwide expertise in MWL science
and data preservation. For more information on CTA’s MWL programme,

see Chapter 2.

6.4 Expected Performance/Return

6.4.1 Performance of the CTA GPS

The first sensitive VHE survey of the Galactic plane was carried out by
H.E.S.S. [205], resulting in the discovery of an unexpectedly large number
of VHE gamma-ray sources. It is almost certain that the CTA GPS will also
lead to the discovery of a larger (and likely even more diverse) population
of VHE sources. Similarly, the full CTA GPS data set will comprise data
taken during a period of 10 years. In total, 1620 h of observation time are
requested for this programme.

The target point-source sensitivity is less than (better than) 4 mCrab
throughout the plane generally, with a goal of achieving better sensitivity in
key regions in the plane, i.e., less than 3 mCrab in the north and less than
2 mCrab in the south. Table 6.3 details the expected performance for the
current plan, for both the south and north and for both the STP and LTP.
For the approximate effective exposure on-axis for each region, see Table 6.4.

The sensitivities given in Table 6.3 were determined by updated simula-
tion calculations. Two different methods to estimate sensitivity were used.
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Table 6.3: Estimated point-source sensitivity reach of the CTA Galactic Plane Survey
for various regions of the Galactic plane.

STP LTP Total
(years 1-2) (years 3-10) (years 1-10)
Galactic Longitude Hours  Sensitivity Hours Hours  Sensitivity
SOUTH
300°-60°, Inner region 300 2.7 mCrab 480 780 1.8 mCrab
240°-300°, Vela, Carina 180 180 2.6 mCrab
210°-240° 60 60 3.1 mCrab
1020
NORTH
60°-150°, Cygnus, Perseus 180 4.2 mCrab 270 450 2.7 mCrab
150°-210°, anti-Centre, etc. 150 150 3.8 mCrab
600

Notes: These sensitivities correspond to an energy threshold of 125 GeV. For the
approximate effective exposure “on-axis” for each region, see Table 6.4.

Table 6.4: Estimated point-source sensitivity reach of the CTA Galactic Plane Survey
and equivalent exposure times for various regions of the Galactic plane (within 2° of the
Galactic plane for each portion of the survey).

STP (years 1-2) Total (years 1-10)

Galactic Longitude Sensitivity Eq. exposure Sensitivity Eq. exposure
SOUTH

300°-60°, Inner region 2.7 mCrab 11.0 h 1.8 mCrab 28.6 h

240°-300°, Vela, Carina 2.6 mCrab 13.2 h

210°-240° 3.2 mCrab 8.8 h
NORTH

60°-150°, Cygnus, Perseus 4.2 mCrab 6.3 h 2.7 mCrab 15.8 h

150°-210°, anti-Centre, etc. 3.8 mCrab 7.9 h

The first (parametric) method uses the off-axis sensitivity distributions to
estimate the effective exposure time for various representative positions
in, and near, the Galactic plane. The sensitivities for these positions are
then estimated from the curve of point-source sensitivity versus observation
time. The second (full simulation) method uses the effective areas and back-
ground rates to simulate detected source and background events smoothly
distributed in Galactic longitude and latitude. The detected events are fit
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to a combined source and background model, and the source flux is varied
until a five standard deviation detection level is reached. The sensitivities
are estimated for representative points on a grid of spacing 0.25°. The
sensitivities estimated by the two methods are consistent with each other.

The “milliCrab” (mCrab) flux unit is used commonly in the VHE
gamma-ray community but is not yet well-known outside that community.
For these sensitivity calculations, the Crab flux determined by the HEGRA
instrument was used. The trigger and reconstruction requirements resulted
in an energy threshold of 125 GeV. The HEGRA Crab nebula spectrum
is AN/dE=2.83 x 107! (E/1 TeV) 22cm=2s7!TeV~!. For an energy
threshold of 125 GeV, 1 mCrab=5.07 x 1073 ecm~2s~! [197].

In this GPS implementation, during the first STP, we will achieve good
sensitivity in the inner region |I| < 60°, as well as in Cygnus and Perseus.
The STP sensitivities are shown graphically in Figure 6.5.

By the end of the LTP, very deep sensitivity will be achieved in the
inner region, deep sensitivity is achieved in the Cygnus, Perseus, and the
Sagittarius—Carina regions, and finally moderate sensitivity is achieved in
the 150° < [ < 240° (extended anti-Centre) region. Figure 6.6 shows the
achieved sensitivity for the various regions of Galactic longitude. In these
figures, the sensitivity appears more uniform than it will be in reality, since
the effects of diffuse emission and source confusion were not taken into
account in the simulations.

6.4.2 Source Confusion

As mentioned in Section 6.1.2, we expect source confusion to be a significant
consideration, especially in the inner regions of the Galaxy. The main
issues to consider are the unknown shapes of the sources, the unknown
level of diffuse emission, the high source density in the inner Galaxy
(so that many CTA sources will overlap), and the dependency of source
identification on the analysis methods (e.g., maximum likelihood source
detection and de-blending criteria). The added value of MWL information
and the improved angular resolution of CTA will help resolve many instances
of source confusion, but a large fraction of the sources detected in the GPS
will naturally be relatively weak and thus inherently very difficult to resolve
and identify.

Initial studies have been carried out to try to estimate the expected
level of source confusion. In one of these, a Galactic population of sources was
simulated based on our current understanding of the VHE source population,
using an extrapolation of the source count (i.e., log N-log S), distributions
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Figure 6.6: Point-source sensitivities (in mCrab) achieved in the full 10-year programme
of the CTA Galactic Plane Survey for various regions along the Galactic plane. The survey
carried out by the southern (northern) array is indicated by the red (blue) segments.

of source spectral indices and sizes consistent with existing data, and an
assumed spatial distribution of sources around the Galactic Centre. No
diffuse emission was included (except for the Galactic Centre ridge) and
two different extrapolations of the log N—log S distribution were used to
bracket the range of the expected source density. A position in the sky was
considered confused if there was more than one simulated source within a
radius of 1.3 times the CTA angular resolution. Using these assumptions
leads to an approximate lower limit to the amount of source confusion. The
estimated confusion lower limits range from 13-24% at 100 GeV to 9-18%
at 1 TeV, for the region |I| < 30° and [b] < 2°. Work on simulations will
continue to better quantify this aspect of the CTA GPS.

6.4.3 Summary

The CTA GPS will produce guaranteed high-impact science returns and
legacy products, as well as greatly expanded discovery potential in VHE
astrophysics, due to its uniform, mCrab-deep coverage of the entire Galactic
plane. PWNe and SNRs comprise the bulk of currently known VHE Galactic
sources, and they will likely dominate the Galactic source populations for
CTA as well. The log N-log S curves and representative models for source
spectra and morphology can be used to estimate ranges in the expected
number of source counts, as discussed in Section 6.1.2. Hundreds of sources
will be detected and, for each of these sources, the GPS will provide spectra
that can be used, in conjunction with MWL data and comparisons to
theoretical models, to identify the particle acceleration scenarios most likely
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relevant for the VHE gamma-ray emission. Pulsars and binary systems
will also feature prominently in the GPS data set, with their phaseograms
and light curves, respectively, bringing additional physics to bear. With
data taken over 10 years, the GPS will also be an important source of
serendipitous discovery. Even non-detections will be of great importance to
the astronomical and MM communities, with many constraining VHE upper
limits expected.

All of this rich data will be provided to the broader community on a
regular basis and will be an indispensable resource for follow-up proposals
to the CTA GO program. The GPS will provide a source catalogue (listing
e.g., flux and spectral index) and high-level sky maps, all accessible to the
worldwide community. These data products will allow us to (a) perform VHE
source population studies, (b) investigate VHE diffuse emission, and (c) carry
out in-depth studies of individual sources through follow-up observations
made by CTA and other observatories.
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7
KSP: Large Magellanic Cloud Survey

The Large Magellanic Cloud (LMC) is a unique galaxy hosting extraordinary
objects, including the star-forming region 30 Doradus (the most active star-
forming region in the local group of galaxies), the super star cluster R136
(an exceptional cluster with a large concentration of very massive O and
Wolf-Rayet stars), supernova SN1987A (the closest supernova in modern
times), and the puzzling 30 Dor C superbubble (a rare superbubble with
non-thermal emission). As a satellite of the Milky Way, it is one of the
nearest star-forming galaxies, and a very active one; it has one-tenth of
the star formation rate of the Milky Way, distributed in only about two
percent of its volume. This activity is attested by more than 60 supernova
remnants (SNRs), dozens to hundreds of HII regions, and bubbles and shells
observed at various wavelengths, all of which promise fruitful gamma-ray
observations. The LMC is seen nearly face-on at high Galactic latitude, and
hence source confusion, line of sight crowding, and interstellar absorption do
not hamper these studies, in contrast to the case for the plane of our Galaxy.
It is therefore a unique place to obtain a significantly-resolved global view
of a star-forming galaxy at very high energies. In addition, the distance to
the LMC is known to the few percent level, thus allowing precise luminosity
measurements to be made, something which is often very difficult for Galactic
sources.

The current Fermi-LAT and H.E.S.S. instruments have opened the way
for a study of the LMC by CTA. Observations with these telescopes have
revealed a small number of sources, some of uncertain nature. With CTA,
we would have a unique opportunity to further and deeper explore the entire
LMC. With its unprecedented sensitivity and angular resolution, CTA will

125
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complement and extend these early results, and it will allow us to probe the
origin of the VHE emission of a galaxy and its connection to global galactic
properties.

This KSP has as many scientific objectives as an entire star-forming
galaxy can offer: population studies on SNRs and pulsar wind nebulae
(PWNe), transport of cosmic rays from their release into the interstellar
medium to their escape from the system, and the search for signatures of
the elusive dark matter component of the universe. These studies will be
complementary to those done and planned for the Milky Way because they
feature an unusual global perspective, different astrophysical settings due to
the specific conditions in the LMC galaxy and data analysis with different
uncertainties and systematics.

To make a significant contribution to the above-outlined science topics,
the LMC KSP consists of an initial deep scan over a circular region of
radius 3.5°. This will be achieved over the first four years of CTA from
a small number of pointings with the southern array, for a total of 340 h of
observations. Then, if SN1987A is detected in this deep scan, a second part
of the project will consist of the monitoring of SN1987A over the following
six years at a level of 50 h every two years.

The total of about 500 h spread over one decade is probably beyond what
can be granted to individual Guest Observers. In addition, the observation
of SN1987A, if detected after the first deep scan, should be carried out
over a decade on a regular basis, requiring a long-term granted observing
program. The size of the LMC is about the size of the field of view of the
CTA MSTs and SSTs, and the emission will likely be composed of several
contributions, from point-like sources to extended and very extended objects.
The determination of the best observing strategy and the analysis of the
resulting observations will likely be very challenging. Therefore, this project
is well suited to being led by the CTA Consortium. In return, the Consortium
commits itself to the release of a source catalogue, spectra, light curves, and
a complete emission model to the community at large.

The interpretation of TeV gamma-ray observations of the LMC will
benefit from a large and comprehensive MWL context, and, in return, some
results of the project may reach beyond the usual VHE topics, e.g., analyses
of cosmic-ray populations in the LMC may be of interest for studies of the
properties and evolution of the interstellar medium done from radio and
infrared observations. Considering this, a deep scan of the LMC by CTA
would be an appropriate and highly appreciated legacy to the astronomical
community.
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7.1 Science Targeted

The LMC is a nearby satellite galaxy that is visible from the southern
hemisphere at a Galactic latitude of b = —32.9° and hence clearly off the
Galactic plane. It is located at a distance d = 50kpc (with an uncertainty
of ~2%, see [206]) and it has the shape of a disk seen nearly face-on, with a
small inclination angle of ¢ = 30-40° [207]. Considering the typical angular
resolution of gamma-ray telescopes, the LMC is perhaps the only object
which can provide us with a global and significantly resolved view of an
external galaxy at gamma-ray energies. Surveys of the LMC over the past few
decades and across the electromagnetic spectrum have revealed a very active
system in terms of star formation; it has one-tenth of the star formation rate
of the Milky Way, distributed in only about two percent of its volume [208].
The LMC hosts:

e 30 Doradus, the largest star-forming region of the local group of galaxies
[209],

e SN 1987A, the remnant of the nearest naked-eye supernova since Kepler

in 1604 [210],

about 60 well-established and 20 good-candidate SNRs [211],

one of the densest stellar clusters known: R136 [212],

the most massive stars known [212],

hundreds of HII regions [213],

more than a dozen superbubbles [214],

about 20 supershells and a hundred giant shells [215],

two of the most powerful pulsars known and their nebulae [216, 217], and

a well-studied population of star clusters, with ages from a few Myr up to
10Gyr [218].

Since most of the gamma-ray emission of our Galaxy is due to massive star
evolution, the activity and proximity of the LMC ensures fruitful gamma-
ray observations. Indeed, after just one year of all-sky survey observations,
Fermi-LAT detected significant emission from the LMC with several source
components [148]. Using more than six years of data, Fermi-LAT revealed
a much richer picture comprising four point-like sources, all being extreme
objects, large-scale emission from the full extent of the LMC, and a handful
of regions featuring extended emission of unclear origin [219]. Similarly,
H.E.S.S. detected the first extragalactic PWN based on about 50 h of
observations of the LMC [220]. With a data set of about 200 h available now,
H.E.S.S. also detected SNR N132D and superbubble 30 Doradus C [149]



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

128 Science with the Cherenkov Telescope Array

and has started to probe the richness of a star-forming galaxy at TeV photon
energies from an external viewpoint. In the future, CTA is expected to make
a deeper exploration of the origin of the VHE emission of a galaxy and on
how it connects to its global properties.

7.1.1 Scientific Objectives
The science objectives of this KSP can be grouped into three key questions:

e What are the processes and sites in which the bulk of the cosmic rays are
accelerated?

e How do cosmic rays propagate away from sources and interact with the
interstellar medium?

e What is the nature of dark matter?

The science case is introduced below in more detail. Quantitative prospects
are addressed in Section 7.4 for cosmic-ray origin and transport, and in
Chapter 4 for dark matter.

Cosmic-ray origin: SNRs are thought to be the main source of cosmic
rays up to PeV energies; however, the whole picture is still incomplete. The
maximum particle energy attainable, the influence of the SN progenitor and
its environment on the non-thermal population produced, and the transport
of particles away from the accelerator are all still active research topics. The
very young SNR SN 1987A in the LMC is a unique target for studying the
production and temporal evolution of the gamma-ray emission from cosmic-
ray acceleration during the earliest SNR stages. The temporal evolution of
this object was monitored from the very beginning, including the properties
of the progenitor star. Given its nearby location, this is the only SNR
spatially resolved by modern instruments at different wavelengths so early
after the explosion (see [210] for a review). The non-thermal radio and hard
X-ray emission from the remnant is evidence of particle acceleration in the
supernova blast wave, which is impacting on the dense shell produced by the
progenitor star in the current epoch [221, 222]. Long-term VHE monitoring of
the target will thus provide a unique opportunity for studying the interaction
between the SN shock wave and the circumstellar medium.

For studies of SNRs at a later stage in their evolution, the LMC
harbours a rich population of 60 well-established SNRs and an additional
20 good SNR candidates (M. Filipovic, private communication; [223]). Such
a rich sample enables the study of the impact of various properties on
remnant evolution and its ability to accelerate particles. These properties
include explosion types (thermonuclear versus core-collapse), environmental
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conditions (interaction with interstellar clouds or circumstellar material
versus expansion in cavities), and the age of the remnant. From radio, optical,
and X-ray analyses, several LMC objects seem to be very similar to famous
Milky Way remnants. Studying the former could be a useful test of our
models for the latter.

Cosmic-ray propagation: Milky Way studies of cosmic-ray origin and
propagation have provided a wealth of information, from direct particle
measurements in the Solar System to radio and gamma-ray diffuse emission
observations from the entire Galaxy. Yet, we lack a global and resolved
perspective on the phenomenon. What happens to cosmic rays freshly
escaping from their sources? Are they confined for some time, and potentially
reaccelerated in the highly turbulent medium of bubbles and superbubbles
(such as hinted at by the detection of the Cygnus cocoon, see [224])? Are they
advected into the Galactic halo after bubble breakout, thus contributing to
the Galactic wind? In that context, some additional questions are specific to
the LMC. Does the LMC have a galactic wind, and how is it connected
or affected by cosmic-ray transport [225]7 Can cosmic-ray transport be
influenced by the wind of the Milky Way sweeping away particles?

Without line-of-sight confusion and with accurate estimates for the
distance of the galaxy, observations of the LMC will allow us to test our
understanding of the processes that rule the injection of cosmic rays and
their subsequent propagation in the system. The usefulness of the LMC
in that context was already demonstrated from Fermi-LAT observations,
whereas the interstellar gamma-ray emission of the Milky Way is observed
to be strongly correlated with the gas, the gamma-ray emission from the
LMC is very poorly correlated with it. Apart from a large-scale emission
component spread across the LMC disk, extended emission from smaller-
size regions seems to be correlated with cavities in the interstellar medium
and there is currently no explanation for this phenomenon. Continuing
observations with Fermi-LAT will help to refine the picture, but CTA
could well provide essential data needed to make real progress. Fermi-LAT
observations probe ~GeV cosmic rays that accumulate in a galaxy over a
1-10 Myr duration, and are well suited to study the large-scale transport
of cosmic rays. In contrast, CTA will probe ~TeV cosmic rays having a
shorter residence time and will thus provide a view of cosmic-ray injection
into the interstellar medium (ISM) and the small-scale transport around
sources. The two instruments are therefore complementary to one another
and should allow us to better understand the life cycle of cosmic rays, from
injection and possible confinement around sources and in superbubbles to
escape into the intergalactic medium.
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The nature of dark matter: The LMC is an interesting and complemen-
tary target in the search for gamma rays from dark matter annihilation. The
expected dark matter flux depends on the particle properties of dark matter
and the dark matter distribution. The most favourable targets are nearby
and have large concentrations of dark matter; this information about the
dark matter distribution is expressed in terms of the “J-factor”, which is the
integral of the dark matter density squared along the line of sight. Targets
with larger J-factors produce larger dark matter signals. The J-factor of
the Galactic Centre can be as large as log;y(J) ~ 23 (integrated in a cone
with opening angle 0.5° in units of GeV? cm™?), but the central point source
and other sources of gamma rays represent a large astrophysical background
to a dark matter search. The J-factor of the LMC has been claimed to be
as high as log;o(J) ~ 20.5 [147]. Dwarf galaxies of the Milky Way, which
have been considered extensively in dark matter searches because of their
known locations, high dark matter densities, and low backgrounds, typically
have smaller J-factors of log;,(.J) ~ 18-19. This simple comparison suggests
that the LMC could yield a strong dark matter signal. However, the LMC
is spatially extended and has significant astrophysical gamma-ray emission.
Nevertheless, an LMC survey will complement the dark matter searches that
will be performed in the Galactic Centre and in dwarf galaxies by providing
a different target, albeit with larger analysis uncertainties and systematics.

Other science: Beyond the science topics addressed above, there may be
side benefits from deep observations of an ~10° patch of the sky that includes
an entire galaxy. For example, the scan of the LMC may reveal one or two
additional gamma-ray binaries, which could be a useful addition to the
handful we know already. The recent discovery in the LMC of the most
luminous gamma-ray binary [226] is promising in that respect. The LMC
survey should also lead to the detection of several active galactic nuclei
(AGN). There are half a dozen Fermi-LAT sources in the LMC field, with
some having hard spectra and at least one being an AGN with a high level
of variability (PKS0601-70, see [219]).

7.1.2 Context/Advance beyond State of the Art

The LMC was already covered by many surveys at different wavelengths:
radio (ATCA, Parkes, Mopra, Planck, Herschel), infrared (AKARI, Spitzer,
VISTA), optical, X-rays (ROSAT, XMM-Newton), MeV (INTEGRAL), GeV
(Fermi-LAT), and TeV (H.E.S.S.). CTA observations and studies of the LMC
will therefore benefit from a highly homogeneous MWL context.
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The continuation of Fermi-LAT observations until 2020 (at least),
combined with the continuous improvement in event reconstruction, will no
doubt provide a better grasp of the emission morphology and the separation
between diffuse and discrete objects. However, as mentioned previously, CTA
will be complementary to Fermi for two reasons: first, it probes higher-energy
cosmic rays and thus a different stage of the life cycle of cosmic rays (because
higher-energy cosmic rays may be able to escape the system more easily,
especially protons since they suffer much less severe radiative losses than
electrons); second, with its better angular resolution, CTA will likely lead to
a better and more complete picture of the gamma-ray emission of the LMC.
A full understanding over the entire gamma-ray range will be achieved with
a joint Fermi-LAT and CTA analysis (see Section 7.4).

In the meantime, the Planck collaboration will release the analysis of
the dust and synchrotron polarised emission from the LMC. This will be
complemented later by results from the second PILOT balloon flight (2016
2017), with a better sensitivity and angular resolution than Planck. The
Square Kilometre Array (SKA) and its precursors will also contribute to
these science topics. All instruments will provide information about the large-
scale magnetic field structure and the leptonic component of the cosmic-ray
population. They will also allow a deeper census of the populations of pulsars
and PWNe in the LMC [227, 228], which could be responsible for extended
emission as unresolved gamma-ray sources. The interpretation of the Fermi-
LAT and CTA observations will necessarily have to include the information
and constraints from these radio measurements.

ALMA is already operational and can indirectly probe the lower-energy
cosmic rays (<1GeV) because the latter ionise the gas and this process
affects the chemistry and molecular line emission. Although no global project
dedicated to the LMC yet exists for ALMA, SN 1987A was among the
first objects to be imaged [229] and other LMC proposals were made. It
is likely that by the beginning of CTA operations, we will have estimates
of low-energy cosmic-ray density in at least a few prominent places such
as 30 Doradus. This again will have to be considered in the analysis and
interpretation of the CTA data.

7.2 Strategy

This KSP has one target: the LMC, which we define here as a disk centred
on the position (o, §) = (80.0°, —68.5°) and having a radius of 3.5°. In order
to maximise the scientific return and the possibility for discoveries, and to
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Figure 7.1: Illustration of a possible pointing pattern for the LMC deep scan. The
pattern consists of six pointings evenly distributed around the LMC centre at a separation
distance of 2.0° (green circles, for a typical field of view radius of 3°). The spacing of
the pointings will depend on the actual off-axis performance of CTA and should provide
enough empty field regions for sufficient control of the instrumental background. Credits:
optical skymap from Ref. [230]; contour of H I distribution from Refs. [150, 231].

take full benefit of the global view that the LMC provides, it is planned
to build a uniform sensitivity exposure over that region, and not just over
the inner regions or 30 Doradus. This will be achieved with a small number
of pointings (i.e. less than ten). A possible layout of the scan is shown in
Figure 7.1, but the layout used will depend on the off-axis performance of
CTA and it may need to be revised once the array is fully commissioned.
As explained below, there could be a second phase of the project in order to
monitor SN 1987A, in which case the observations would consist of a single
pointing centred on SN 1987A (or wobble observations, or any other pattern
motivated by discoveries made during the first phase of the program).
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The project comprises two phases over a 10-year period, with the second
one being optional (depending on whether SN 1987A is detected):

1. a deep scan of 340 h, ideally performed over the first four years in order to
reach an effective exposure of 250 h over the entire LMC disk, as defined
above, and

2. long-term monitoring of SN 1987A, totalling 150 h, at the level of 50 h
every two years if the object is detected in the first phase.

Since the deep scan covers a region that is slightly larger than the effective
field of view of the CTA MSTs and SSTs, reaching an exposure of 250 h over
the LMC disk requires a total of about 340 h of observing time (assuming
a field of view radius of 3° and a differential sensitivity above 400 GeV
that is at least 60-70% of the on-axis value). The observations are planned
to be performed by the full southern array after commissioning in order
to get the best sensitivity for this very extended object. Current Monte
Carlo simulation results indicate that the energy threshold would be around
200 GeV.

For CTA-South, the LMC is observable above an elevation of 40° for a
total of about 280 h/yr, with the peak of the time distribution being in the
November to January period. Performing the deep scan with CTA in four
years imposes observing the LMC for 85 h/yr. This is far below the total
available time, but there may be constraints from the schedule or from bad
weather.

7.3 Data Products

The LMC in TeV gamma rays currently consists of a few objects: PWN
N157B, SNR N132D, and the 30 Doradus C superbubble. Extrapolating
the known Galactic TeV source population of the Milky Way to the LMC
indicates that the 250 h exposure may provide the detection of ~10 objects
(see section 7.4). If this estimate turns out to be correct, a coherent catalogue
of LMC sources listing their spectra, fluxes, and light curves should be
produced; such a catalogue should also include upper limits on potential
VHE emitters. If diffuse emission of interstellar origin can be detected
and mapped, a complete emission model including the morphological and
spectral properties of the various components should be released to the
community; this may trigger transverse collaborations with groups interested
in interstellar medium studies. Lastly, the long-term monitoring of SN 1987A
may deserve two specific releases, at 250 h and 400 h of exposure, in the form
of light curves and time-dependent spectra.
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The schedule for data products and releases to the community is:

1. An initial release of results is planned based on the first 100 h of exposure,
in order to inform the community and to keep a high interest in the LMC.

2. Once the 250 h effective exposure is achieved, products on individual
sources, diffuse emission, and SN 1987A should be released within a year,
or as soon as possible, to trigger and feed Guest Observer proposals.

3. Optionally, a final release of results on SN 1987A after 10 years of moni-
toring, along with an update on the other topics based on the additional
150 h exposure is envisioned.

7.4 Expected Performance/Return

We present below some of the simulations that were performed to assess
the potential of the LMC as a target for CTA and to quantify the required
amount of observing time. Cosmic-ray origin and propagation aspects are
addressed here, while the prospects for dark matter searches are discussed
in Chapter 4.

Cosmic-ray origin: Regarding the gamma-ray emission of SN 1987A, a
time-dependent prediction of the VHE gamma-ray flux was proposed, based
on nonlinear shock acceleration theory [232]. In this model, the VHE gamma-
ray flux is expected to be rising (since the shock has entered the equatorial
ring) and to have reached a level of F(> 1TeV) ~ 2.5 x 1073 cem =257 (as
of 2010), dominated by emission of hadronic origin. Given the uncertainties
in the theoretical model and in the knowledge of the ambient target density
structure, the predicted flux has an uncertainty of at least a factor of two.
The time evolution of the flux strongly depends on the spatial distribution
of the circumstellar medium. The flux is predicted to be increasing in the
current epoch and to become a factor of two higher in the next 20 years,
hopefully permitting the detection of this source. The extension of the
SN shell of a few arc-seconds is much smaller than the achievable angular
resolution of CTA . The target is thus expected to be point-like for CTA.
Figure 7.2 shows the >1TeV detection level provided by multiple 50 h
observations distributed over several decades. The recent upper limit from
H.E.S.S. observations, at a level of 5 x 10714 em=2s~! [149], challenges this
picture; it suggests that the rise to the maximum may be delayed and steeper
or that the overall level of the emission is lower [233]. The prospects for
the detection of TeV emission from SN 1987A will need to be reassessed,
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Figure 7.2: Predicted gamma-ray light curve for SN 1987A (blue, from E.G. Berezhko,
private communication) and anticipated detections with CTA for several 50 h observations
distributed over decades (red points). The recent upper limit from H.E.S.S. observations,
at a level of 5 x 107 cm 257! [149], contradicts this picture; it suggests that the rise
to the maximum may be delayed and steeper or that the overall level of the emission is
substantially lower.

especially in view of the lower energy threshold of CTA. In either case, it
shows the potential of deep observations of SN 1987A to constrain models.
For more evolved accelerators, the expected number of TeV-emitting
sources can be estimated from the known Galactic VHE gamma-ray source
population and the sensitivity of CTA. For an integral energy flux sensitivity
of 3 x 1071 erg cm™2 s~ ! above 1 TeV, in 250 h gamma-ray sources as
luminous as 9 x 1033 erg/s would be detectable with CTA at the LMC
distance of 50 kpc. Of all Galactic TeV emitters known in the Milky Way for
which distance estimates exist, about 30 sources have a luminosity greater
than this value. Correcting for the lower star-formation rate in the LMC
(~1/10 of the Milky Way), and assuming that ~30% of the Milky Way has
been surveyed to this luminosity limit with H.E.S.S., ~10 LMC sources are
expected to emit in VHE gamma rays at a level detectable by CTA. Note
however that the environment in the LMC is different from the Milky Way.
For instance, the radiation field energy densities and gas densities are higher,
which would result in a higher gamma-ray flux on average, implying more
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sources to be detectable. N157B, the most luminous PWN known so far, is
a prime example in that respect [220].

The current population of known SNRs in the LMC amounts to
60 objects, plus 20 plausible candidates. Not all of them are expected to be
detected by CTA, but a selection based on simple criteria can provide a first-
order quantitative estimate of the number of promising targets. Based on
our knowledge of the Galactic population of TeV-emitting SNRs — namely
the GeV-hard, TeV-bright young and isolated SNRs and the GeV-bright,
TeV-soft middle-aged, interacting SNRs — we restrict ourselves to young
to intermediate SNRs with an age <4000 yr (i.e., similar to the largest
age estimates for Vela Jr and HESS J1731-347) and to interacting SNRs
whatever their age (given that those known to emit TeV gamma rays in the
Galaxy span nearly two orders of magnitude in age). A non-exhaustive list
of candidates for TeV detection is given below:

1. Young/intermediate SNRs: SNR 0540-6919 (an O-rich SNR hosting the
“Crab-twin” pulsar and its nebula), SNR 0509-67.5 and SNR 0519-
69.0 (400 and 600 yr type Ia remnants with inferred efficient cosmic-ray
acceleration, see [234]), DEM L71 (a ~4000 yr type Ia remnant), N63A
(a ~4000 yr core-collapse remnant candidate).

2. Interacting SNRs: N132D (an O-rich SNR with similarities to Cas A
and Puppis A), N49 (the third X-ray brightest in LMC, very energetic
explosion, see [235]), possibly N49B, N103B (a 870 yr type Ia SNR with
circumstellar interaction, a possible Kepler’s older cousin, see [236]), DEM
1249 and DEM L238 (1000015000 yr type Ia remnants with denser than
expected environment, see [237]).

These remnants have typical sizes below 3 arc-minutes and would likely
appear as point-like objects even for CTA. We emphasise the very interesting
opportunity to study type la remnants, from very young ones to those that
seem to be interacting with circumstellar medium and might be the result
of prompt explosions from young <100 Myr progenitors [237].

Regarding PWNe, the prospects are not as good, at least based on
our present knowledge of the population of pulsars and their nebulae. We
currently know 5 PWNe in the LMC: N157B, N158A, B0453-685, B0532-710,
DEM L241 (the first one being already detected by H.E.S.S., the second one
being associated with the Crab twin pulsar, also named B0540-693 [238],
and the last now being confirmed as a gamma-ray binary). Prospects are
good for the detection of N158A by CTA, especially considering the very
high spin-down luminosity of its pulsar (1.5 x 103 erg/s; see also [239)]).
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Beyond the exceptional pulsars in N157B and N158A, there are 17 other
detected pulsars in the LMC [240]. For those listed in the ATNF catalogue,

all have a spin-down luminosity < 5 x 1034 erg/s. This leaves little hope for
the detection of the corresponding nebulae, but there is still the possibility

to discover TeV PWNe associated with currently unknown pulsars.

Cosmic ray propagation: The current knowledge we have about the
hadronic cosmic-ray population of the LMC comes from Fermi-LAT observa-
tions in the GeV range. The latest analysis revealed a background of cosmic
rays spread over most of the disk of the LMC and having a density which is
about three times lower than the local Galactic value. On top of that average,
a few regions may have increased cosmic-ray densities by a factor of 2-3 or
more and likely harder spectra, possibly resulting from a recent injection of
cosmic rays [219]. As a consequence, we considered several objectives for the
cosmic-ray population and associated interstellar emission in the CTA energy
range. On large spatial scales, we would like to know: (i) whether we can
detect the background interstellar emission from the large-scale cosmic-ray
sea at TeV energies, (ii) if this emission is hadronic in origin or if the inverse-
Compton process takes over at some point, and (iii) if we can gain knowledge
about the efficiency with which 10 TeV cosmic-ray particles escape or diffuse
away from the galaxy and how that efficiency compares with what we think
takes place in the Milky Way. On smaller scales, we would like to constrain:
(i) the level at which we can we probe the inhomogeneities of the LMC
cosmic-ray population, (ii) the knowledge we can get on the transport of
cosmic rays in and away from active star-forming regions, (iii) the escape of
the higher-energy cosmic rays from their sources or their confinement around
them, and (iv) the relation of the gamma-ray emission to star-formation
activity and/or ISM conditions.

We simulated different scenarios to evaluate the potential of CTA for the
study of cosmic-ray propagation and determine the observing time needed
for a rich scientific potential. The properties of the background interstellar
emission from the large-scale cosmic-ray sea at TeV energies are currently
unknown and two options were therefore considered. As a first possibility,
we considered hadronic emission, where the source spatial model was a
gas column density map of the LMC and the source spectral model was
a power law with a spectral index of 2.7, normalised to the level of the
emission of the LMC disk at 10 GeV (as measured by the Fermi-LAT) and
under the assumption that the emission results from old, accumulated cosmic
rays interacting with interstellar gas. Alternatively, we considered leptonic
emission, where the source spatial model consisted of a smeared out version
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of the TRAS far-infrared emission distribution, to account for the diffusion of
short-lived >1TeV cosmic-ray electrons around star-forming regions, and the
source spectral model was taken from a model of the non-thermal emission
from star-forming galaxies applied to a small-sized system similar to the
LMC [241]. With an effective 250 h exposure over the LMC, the average
detection significance obtained is above three standard deviations for the
hadronic model and above seven standard deviations for the leptonic model.
The background interstellar emission from the large-scale cosmic-ray sea
could therefore be detected if the inverse-Compton process dominates the
emission in the CTA energy range. However, the actual spatial and spectral
distributions of this possible emission component are unknown and they
would have to be determined from the data, which may eventually complicate
the detection of such an extended signal.

A parametric study was performed to determine the extent to which
CTA could probe active star-forming regions where young cosmic rays are
released. Simulations were carried out for various region sizes (for radii of
100, 200, 500 pc) and for different densities for the cosmic-ray population
in these regions. We used as reference the cosmic-ray sea density at 10 TeV,
which was determined under the assumption that it has one-third of the
local Galactic value at 10 GeV and follows a power-law spectrum with a
spectral index of 2.7 up to at least 10 TeV. The emission was assumed to be
of hadronic origin with an average hydrogen number density, Ny, over the
region of 1022 cm~2 (the densest, molecular regions in the LMC have Ny of
a few x10%2 cm~?2 while the average over the LMC is ~3 x 10*! cm™2). The
spectrum of the emission was assumed to be that of a recently injected
cosmic-ray population that homogeneously fills the region and does not
diffuse away significantly; we therefore assumed a power-law spectrum with
a spectral index of 2.2. The results are shown in Figure 7.3. It turns out
that in 250 h of effective exposure, CTA would significantly detect regions
of 100-200 pc in radius if they were recently enriched in cosmic rays by
one supernova or more (a supernova is associated with 10°% erg of kinetic
0% erg are assumed to go into cosmic rays). Larger regions
of 500 pc in radius would be significantly detected if enriched by about

energy, of which 1

ten supernovae at least, which is probably a rare occurrence. CTA could
therefore probe inhomogeneities in the cosmic-ray population down to small
scales and few events. The high significance reached for 100 and 200 pc-
sized regions enriched in cosmic rays by one or two supernova explosions
suggests that spectral and morphological studies will be possible beyond the
simple detection. Such numbers of supernovae in such volumes are consistent
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Figure 7.3: Detectability of a region in the LMC as a function of its size (100, 200,
and 500pc) and cosmic-ray density (given by reference to the large-scale background
level of cosmic rays at 10 TeV). For a given region size and density, the black stars
give the equivalent cosmic-ray density in numbers of supernovae, assuming each event
releases 10% of 10°! erg into the kinetic energy of cosmic rays. The shaded area marks
the area of detection significance below five standard deviations. The high significance
reached for 100 and 200 pc-sized regions enriched in cosmic rays by one or two supernova
explosions suggests that spectral and morphological studies will be possible beyond the
simple detection.

with the characteristics of the 103 giant shell candidates listed in [215].
The estimated mechanical luminosities that inflated the shell structures are
consistent with the numbers of SNe given above for the detectability of
their non-thermal gamma-ray emission: shells with observed sizes of 100
and 170 pc require a mechanical luminosity corresponding to about 1-5 and
3-15 SNe, respectively (see [215, Figure 8]). Yet, the dynamical age of these
structures is typically several Myr, a duration over which cosmic rays may
have diffused away. On the other hand, there is still ample speculation about
the role of such superbubbles in confining, accelerating, and reaccelerating
cosmic rays [242]. With its ability to detect enhancements in the cosmic-ray
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Figure 7.4: Comparison of the LMC as viewed in VHE gamma rays with current instruments (a) and with CTA (b). The panels
show smoothed residual count maps after subtraction of the instrumental background counts to the simulated events. The emission
model includes detected sources (N157B, 30DorC, and N132D), ten point-like sources with >1TeV luminosities of ~10%* ergs™?, and a
handful of regions enriched in cosmic rays. (a) mimics the current H.E.S.S. view of the LMC and was obtained from a simulated 16 h of
CTA observations using a single pointing and selecting events with energies >800 GeV. (b) is a simulation of the full CTA survey of the
LMC involving six pointings and 340 h of observations for energies >200 GeV, plus an additional source for the brightening SN 1987A.
The diffuse glow in the bottom panel results from the large-scale emission. Credit: contour of H I distribution from Ref. [150, 231].
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population down to small scales and few events, CTA may therefore provide a
valuable view of what happens in the early stages of cosmic-ray propagation.
The recent detection of superbubble 30 Doradus C with H.E.S.S. indicates
the promise of this approach.

Figure 7.4 illustrates the breakthrough that a deep CTA survey of
the LMC would allow, compared to the current view provided by existing
instruments (H.E.S.S.). Observations were simulated based on an emission
model comprising: the three sources detected so far, hadronic and leptonic
large-scale diffuse emission, hadronic small-scale diffuse emission from a
handful of regions enriched in freshly released cosmic rays, ten point-like
sources with >1TeV luminosities of ~10%* ergs™!, and SN1987A (in the
case of CTA observations only, due to the rising flux of the source). For
a simulation of a CTA survey using six pointings and a total of 340 h of
observations, almost all sources appear in a residual counts map, even the
relatively faint large-scale diffuse emission. The contrast with the simulated
current H.E.S.S. view, which probed only the most extreme objects of the
LMC, is striking.
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8
KSP: Extragalactic Survey

This Key Science Project (KSP) consists of a blind survey of 25% of the total
sky. The survey is aimed primarily at extragalactic science with the main
objective to construct an unbiased VHE extragalactic source catalogue with
an integral sensitivity limit of ~6mCrab above 125 GeV. At the moment
there are about 60 extragalactic sources seen with the imaging atmospheric
Cherenkov telescopes (IACTs) H.E.S.S., MAGIC, and VERITAS, most of
these being BL Lacertae (BL Lac) objects. In addition there are five radio
galaxies, six flat spectrum radio quasars (FSRQs) and two starburst galaxies
(NGC 253 and M 82). The sample is, however, strongly biased since most
of observations were motivated by high averaged flux at lower frequencies
in optical, X-ray or gamma-ray wavebands. Moreover, about half of the
detections have been made when alerted that the sources were in a flaring
state. A second objective of this KSP is to provide a high resolution
map of the extragalactic sky at gamma-ray energies between 50 GeV and
10TeV. A third objective is to search for unexpected and serendipitous
VHE phenomena over a large portion of the sky. The area covered by the
Extragalactic Survey will connect to the Galactic Plane Survey (GPS) so
that no Galactic latitude is left un-surveyed.

As shown in Section 8.4, with 1000 h of observation CTA will reach a
flux sensitivity for point-like sources at the level of 6 mCrab flux for any sky
point in the survey. For the definition of the mCrab unit see Section 6.4.1.
This flux limit is on the level of the weakest sources detected with TACTs
so far. When compared to Fermi-LAT (10-year exposure) and HAWC (five
year exposure), the CTA extragalactic survey will be unique in the energy
range between 100 GeV and 10 TeV.

143
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The extragalactic survey of a large portion of the sky is expected to be
considered as one of the main legacies of CTA. Given its scale and scientific
importance, the survey fits well within the KSP concept and its results will
have a large beneficial impact on the broader astronomical community. The
survey also has strong synergies with fundamental physics (e.g., the dark
matter search and electron spectrum anisotropy).

With the predicted sensitivity, it will be possible to construct an unbiased
BL Lac sample in the nearby universe, up to a redshift of z &~ 0.2. Sources in
quiescent as well as in flaring states will be detected and, depending on the
number density (N) of sources as a function of their flux () (the log N-log S
distribution, also called the luminosity function, LF) for the BL Lacs (which
is largely unknown), 30-150 sources are expected to result from the survey;
see below in Section 8.1.1 for justification of these numbers. Moreover, more
distant (z 2 0.2) BL Lacs and FSRQs will be detected, but only when they
will be in elevated or flaring flux states because in the quiescent flux state
they would typically remain below the CTA detection threshold for short
exposures. Also, several new radio galaxies will be discovered in VHE gamma
rays. The list of potential discoveries is long and the highlights include:

e unbiased determination of the yet unknown log N—log S of gamma-ray
AGN (BL Lacs and possibly FSRQs),

e discovery of extreme blazars peaking in the ~100 GeV to 1TeV region,

e serendipitous detection of fast flaring sources, not detectable in short
observation time (hours) by lower sensitivity observatories like Fermi-LAT
and HAWC,

e discovery of gamma-ray emission from yet undetected source classes such
as Seyfert galaxies, ultraluminous infrared galaxies (ULIRGs), etc.,

e discovery of dark sources with no astrophysical counterpart, which would
be a possible signal from dark matter annihilation,

e the possible detection of a gamma-ray burst (GRB) in the prompt phase
(the probability for this is 2-4 times higher if the survey is performed in
divergent pointing mode, see below), and

e the study of large-scale anisotropies in the electron spectrum at energies
between 100 GeV and few TeV.

To ensure the uniformity of the survey, we propose to perform it with the
full CTA Observatory in a period of time of not more than three years. In
the present Monte Carlo simulations, the sensitivity of the southern array
is about a factor of 1.5 better than the northern array in the energy range
above 100 GeV because of the larger number of MST's and the presence of the
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SSTs in the south. A factor of approximately 2.2 longer exposure is needed
to compensate for this difference in sensitivity. Nonetheless, it is proposed
to utilise both CTA sites for the extragalactic survey since it will allow us
to complete the survey to the required sensitivity within three years. To
achieve a uniform sensitivity, it is proposed to cover 15% of the sky in the
south using 400 h and the remaining 10% of the sky in the north using 600 h.
Such coverage would ensure a 6 mCrab sensitivity over the whole area of the
survey after 1000 h of observations in total.

It is anticipated that the divergent pointing mode (see Section 8.4.5)
will be more effective for this survey than the standard mode. Because of its
greatly improved capabilities for serendipitous flaring sources, the divergent
pointing mode will be used for this KSP if it can be shown that the required
flux sensitivity can be achieved within the same time (even if this results
in a moderate worsening of the spectral and angular resolutions). However,
detailed studies on the divergent mode are still ongoing and the estimates
here are based on the performance of the normal pointing mode, which is a
conservative choice.

8.1 Science Targeted

Through the unbiased survey of a significant part of the extragalactic sky, we
mainly target a population study of the local (z < 0.2) universe in gamma
rays in the energy range of 100 GeV to 10 TeV. It will be the first time that
such a large portion (~25%) of the sky is observed uniformly and with high
sensitivity at these energies. The uniqueness of the survey also enables the
search for new source classes, as well as the search for large scale structures
in the electron spectrum as outlined below. At the same time, such a survey
will lead to an unbiased picture of the flaring sky in the 100 GeV to 10 TeV
regime, which is vital for understanding the largely unknown duty cycles of
blazar flaring activities. The other strength of this KSP is the ability to look
for the unexpected discoveries (e.g., dark gamma-ray sources, new source
classes, etc.).

8.1.1 Scientific Objectives

Blazars: Luminosity functions (or luminosity distributions, and their
possible dependence on the redshift) are fundamental for understanding the
main physics drivers within the sources and their evolution. An unbiased
survey with a uniform exposure allows us to measure the luminosity function
and the number density of sources depending on their flux (the so-called
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log N-log S distribution). To construct the log N-log S distribution, one
needs a sufficient number of sources (>50), which are representative for
the underlying population. The main source class of gamma rays in the
extragalactic sky are blazars (BL Lacs and FSRQs), which are believed to
produce gamma rays inside relativistic jets with large bulk Lorentz factors
(~10 or larger) beaming the emission towards the observer. The mechanism
of the gamma-ray production in blazars is not completely understood,
with evidence that most of the emission has a leptonic origin and that
flaring activity is associated with freshly accelerated electrons or rapid
changes in the magnetic field. Determining the log N-log S of blazars is
of fundamental importance as it is also crucial for determining the total
gamma-ray background. The measurement of the extragalactic gamma-ray
background (which does not yet exist for energies >700 GeV) is the ultimate
way to verify the theory of gamma-ray production in AGN. Assuming the
unified scheme of the AGN is correct — that the phenomenology of AGN
mainly follows our viewing angle with respect to the jet orientation —
the jets of the blazars have a small angle to the observer’s line of sight,
which means that blazars account for a few % of the total AGN gamma-ray
emission [243, 244].

The number of detected blazars will determine the quality of the
blazar LF. However, the problem for measuring the LF is not just the number
of objects but the bias introduced in targeting. This bias can be solved with
a wide survey. The number of sources will affect the uncertainties, i.e., the
ability to discriminate between different LF distributions and eventually the
contribution of the different sub-classes (FSRQ, BL Lac).

We foresee detecting 30-150 blazars within the survey. If we extrapolate
Fermi-LAT sources with known redshifts into the CTA energy range
assuming a reasonable intrinsic cutoff of 1 TeV on average, we obtain some
3040 sources to be detected with the proposed sensitivity. When instead
of extrapolating from Fermi-LAT, we use predictions by [12], who used
IR and X-ray data to construct the log N-log S of blazars, we obtain
approximately 75 sources. In Figure 8.1, the sensitivity of the survey is shown
and compared to the 1 mCrab CTA 50 h sensitivity as well as the flux limit of
the current VHE gamma-ray telescopes. The histogram in the upper left plot
is for 27,000 deg?, leading to a factor of 2.7 smaller predicted numbers for a
10,000 deg? (25% of the sky) survey. However, the catalogue is incomplete
and can easily result in double as many sources, i.e., close to 150. Similarly
high numbers are obtained by [245] based on the EGRET luminosity function
[246]. There is also the possibility of detecting distant objects (z ~ 1) at
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energies 300 GeV by including secondary gamma-ray emission from blazars
in the presence of intergalactic magnetic fields of (10717 — 1071%) G [247].
In Ref. [13], the expected number of blazars emitting above 100 GeV is
estimated based on Monte Carlo simulated surveys that reproduce the Fermi-
LAT results well. They predict that the CTA extragalactic survey will detect
between 110 and 180 blazars depending on different assumptions on the VHE
spectrum (see Figure 8.1(b)).

Even if many of the sources detected will be the known ones, the
slope of the log N-log S distribution can only be determined through an
unbiased survey. Some sources will be detected during flaring gamma-ray
states introducing a bias when studying the quiescent state of sources only.
However, we estimate the bias to be in the order of ~10%,* and the result
can be corrected for it. In addition, the detected unbiased flaring episodes
(within the survey) are as important to characterise the gamma-ray sky as
the sources detected in the quiescent state. One of the major unanswered
questions of modern AGN physics is the existence or not of the blazar
sequence. If the sequence exists, there should be no, or only a few, detections
of high luminosity blazars that have their synchrotron peak in optical and
UV wavebands. The survey will be able to probe this prediction.

Extreme blazars: The survey will reveal a population of extreme blazars,
i.e., sources with hard spectra having their gamma-ray peak in the range of
100 GeV to more than 10 TeV. Extreme blazars are very interesting because
of their use in studies of the extragalactic background light (EBL) and the
intergalactic magnetic field (IGMF), as well as due to the fact that the
gamma-ray emission in leptonic scenarios must be produced in a deep Klein—
Nishina regime (which is unusual) or have a hadronic origin. The sources are
usually too weak to be detected with Fermi-LAT even in 10 years exposure,
making it hard to make predictions for CTA. In the local universe, two bright
extreme blazars are known: Mrk421 and Mrk501 (at z ~ 0.03). A third
extreme blazar is 1ES 02294200 (z = 0.14). Typical VHE gamma-ray fluxes
for Mrk 421 and Mrk 501 are on the order of 200 mCrab when in a quiescent
state. Taking the envisioned sensitivity of 6 mCrab as the detection limit,
sources 40 times weaker can be detected during the survey. This leads to an

#The uncertainty in the number of sources found in a flaring state is large due to unknown
VHE gamma-ray duty cycles. A rough estimate can be made using the monthly duty cycles
of Fermi-LAT. High-flux events above 1.5 standard deviation significance have a duty cycle
of about 5-10% for FSRQs and BL Lacs in the GeV band [248]. Therefore, we assume that
during the proposed survey 10% of the sources will be in a flaring state.
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Figure 8.1: Predictions for the number of blazars on the sky in the GeV-TeV gamma-ray domain. (a) Expected source counts as
a function of the integral gamma-ray flux above 100 GeV in 27,000 deg?. The upper panel shows predictions by [12] together with the
current and envisioned sensitivity limits of imaging atmospheric Cherenkov telescopes (IACTs). The lower panel shows detected AGN
with TACTs. The numbers above the red histogram give the fraction of expected sources detected by current instruments. (b) Simulated
log N-log S distribution from Ref. [13]. The dashed (solid) lines represent the expected distributions without (with) taking into account
the absorption by the EBL. According to this study, with the 6 mCrab sensitivity during the proposed survey CTA should detect around
100 sources in 10,000 deg?.
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increase in distance by a factor of ~6 (out to z ~ 0.2), or to an increase in the
accessible volume to Mrk-like sources by a factor of 200. The extrapolation
from two sources has naturally a large uncertainty, but making a conservative
estimate and taking EBL absorption into account (which is not relevant
for energies below 300 GeV for these redshifts), we expect to detect 30150
extreme blazars.

Radio galaxies: Nearby radio galaxies have also been found to be sources
of gamma rays. However, the mechanisms by which radio galaxies produce
their gamma-ray emission are not well understood, with several explanations
currently possible. Gamma rays are possibly produced near the nucleus or in
the knots along the jet, but radio lobes are also discussed as candidate sites.
Only five radio galaxies have been detected in VHE gamma rays so far,
and the flaring duty cycles are poorly known. The survey we suggest will
help detecting more radio galaxies, which would boost our understanding
of the emission mechanisms and the contribution of radio galaxies to the
total production of gamma rays. Using the fact that the five radio galaxies
have their TeV fluxes in the order of 20 mCrab when in a quiescent state, we
estimate that within the survey sensitivity we will detect a few new radio
galaxies.

Starburst galaxies: Two close starburst galaxies (M 82 and NGC 253) have
been detected in VHE gamma rays. Both show weak emission at the flux
level of 6 mCrab. With the suggested extragalactic survey, we will reach the
sensitivity to detect further starburst galaxies at any location in the survey if
their gamma-ray flux is at a similar level. However, since M 82 and NGC 253
are probably the brightest gamma-ray starburst galaxies, we foresee at most
only a few new detections within the survey.

New source classes: An unbiased survey of ~25% of the extragalactic sky
enables the detection of new source classes. Clusters of galaxies, Seyfert 2
galaxies, and ULIRGs have been proposed to emit VHE gamma rays, but
none have been detected so far. At GeV energies, Fermi-LAT did detect
the Seyfert 2 galaxy Circinus [249]. Beyond this, the survey has chances
to detect gamma-ray sources without clear association with known objects
(dark sources) or sources where no strong non-thermal emission is detected.
This can be a clear signature of unknown physics, for example, the decay of
a new particle, such as dark matter, into gamma rays.

Gamma-Ray Bursts and other transients: Gamma-ray bursts (GRBs)
are usually distant events with redshift z > 1, meaning that most of their
VHE gamma-ray emission will be absorbed by the extragalactic background
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light. However, the universe is basically transparent to gamma rays with
energies ¥ < 30GeV and absorption is not severe up to 50 GeV even for
large cosmological distances. This means that with the low-energy response
of CTA, there will be a good chance to catch GRBs even if their redshift is
z > 1, provided their central engine emits to sufficiently high energies. For
more details on the prospects on GRB detection, see Chapter 9.

There is a chance of catching a GRB in the onset of the prompt phase
if the burst occurs within the observed field. If the survey is performed in
the normal pointing mode, the chances to catch a GRB during the survey
are the same as during any other pointed observations and are quite low,
~0.08 yr~! in the 8° diameter field of view (FoV) of the MSTs. However,
if the extragalactic survey can be conducted in divergent pointing mode
with an instantaneous FoV considerably larger than in normal pointing, it
would significantly enhance the prospects for studying cosmic transients at
very high energies without relying on triggering the observations with an
external alert. In particular, carrying out the survey in divergent pointing
mode could enable:

e the detection of GRBs from their onset, including the prompt phase of
short GRBs and realising the associated improvements for probing Lorentz
invariance violation,

e unbiased searches for VHE transients in general, and

e MWL and/or MM spatio-temporal correlation studies with other obser-
vatories with wide FoV and/or limited localisation capabilities.

In the most optimistic case, CTA can cover up to 1,000 deg? simultaneously
when observing in divergent pointing mode, which is about a factor of 20
higher than the FoV when using normal pointing. This would boost the
rate of GRBs observable by CTA in the prompt phase to about 2 per year.
For the purpose of studying GRBs or transients, a FoV as large as possible
is favoured, but this needs to be balanced with the sensitivity and energy
threshold required for the other aims of the survey. More details on the
unique prospects for studying transients with a divergent pointing survey
are discussed in the Transients KSP (Chapter 9).

Large-scale electron anisotropy: The sensitivity of CTA is sufficient to
detect the diffuse electron component of the cosmic-ray spectrum above
100 GeV in every survey pointing.]D Thus, systematic errors permitting,
the survey will allow the study of large-scale anisotropies in the electron
background, which has not yet been possible at these energies.

PWe assume here a single pointing of 30 min and normal pointing mode.
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Diffuse gamma-ray background: Though, as stated before, the beamed
gamma rays from blazars are estimated to account for about ~1% of the total
AGN gamma-ray emission, the extragalactic gamma rays with £ > 100 GeV
are mainly from blazars. Therefore, through the construction of the log N—
log S distribution of blazars, the survey will allow us to resolve the average
diffuse gamma-ray background [250, 251] and compare it to the measurement
of the gamma-ray background at lower energies. Such a comparison is vital
to understand the completeness of the sample detected and thus the total
amount of extragalactic gamma rays produced. A direct measurement of the
gamma-ray background at very high energies will also be attempted by CTA
using the survey data, but due to the electron background this will be a very
challenging task, as discussed in Ref. [30].

Dark Matter clumps: Structure formation predicts gravitationally bound
dark matter clumps down to much lower masses than for dwarf spheroidal
galaxies. The total number of clumps within Galactic halos can be as
high as 10%. It is likely that a large population of lighter dark clumps
exists with highly suppressed (or even negligible) baryonic content, hiding
from detection in currently operating sky surveys. Because of the difficulty
in the identification of clumps in optical surveys, the prime channel of
detecting dark clumps are high-energy and VHE gamma rays resulting from
annihilations or decays of dark matter particles in the clump. Such objects, if
bright enough, could appear as unidentified sources in the proposed survey.
Because of the limited sensitivity of Fermi-LAT, if the dark matter mass is
above a few hundred GeV, these objects could have been missed by Fermi-
LAT and could be detectable by CTA.

8.1.2 Context/advance beyond state of the art

There are about 70 extragalactic sources detected with the current gen-
eration of TACTs: H.E.S.S., MAGIC, and VERITAS. The majority of the
sources belongs to the AGN subclass called BL: Lacs. The sample is, however,
strongly biased since most of the observations were motivated by high
averaged flux at lower frequencies in the optical, X-ray or gamma-ray
wavebands. Moreover, about half of the detections have been made following
alerts that indicated that the sources were in a flaring state. The performance
of the current generation of TACTs does not allow for an unbiased survey
of a large portion of the extragalactic sky with a reasonable flux sensitivity.
Assuming a survey time of 1000 h and a FoV for the current telescopes of
around 10 deg?, one obtains a 1 h exposure for every sky point in a 10000 deg?
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Figure 8.2: Differential sensitivities of instruments in the GeV-TeV range together with
the CTA extragalactic survey sensitivity. The Fermi-LAT sensitivity is shown for 10 years
exposure (dark green [252]). HAWC is shown for a five-year exposure (blue [190]). The
CTA target sensitivity for the extragalactic survey is 6 mCrab and is similar to the 3 h
sensitivity of the southern array (red). Sensitivity for the northern CTA array is also shown
(magenta). See text for details.

survey (~25% of the sky), which would allow the detection of only ~10 of the
brightest sources. Therefore, with the current TACTs no systematic survey
can be performed over a large portion of the sky, and spending 1000 h on
such a survey cannot be justified.

For CTA, the situation will be quite different because CTA will be much
more capable than the present-day instruments. In Figure 8.2, the differential
sensitivities of CTA and the current wide-field instruments (Fermi-LAT and
HAWC) are shown. With a 6 mCrab integral sensitivity above 125 GeV
(which would roughly correspond to the red curve in the plot for sources
with Crab-like spectra), the CTA extragalactic survey will make a unique
measurement between 100 GeV and 10 TeV. It is worth mentioning that the
integral sensitivity of Fermi-LAT after an exposure of 10 years is expected
to reach a level of 20 mCrab above 200 GeV, which makes Fermi-LAT
competitive with CTA for steady sources up to that energy. In the southern
sky, which HAWC does not access, the uniqueness of the survey extends to
higher energies. In the north, HAWC is complementary to CTA at energies
above 10 TeV. It is clear that the CTA-North array, with a smaller number
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of telescopes and no SSTs, will require a longer exposure to obtain the same
target sensitivity.

8.2 Strategy

The CTA extragalactic survey is proposed to take 1000 h and cover 25% of
the overhead sky. The survey is unique and in that it opens a new window
for the search of extragalactic sources as well as it being the first attempt
for a complete log N-log S study of close-by blazars in VHE gamma rays.

The normal, conservative, pointing scheme would be the default one. In
case the simulations show that the divergent pointing mode is more sensitive
than normal pointing for the survey, the survey would be performed using
divergent pointing. In this case, the complexity of the event reconstruction
and data analysis would require the set up of a special analysis pipeline and
the unique expertise of the CTA Consortium.

8.2.1 Possibility of Several Pointings for a given
Field of View

It will be shown later (Section 8.4) that the optimal strategy for the survey is
a sequence of pointings at grid points of the survey area with a 3° separation
between the points. This pointing strategy would result in approximately 3 h
effective observation time for every point on the sky within the boundary of
the survey. The default plan would be to observe at each grid point for
the required amount of time (i.e., 0.51h in the south and 1.11h in the
north, see Table 8.2). However, it may be better to have shorter pointings
(e.g., 10 minutes in the south and 22minutes in the north) for each grid
point and to return to each grid point three times during the survey. This
would increase the chances of catching flaring activity, while keeping the
total observation time the same. Also, shorter exposures would enhance
CTA’s ability to detect short, bright transient phenomena. We will keep
this possibility in mind for the optimisation of the survey strategy once the
time needed for re-pointing CTA is known.

8.2.2 Shallow survey versus deep survey

We investigated different survey strategies. In particular, we focused on the
comparison between a shallow and wide survey versus a deep and narrow
one. According to the study made by [13], which is based on Monte Carlo
simulations of blazar populations, observing a four times narrower field
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for, consequently, four times longer time would result in a detection of
about 50% less sources. We, therefore, argue for a wide area shallow survey.
However, the shallow survey should be deep enough to obtain a significantly
(more than a factor of ten) better sensitivity than Fermi-LAT and HAWC
for steady sources. A quarter-of-the-sky survey is a good compromise (see
Section 8.4.3 for a discussion of the achievable sensitivities). We stress,
however, that the survey area can be further optimised using results on
the number of serendipitous sources found in pointed observations during
the CTA construction phase (see Section 8.4.2).

8.2.3 Targets

We propose an extragalactic survey as shown by the light blue area of
Figure 8.3. The survey would connect with the Galactic Plane Survey
(6] < 5°, dark blue area) and cover ~25% of the sky, over Galactic longitude
—90° < I < 90°. The proposed survey would be performed using both CTA
arrays for zenith angles of observations smaller than 45° to ensure uniformity
in the energy threshold and resulting sensitivity. Several highly interesting
regions, such as Cen A (south) and the Virgo cluster, Coma cluster, and
Fermi bubbles (north), will be covered by the proposed survey.
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» Detectable sources within CTA surveys
= AGNs detected by IACTs
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Figure 8.3: Proposed region of the extragalactic survey in Galactic coordinates: b >
5%,—90° < I < 90°, 25% of the sky, marked in light blue. The Galactic Plane Survey is
indicated by darker blue. Red points show a hypothetical example of the sources to be
detected in the extragalactic and Galactic CTA surveys. Extragalactic and unidentified
Fermi-LAT hard-spectrum sources (2FHL catalogue [191]) are displayed as black dots,
whereas green points show the AGN that have been detected so far by IACTs [204].
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A hypothetical result of the survey is illustrated Figure 8.3 by the red
dots. The black dots represent 2FHL sources (Galactic sources are not
shown) from [191]. The red dots result from CTA simulations extrapolating
2FHL sources for a CTA exposure of 6 h, assuming an averaged flux state and
that 5% of the sources will be found in a flaring state. The Galactic sources
are simulated to follow the spatial distribution of pulsars in the ATNF pulsar
catalogue. The green points show extragalactic sources already detected in
the TeV gamma-ray regime from Ref. [204].

8.3 Data Products

This KSP will produce an extragalactic gamma-ray catalogue of detected
sources. For each source, the catalogue will contain the:

differential energy spectrum,

significance of the detection,

source location,

integral flux,

variability index,

extension of the source, if applicable, and

association with known objects, if made.

The catalogue will also contain the time intervals (modified Julian dates) for
the observation periods and the time intervals for any detected flares.

The catalogue will be released one year after completion of the survey. In
case of detection of a significant transient event, a public alert will be issued
at the earliest possible moment (via, e.g., the Virtual Observatory network
using VOEvent protocol, see the Transients KSP in Chapter 9).

Interrupting the survey for self-triggers and/or external triggers will
be possible, but the conditions for such events should be carefully studied
and covered by a separate proposal. Follow-up observations are not part
of this KSP and are expected to be largely carried out through the GO
Programme.

In order to maximise the scientific output of the extragalactic survey, we
are planning to organise an extensive MWL effort to accompany the survey.
We foresee obtaining simultaneous optical data and snapshots in the radio
band. Since the optical and radio observations have a much smaller FoV
than the CTA telescopes, we plan to observe potential sources within the
CTA FoV only or make shallow scan observations. For the new detected TeV
sources without well determined redshifts, we will launch follow-up optical
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spectroscopy observations to obtain the redshifts. In the X-ray band, we will
launch ToO programmes for follow-ups on detected gamma-ray flares. We
will complement our MWL efforts by the public Fermi-LAT data in the GeV
gamma-ray band. It is planned that all available simultaneous MWL data
will be published in the extragalactic gamma-ray catalogue as additional
information.

8.4 Expected Performance/Return

In this section, we estimate the expected survey sensitivity. All numbers are
given for a survey size of 25% of the sky. We focus on the estimation of
what can be achieved through parallel pointing of the telescopes (i.e., where
during each observation all telescopes are pointing in the same direction).
The prospect of using the divergent pointing mode is also briefly discussed.

8.4.1 Method

The survey pattern considered is similar to that presented in an earlier paper
on surveys with CTA [9]. We consider a pattern where the observation
pointing directions are uniformly distributed on a grid of equilateral
triangles. The observations are simulated using standard software used in
the gamma-ray band (ctools and GammalLib) and the instrument response
functions come from CTA simulations. A representative portion of the survey
is considered and the sensitivity at each point is calculated by simulating a
point source with 0.25 degree steps in the source position. The simulated
source has a Crab-like spectrum, and its flux is adjusted so that the source
is detected at a significance of five standard deviations above the background.
That flux then corresponds to the detection sensitivity at that location in
the survey. The sensitivities are given in comparison with the Crab nebula
flux, as discussed in Section 6.4.1.

8.4.2 Serendipitous Discoveries during the Construction
Phase

As stated above, there is a large spread in the theoretical predictions on the
source numbers and their class types for the envisioned extragalactic survey
with CTA. We investigated the chances for serendipitous discovery of new
gamma-ray sources during the construction phase of CTA. We considered
on-source observations that will be performed after completion of half of
the CTA array and before the start of observations with the full array. It is
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reasonable to assume that there will be some 50 extragalactic fields observed
with this half-CTA array, for 20 h each. Taking a reduced sensitivity of the
half-array into account we assume that within a 20 h observation, a 6 mCrab
integral sensitivity level will be achieved within a 3° radius of the centre of
the field of view. Using these assumptions we performed two Monte Carlo
simulations:

e optimistic scenario: assuming that there are 150 extragalactic sources
detectable with CTA (flux higher than 6 m Crab) in 10,000 deg?, and

e pessimistic scenario: assuming that there are 30 extragalactic sources
detectable with CTA (flux higher than 6 m Crab) in 10,000 deg?.

In each case, a population of sources was uniformly simulated in 10,000 deg?.
Two cases of CTA pointings were considered: in the first one, all 50 pointings
are random and not correlated with the simulated source positions. In a
second one, we assumed that the 50 pointings are performed towards a subset
of the simulated population (if there are more pointings than sources, the
rest of the pointings are random). Each simulation was repeated 1,000 times
and the mean value in the number of detections, as well as the spread, were
obtained.

The results of the simulations are shown in Figure 8.4. In the plots on
the left, we show one out of 1,000 simulations. In these plots, the small red
dots indicate the random pointing positions of CTA. We count serendipitous
discoveries in following cases:

e serendipitous detection of a source in a random pointing (Figure 8.4, big
blue dots);

e serendipitous detection of a second source in a random pointing
(Figure 8.4, big green dots);

e serendipitous detection of a second source in a pointing towards another
source (Figure 8.4, big red dots);

In the histograms on the right, the distributions of the serendipitous
detections are plotted. Depending on the assumptions made, we find that,
in the optimistic case, 20-30 sources can be discovered serendipitously to
pointed observations. In the pessimistic case, 2-5 sources will be discovered
serendipitously.

These Monte Carlo simulations show us that with a partial CTA array
during the construction phase we will be able to obtain a reasonable estimate
on the number of expected sources in the extragalactic survey, which can be
used to refine the survey strategy.
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Figure 8.4: Results of the Monte Carlo simulation for serendipitous discoveries during
the CTA construction phase. In the optimistic case ((a) and (b)), 20-30 sources can
be discovered serendipitously, whereas in the pessimistic case ((c) and (d)), only 2-5
serendipitous discoveries can be made. See text for details.

8.4.3 Results after the Completion of the Survey

Sensitivities have been calculated for the south and north arrays using
the CTA simulations. A preliminary study has shown that the instrument
response functions obtained using a set of cuts optimised in 50 h observations
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and a Crab-like spectrum give the best results in terms of survey integral
sensitivity compared to other available sets of cuts. The results presented
here make use of the instrument response functions (IRFs) derived from
these cuts. Nevertheless, since the cuts have not been optimised for the
survey, the sensitivity quoted here may not be optimal.

For the CTA-South and CTA-North arrays, we use the configurations
with 4 LSTs, 24 MSTs and 35 SSTs, and 4 LSTs and 15 MSTs, respectively.
The same arrays without LSTs have also been considered. An optimisation
is performed considering the spacing between the pointings (the smaller the
spacing the more uniform the sensitivity) and the exposure per pointing,
keeping the total exposure of the 10,000 deg? constant. Three different
spacings have been considered: 2°, 3°, and 4°. An example of the resulting
sensitivities and their variation is shown in Figure 8.5. This particular
example shows the performance of the south array with a 3° spacing between
the pointings. The integral sensitivities are colour-coded and the grid is in
RA /Dec coordinates.

The results of the study for 600 h and 25% of the sky are summarised
in Table 8.1. Note that here we assume that entire 600 h are spent in South
or in North. A spacing of three degrees between the observations gives a
better mean sensitivity compared to 4° or 2°. Using this spacing and pointing

NN
o~
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B

DEC [degree]
a

NN
wW B

79 80 81 82 83 84 85 86 87 88 59
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Figure 8.5: Sensitivity map (colour scale, integral sensitivities in units of mCrab for
energies above 125GeV) from simulations for a portion of the survey, assuming the
southern array for 600 h and covering 10,000 deg®. The grid is in approximate RA/Dec
coordinates. Note that the colour scale is zero-suppressed to better illustrate sensitivity
variations across the survey. Red crosses denote the actual pointing positions.
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Table 8.1: Estimation of the survey sensitivity for a total of
600 h of observations and a coverage of 25% of the sky, for the
south and north arrays and for various grid spacings (in degrees).

Spacing between the observations

4 degree 3 degree 2 degree
0.83h/obs. 0.46 h/obs. 0.21h/obs.

ARRAY S AS S AS S AS

South-noLLST 5.4 0.9 4.8 0.4 5.0 0.5
North 8.61 1.2 8.0 0.8 8.1 0.8

Notes: The sensitivity, S, is given in units of mCrab, see
Section 6.4.1. A S represents the survey sensitivity fluctuation;
this is the standard deviation of the sensitivity distribution over
the sampled survey field of view.

Table 8.2: Same as Table 8.1 but for the 3° spacing
with the sensitivity numbers scaled for a total of 1000 h
shared between CTA-South (400 h) and CTA-North (600 h),
covering 60% and 40% of the survey area, respectively.

Integral sensitivity

ARRAY Time per pointing (h) S+AS
South-noLLST 0.51 5.14+0.5
North 1.11 5.4+0.6

scheme, every sky point in the survey has an effective observation time about
six times larger than that of a single pointing. In the south, the survey
integrated sensitivity is on the order of 5 mCrab above 125 GeV. In the north,
a sensitivity of 8 mCrab can be achieved. These numbers will only improve
with an optimised array layout and advanced analysis techniques.

In order to obtain a uniform sensitivity between North and South, we
propose to cover 15% of the sky (60% of the survey) from the south in 400 h
and the remaining 10% of the sky (40% of the survey) from the north in
600 h. Such coverage would ensure a 6 mCrab sensitivity over the area of
the whole survey after 1000 h observations from south and north in total.
Having both CTA-S and CTA-N participating in the survey allows one to
cover several regions of particular interest (e.g., the Coma cluster, Fermi
bubbles, Cen A, and Virgo cluster) and complete the extragalactic sky survey
within the first two years of operation, which would not be possible with one
site alone. The sensitivities for the proposed shared survey for a total of
1000 h are shown in Table 8.2. We note that with improved data analysis
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techniques, a better sensitivity than the targeted one can be achieved in the
same observation time.

8.4.4 Participation of LSTs

Including the LSTs into the extragalactic survey has some crucial advan-
tages, including;:

e a higher sensitivity to transients as most of them are distant sources with
soft spectra (but the improvement factor is unclear and our best guess is
that the number of detected transients would increase by a factor of two),

e the potential discovery of short-term variability for sources at energies
below 100 GeV, as the LSTs provide several orders of magnitude better
sensitivity than Fermi-LAT for exposures of less than one hour (see
Figure 1.5),

e the measurement of the low-energy lever arm in the spectra for most of
the detected sources, and

e the detection of a factor two more Fermi-LAT known sources (this is a
difference between the 25 GeV threshold energy of the LSTs and 80 GeV
for the MSTs).

There are, however, some caveats. One of them is that including LSTs
into the survey does not change the overall sensitivity much because we
evaluated the sensitivity above 125 GeV, which is dominated by the MSTs.
A second point is that the LSTs have a narrower field of view than the
MSTs, which means that the survey could be done more rapidly without the
LSTs. Including the LSTs also adds some non-uniformity of the exposure.
Finally, if the LSTs were excluded from the survey, they could be devoted to
other programmes (done in parallel to the survey) that require a low-energy
threshold and do not require a high sensitivity above 1 TeV. Nevertheless,
we recommend to include the LSTs into the extragalactic survey arguing
that the advantages outweigh the disadvantages.

8.4.5 Prospects for Divergent Pointing

In the divergent pointing mode, each telescope in the array is pointed to a
location on the sky that is slightly offset from its neighbour in order to cover
a larger portion of the sky at once.

Here, we briefly summarise the results of a preliminary study based on
CTA simulations with no LSTs. The divergent pointing pattern considered
resulted in a field of view of 14° in diameter with sensitivity fluctuations
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below a factor two across the field of view. Comparing divergent pointing
and normal pointing indicates that a sensitivity gain of roughly 1.5 can be
achieved if divergent pointing is used to do the survey.

An independent study on the prospects of the divergent pointing mode
was made by [253] using early simulations of an array of 23 MSTs. The
authors showed that the divergent mode will be significantly superior to the
normal pointing mode for source detections, i.e., it will have a superior flux
sensitivity. They calculated that by separating the telescope pointings by up
to 6° (from the pointing of the inner telescopes to the outermost ones), the
needed time for a given flux sensitivity can be reduced by a factor of 2.3,
which confirmed the gain in sensitivity seen in the study discussed earlier.
As expected, however, the angular and energy reconstruction accuracy for
the divergent pointing mode is up to a factor of about two worse than for the
normal pointing. Still, such an increase in flux sensitivity is very attractive
for the survey, especially because of the increased chances of observing GRBs
that occur within the field of view.

The studies of the divergent pointing mode are very promising and will
be continued with the latest simulations using the final array layout for the
northern and southern arrays in order to reach a robust conclusion on the
use of this mode.
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9
KSP: Transients

The universe hosts a diverse population of astrophysical objects, within
our Galaxy and beyond, that explode or flare up in dramatic and unpre-
dictable fashion across the electromagnetic spectrum and over a broad
range of timescales spanning milliseconds to years. Collectively designated
“transients”, many are known to be emitters of high energy gamma rays and
are also potential sources of non-photonic signals that include cosmic rays,
neutrinos, and/or gravitational waves (GWs). They are of great scientific
interest, being associated with catastrophic events involving relativistic
compact objects such as neutron stars (NSs) and black holes (BHs) that
manifest the most extreme physical conditions in the universe. However, their
dynamic nature has often hindered detailed observational characterisation
and robust physical understanding. One of the key strengths of CTA is the
unprecedented sensitivity in VHE gamma rays for transient phenomena and
short timescale variability [18], which can revolutionise our knowledge of
cosmic transients. Its relatively large field of view (FoV) is also a crucial
asset in discovering transient events on its own, as well as in following up
alerts of transients issued by monitoring instruments.

In this context, we propose follow-up observations of six classes of targets
(denoted A-F) triggered by external or internal alerts, together with an
unbiased survey for transients utilising divergent pointing observations (G).

(A) Gamma-ray bursts (GRBs), based on external alerts from monitoring
facilities. Thought to be triggered by special types of stellar collapse and
merger events involving NSs and/or BHs, these highly luminous and
distant explosions in the universe are also one of its most mysterious

163
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phenomena, with many basic aspects still poorly understood [14, 254,
255]. In addition to addressing key issues regarding the physics of GRBs,
CTA will use GRBs as probes of cosmic-ray physics, observational
cosmology, and fundamental physics [14, 31, 256].

Galactic transients, based on external alerts from monitoring facil-
ities. A wide range of compact objects in our Galaxy exhibit different
types of jets and winds that accelerate high energy particles in spo-
radic outbursts, whose production mechanisms can be greatly clarified
through CTA observations [15, 20, 257]. These include flares from pulsar
wind nebulae (PWNe; relativistic outflows driven by rotating NSs)
[15, 258], flares from magnetars (NSs with anomalously high magnetic
fields), jet ejection events from microquasars and other X-ray binaries
(NSs or BHs accreting matter from a stellar companion) [20, 259], novae
(explosions on the surfaces of white dwarfs) [259], etc.

X-ray, optical, and radio transients, based on alerts from “tran-
sient factory” facilities. Large numbers of X-ray, optical, and radio
transient phenomena will be newly identified by current and upcoming
transient factories capable of regularly monitoring large areas of the
sky in these wavebands [260], including tidal disruption events (TDEs)
[261], supernova shock breakout (SSB) events [262], and fast radio bursts
(FRBs) [263]. Observing a selected sample of such alerts with CTA offers
new strategies for elucidating various known types of transients, as well
as the potential for discovering completely new source classes.
High-energy neutrino transients, based on alerts from neutrino
observatories. Cosmic high-energy neutrinos are clear indicators of
hadronic cosmic-ray production [264] and have begun to be detected
by current facilities [45], although their origin is yet unclear [265]. CTA
follow-up of appropriately selected alerts can determine their origin
[266, 267] and can possibly give insight on extragalactic and/or Galactic
cosmic rays as well.

GW transients, based on alerts from GW observatories. GWs are most
prominently expected from cosmic transients and were directly detected
for the first time from binary BH merger events [7, 29] without any
clear evidence of associated electromagnetic signals [268] (see however
Ref. [269]). More GW detections are expected in the coming years,
including those of NS mergers accompanied by electromagnetic emission
[270], albeit often with large localisation uncertainties. Follow-up by
CTA with suitable strategies can play a unique and essential role for
identifying and understanding their sources [6, 271].
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(F) Serendipitous VHE transients, identified via the CTA real-time

analysis (RTA) during scheduled CTA observations. The RTA can
recognise new transients or flaring states of known sources at very
high energies anywhere in the FoV and automatically issue alerts within
30 s [272, 273]. As with transient factory events, follow-up of a selected
sample will greatly advance studies of known and unknown transients.

(G) VHE transient survey, utilising divergent pointing and in conjunc-

tion with the CTA Extragalactic Survey KSP (Chapter 8). As a novel
capability of CTA, observations in divergent pointing mode covering a
large instantaneous FoV could offer not only more efficient surveying
of the extragalactic sky [9, 253, 274], but also unique prospects for
a VHE transient survey not biased by alerts. The potential discovery
space includes detection of GRBs from their onset and consequently
improved tests of Lorentz invariance violation (LIV), searches for new
classes of VHE transients, and simultaneous MWL and/or MM studies
with other wide FoV facilities of short-duration transients such as SSBs

and FRBs.

Key science questions addressed by this KSP include:

What are the physical mechanisms that drive jets and winds around
neutron stars and black holes?

What are the physical mechanisms that drive GRBs, the most luminous
explosions in the universe?

What is the origin of the ultra-high energy cosmic rays (UHECRs), the
highest energy particles in the universe?

What is the origin of the recently discovered cosmic high-energy neutrinos?
What is the origin of the recently discovered fast radio bursts?

What are the sources of GWs and the physical mechanisms that drive
them?

Is Einstein’s theory of special relativity correct?

Are there unknown types of explosive phenomena in the universe?

Validity as a key science project (KSP)

Suitability as a KSP is clear for all targets, as the observing programme

proposed here demands:

expertise of the CTA Consortium to optimise: (i) for A-E, the response
to external alerts and MWL/MM co-ordination with other large-scale
collaborations, often bound by memoranda of understanding (MoUs),
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(ii) for F, internal data communication, and (iii) for G, the array pointing
mode and coordination with the extragalactic survey strategy,

e starting observations using partial arrays, for A-F, and

e persistent, dedicated efforts for achieving positive detections for A—E and
G, and possibly F as well.

Observing strategy and required time

The strategies and required times are given below for each target class, to
be considered provisional guidelines subject to revision in the light of actual
findings. At present, we anticipate aggregate observing times of 390 h/yr/site
for the two-year early phase, 125 h/yr/site for the first two years of full-array
operation, and 95 h/yr/site from the third year onwards, see Table 9.1.

(A) Gamma-ray bursts: We propose that all alerts during dark time
with zenith angle less than 70° be followed up by the full array for 2 h
each; if a positive detection is achieved, the observations are extended for
as long as the target remains detectable. Together with some high-energy
alerts not promptly accessible by CTA, the total estimated observing time is
50 h/yr/site, to be distributed equally for each site and each year, starting
from the operation of the first large-sized telescopes (LSTs).

(B) Galactic transients: Different observing strategies (e.g., trigger
criteria, observing times, site requirements, etc.) are warranted depending
on the type of object, as summarised and prioritised. In all, 150 h/yr/site is
proposed for the early phase, plus 30 h/yr/site for the first two years of full
operation. Further continuation is contingent on the discovery of new sources
with fast variability, except for automatic follow-up of magnetar giant flares
as part of (A).

(C) X-ray, optical, and radio transients: Their follow-up hold great
scientific promise but currently involves various unknowns that preclude the
determination of explicit strategies. Nevertheless, to conduct exploratory
science along with requisite tests of the alert system, 50 and 10 h/yr/site
are proposed for the early and full phases, respectively.

(D) High-energy neutrino transients: Follow-up is proposed for alerts
from IceCube and other high-energy neutrino observatories of candidate
muon neutrino-induced track events, either multiplets of events that
arrive sufficiently close together in time and sky position or single, well-
reconstructed events that can be identified as neutrinos with high confidence.
The observing time should not exceed 20 h/yr/site for the early phase and
5-10 h/yr/site for the full phase.
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Table 9.1: Summary table of proposed maximum observation times for follow-up targets
in the Transients KSP. Observations of Galactic transients could be extended beyond year
3 of regular operations if new source classes with fast variability are discovered. The early
phase, prior to array completion, is assumed to last for two years.

Observation times (h yr=* site ™)

Priority Target class Early phase Years 1-2 Years 3-10 Years 1-10
1 GW transients 20 5 5
2 HE neutrino transients 20 5 5
3 Serendipitous VHE transients 100 25 25
4 GRBs 50 50 50
5 X-ray /optical/radio transients 50 10 10
6 Galactic transients 150 30 0(?)
Total per site (h yr—' site™) 390 125 95
Total both sites (h yr™*) 780 250 190
Total in different CTA phases (h) 1560 500 1520 2020

(E) GW transients: Follow-up of low-latency GW alerts can entail
covering large areas of the sky via tiling or divergent pointing for a modest
number of expected events, albeit subject to sizeable uncertainties. As with
neutrinos, we propose 20 h/yr/site for the early phase and 5-10 h/yr/site
afterwards.

(F) Serendipitous VHE transients: Unpredictable by definition, they
constitute important exploratory targets whose follow-up prospects depend
on the performance of the RTA. Accounting for different possibilities and
tests of the system, we propose 100 and 25 h/yr/site for the early and full
phases, respectively.

(G) VHE transient survey: To be performed via divergent pointing
and concurrently with parts of the extragalactic survey, and the associated
observing time will be accounted for in the Extragalactic Survey KSP.
Detailed plans for its implementation are to be decided after more com-
prehensive Monte Carlo predictions for the expected performance become
available.

Key data products

Spectra and light curves for each positively detected object on timescales
depending on the target class, plus upper limits for a fraction of alerts for
A-E. For the most part, data rights can follow the proposed protocol of being
proprietary for one year, but selected information should be communicated
rapidly in the form of Gamma-ray burst Coordinates Network (GCN)
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Figure 9.1: Simulated CTA light curve of GRB 080916C at z = 4.3, for observed photon
energies above 30 GeV with 0.1 s time binning and plotted from tg = 30 s after burst
onset. The assumed template is the measured Fermi-LAT light curve above 0.1 GeV for
this burst, extrapolating the intrinsic spectra to very high energies with power-law indices
as determined by Fermi-LAT in selected time intervals [275] and taking the EBL model of
Ref. [276]. For more details, see Ref. [14].

notices, Astronomer’s Telegrams, IAU circulars, etc. to ensure MWL/MM
follow-up.

Summary of simulations

Detailed simulations demonstrate that CTA detections of bright GRBs
allow measurements of their VHE light curves (Figure 9.1) and spectra
(Figure 9.2) in unprecedented detail, from which invaluable information is
expected concerning radiation mechanisms, hadronic cosmic-ray signatures,
constraints relevant to cosmology and fundamental physics, etc. Simulated
observations of PWN flares (Figure 9.3) and X-ray binary jet outbursts
(Figure 9.4) exemplify the power of CTA for probing the pertinent mecha-
nisms of emission and particle acceleration.

9.1 Science Targeted

9.1.1 Scientific Objectives

(A) Gamma-ray bursts: The most luminous cosmic explosions after
the Big Bang are also one of the most enigmatic classes of transients
[14, 254, 255]. Phenomenologically, they are defined by a “prompt” emission
phase that is prominent in the MeV band with durations in the range
Tog ~0.01-1000 s and rapid, irregular variability, followed by an “afterglow”
phase with emission that decays gradually over hours to weeks or longer and
spans all wavebands from radio to high energy gamma rays. Two populations



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

KSP: Transients 169

can be distinguished in the distributions of duration and prompt spectra:
“long, soft GRBs” with Tyy = 2s and “short, hard GRBs” with Tyg < 25
[277]. Both are likely to originate from ultra-relativistic jets, the former
triggered by certain types of stellar core collapse events that form NSs or
BHs, and the latter widely discussed to be triggered by merger events of
NS-NS or NS-BH binaries. However, many of the basic physical properties
of GRBs remain poorly understood, such as the nature of the central engine
and the mechanisms of jet formation, particle acceleration, and radiation,
particularly for the prompt and early afterglow phases. Known to occur
at cosmological distances (median redshifts z ~ 2 and z ~ 0.5 for long
and short GRBs, respectively), they can also serve as important probes
of the extragalactic background light (EBL), intergalactic magnetic fields
(IGMF) [14, 31], and the fundamental nature of space-time [256, 271]. They
are also one of the leading candidates for the currently mysterious sources of
UHECRS, the highest energy particles known to exist in the universe [264].

GeV-TeV gamma rays provide crucial insight into all of these issues.
Specific science goals that can be addressed by CTA observations of GRBs
include:

e determining the velocity of the jet and location of the emission site
via intrinsic gamma-gamma absorption features and short timescale
variability,

e determining the mechanisms of particle acceleration and radiation for the
prompt emission via time-resolved, broadband spectra,

e determining the mechanisms of particle acceleration and radiation for the
early afterglow emission,

e testing the GRB origin of UHECRs by revealing hadronic gamma-ray
signatures in time-resolved spectra,

e clarifying the global evolution of stars and supermassive black holes
(SMBHs) in the universe via gamma-gamma attenuation features due to
the EBL over a large range of redshifts, potentially beyond the reach of
active galactic nuclei (AGN) at z > 2 [30], and

e testing LIV with high precision via energy dependence of photon arrival
times.

Thus, outstanding contributions can be expected not only to the astrophysics
of GRBs, but also for cosmic-ray physics, observational cosmology, and
fundamental physics. For more details, see Section 9.4A and [14].

Note that automated follow-up of GRBs by CTA can occasion-
ally hit upon completely different types of transients such as giant
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flares of magnetars [278] (see B), magnetar-like behaviour of gamma-ray
binaries [279], relativistic SSB events [262], or relativistic TDEs [261] (see E),
benefiting the studies of such source classes as well.

(B) Galactic transients: Various types of compact objects in our Galaxy
are seen to produce jets, winds, or other kinds of outflows and then
convert their energy into high energy particles and radiation, whose physical
mechanisms are often not well understood. Although certain classes of such
objects are persistent and/or periodically variable emitters, others, listed
below, are transients that exhibit irregular and unpredictable variability
in different wavebands. Some of the latter are known high-energy (HE;
GeV band) gamma-ray sources, but none have been clearly detected so
far in VHE gamma rays. CTA observations of these Galactic transients
are expected to provide new, critical insight into the underlying physical
processes [15, 20, 257].

e Pulsar wind nebulaec (PWNe) flares: PWNe are bubbles of relativistic
plasma that are energised by magnetically driven winds emanating from
rotating NSs. While many are observed as steady sources spanning the
radio to VHE bands, the unexpected discovery of bright, HE gamma-ray
flares from the Crab nebula have revealed that they can also be transients
[258, 280, 281]. CTA observations can discriminate different models that
have been proposed and probe the physics of energy dissipation and
particle acceleration in pulsar winds [15, 257, 258] (Section 9.4B).

e Magnetar giant flares: Magnetars are NSs thought to be powered by
the energy of their anomalously high magnetic fields rather than their
rotation [278]. On rare occasions, they trigger giant flares, primarily in
MeV photons, which are the brightest bursts of extra-solar radiation ever
observed. To date, only three such flares (one each in 1979, 1998, and 2004)
are known, and (to our knowledge) none have been properly observed
above GeV energies, despite some predictions for HE afterglow emission
[282]. CTA follow-up may provide the first VHE coverage of such flares
and offer fresh clues to their mysterious origin.

e Microquasars: NSs or BHs activated by accreting matter from their
companion stars can be classified according to their companion mass into
high-mass or low-mass X-ray binaries (HMXBs or LMXBs). A subset
of them are observed to generate collimated jets of plasma in sporadic
outbursts and are called microquasars [20, 259, 283]. Some HMXB
microquasars such as Cyg X-3 and Cyg X-1 are known sources of HE
gamma rays [203, 284, 285] whose emission mechanisms (e.g., leptonic or
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hadronic) are still unclear, while some LMXB microquasars such as GRS
19154105 have long been predicted to be gamma-ray emitters [283]. MWL
observations featuring CTA will provide not only crucial tests of emission
models (Section 9.4B), but also new insight into the long-standing problem
of astrophysical jet formation [20, 259].

e Transient binary pulsars: Some X-ray binary pulsars that display transient
behaviour may contain pulsar winds interacting with material from their
stellar companions and emit GeV-TeV gamma rays in a way analogous to
some known, periodic gamma-ray binaries [259]. These include Be/X-ray
binary pulsars that show aperiodic X-ray outbursts [286] and transitional
pulsars that switch between rotation-powered and accretion-powered
phases [287]. Their study with CTA will shed new light on the physics
of pulsar winds, accretion onto NSs, and binary pulsar evolution.

e Novae: Under certain conditions, matter accreting onto white dwarfs
undergoes thermonuclear explosions and give rise to novae, with thermal
optical emission lasting days to weeks. Unexpectedly, HE gamma rays
were detected from several novae and interpreted as emission from
particles accelerated by shocks in their expanding ejecta [259, 288]. Many
uncertainties remain concerning the mechanisms of radiation and particle
acceleration that can be clarified by CTA observations [259, 289].

e Unidentified HE transients: Wide-field instruments operating at GeV
energies, such as Fermi-LAT, AGILE, DAMPE, or upcoming missions,
are capable of discovering new HE transients in the Galactic plane that
may not be immediately identifiable with known objects [290]. Follow-up
with CTA can play a crucial role in clarifying their nature or possibly
unravelling new types of Galactic transients.

(C) X-ray, optical, and radio transients: Wide-field monitoring facil-
ities operating in the X-ray to soft gamma-ray bands (hereafter simply
“X-rays” unless indicated otherwise), as exemplified currently by Swift and
INTEGRAL and to be succeeded by SVOM, have proven to be effective
transient factories, capable of discovering a large variety of transient
phenomena over a broad range of timescales [291]. New and upcoming optical
transient factories such as GAIA, Pan-STARRS, iPTF, ZTF, and LSST [292]
as well as radio transient factories such as SKA and its pathfinders LOFAR,
MeerKAT, MWA, and ASKAP [293] (see details in Chapter 2) guarantee
a revolution in our physical understanding of the transient universe [260].
Besides GRBs and the Galactic transients mentioned above, thousands
of sources of a very diverse nature are expected to be discovered, from
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nearby flaring stars with extreme non-thermal variability [294] to orphan
GRB afterglows at cosmological distances [295]. Thus, following up properly
selected alerts from X-ray/optical/radio transient factories with CTA will
pave a new and unexplored path to study the universe in VHE gamma
rays, with great promise for exciting results in widely disparate areas of
astrophysics. Some particularly noteworthy classes of expected transients
are as follows:

e Tidal disruption events (TDEs): All sufficiently massive galaxies are
expected to harbour SMBHs in their central regions. They can occasionally
brighten in the optical to soft X-ray bands via a transient accretion event
lasting weeks to months caused by tidal disruption of an approaching
star or gas cloud [261]. A fraction of them are relativistic TDEs that
are transient versions of blazars, co-producing jets with prominent non-
thermal radio to hard X-ray emission [296, 297]. HE/VHE emission
has been predicted for such events as well as for non-relativistic TDEs
[298], but the predictions are yet to be critically tested. CTA follow-
up observations can bring forth fresh insight into the physics of tidal
disruption, as well as new perspectives on jet formation by SMBHs that
are complementary to observations of AGN [30].

e Supernova shock breakout (SSB): Besides their emission powered by
radioactive decay on timescales of weeks, early UV to X-ray flashes are
expected from supernovae due to shock-heated ejecta on timescales of
hours. A subset of such events found by Swift on minute-timescales involve
relativistic ejecta and may (or may not) be associated with low-luminosity
GRBs [262, 299, 300]. Detection by CTA of correlated VHE emission [301],
either via rapid follow-up or via a simultaneous VHE survey, can probe
particle acceleration in radiation-rich environments, supernova explosion
dynamics, and its connection with GRBs.

e Fast radio bursts (FRBs): Radio surveys with wide FoV and high
time resolution have unexpectedly uncovered GHz-frequency, millisecond-
duration FRBs [36, 37]. Apart from redshifts z ~ 0.2-1.3 inferred from
their large dispersion measures, their origin is unclear, and a plethora
of models have been proposed [263]. MWL follow-up of one FRB alert
has led to the possible identification of a radio afterglow and an elliptical
host galaxy, implying a progenitor akin to NS-NS mergers [302] and an
intriguing potential link between FRBs, short GRBs, and GW events (see
A, E above). However, doubts have been raised for this particular case
[303]. Another FRB that is so far unique in exhibiting burst repetition
[304] was recently localised to sufficient accuracy to be reliably associated
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with a dwarf host galaxy at z ~ 0.2 and a persistent radio counterpart
[305], potentially pointing a young NS origin. There may possibly be more
than one class of FRBs. Notwithstanding the current ambiguities, CTA
follow-up of selected FRBs can test their supposed connection with young
NSs or NS-NS mergers and help to solve their mysterious origin. Note that
correlated, millisecond VHE bursts expected in some models [306] can only
be realistically tested by a simultaneous radio and VHE survey (see G).

(D) High-energy neutrino transients: Several types of transients
covered in this KSP are also promising candidate sources of high-energy
neutrinos, whose detection with currently operating or upcoming neutrino
facilities would reveal their inner workings in novel ways that are comple-
mentary to photons and GWs. Follow-up of neutrino alerts can address
the long-standing question of the origin of hadronic cosmic rays if they are
transient sources [264]. A new mystery, possibly independent of the directly
observed hadronic cosmic rays, is the origin of cosmic neutrinos with TeV-
PeV energies discovered by IceCube [45, 265]. While they do not appear to
be correlated with bright GRBs or AGN [267], it is possible that they are
generated by fainter GRBs/transients or flaring states of persistent objects,
some of them perhaps Galactic, that may give rise to VHE gamma rays
via processes concurrent with neutrino production. Spatial and temporal
coincidence studies between neutrinos and gamma rays can identify their
sources, and unequivocally prove hadronic cosmic-ray acceleration therein
[266, 267].

(E) GW transients: Cataclysmic transient events such as mergers of binary
NSs and/or BHs are predicted to be the strongest sources of GWs. Their
direct detection opens up a completely new window to probe the dynamical
behaviour of relativistic compact objects, in a way complementary to photons
or neutrinos. This long-awaited goal was recently achieved for BH-BH merg-
ers by the LIGO-VIRGO collaboration [7, 29]. With the upcoming network
of new-generation observatories comprising LIGO, VIRGO, KAGRA, and
INDIGO, many more detections are expected including NS-NS or NS-BH
mergers [307]. These are also leading candidates for the progenitors of short
GRBs [270, 308] and probable VHE gamma-ray emitters under certain
conditions, the nearest of which could occur within the expected detection
horizon of GW observatories [6, 271]. However, for their first years of
operation, the localisation errors of GW events are expected to be very
large, typically spanning 100-1000 deg?, as was indeed the case for the first
detections [29, 268]. Even after the detectors reach full performance, large
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localisation errors can still be the case for events near the sensitivity limit.
Thanks to the relatively large FoV, especially if divergent pointing can be
employed, CTA follow-up of GW candidates may offer better localisation
prospects compared to other wavebands through more efficient searches over
larger areas of the sky for their electromagnetic counterparts. This will
provide the impetus for further, extensive MWL follow-up that may reveal
the source, distance, and energetics of these events.

(F) Serendipitous VHE transients: One of the key advantages of CTA
is its high instantaneous sensitivity combined with its large FoV of several
degrees. This offers the tantalising possibility of serendipitously discovering
transient VHE sources within the FoV during any observation. In this
context, the RTA system can identify flaring sources in the FoV in less than
30 s from data taking, with a sensitivity at most a factor of three worse than
the final analysis [273]. Therefore, the RTA system will provide serendipitous
discoveries of new VHE gamma-ray sources in the FoV, which should be
observed more deeply by extending the observations being conducted at
any time. The RTA will also automatically issue alerts to the outside
community to promote MWL follow-up. The nature of such serendipitous
VHE transients can be any of those described above, or, more interestingly,
of a new and unexpected class.

(G) VHE transient survey: By virtue of the large number of its
constituent telescopes, CTA offers the novel capability of observations in
divergent pointing mode, whereby the telescopes (primarily MSTs) are
pointed in progressively offset directions to allow simultaneous coverage of
a considerably larger FoV compared to normal pointing mode [9, 253, 274].
While this entails some loss in energy resolution and angular resolution and
some increase in energy threshold, the enlarged FoV can compensate for
these losses and enable more efficient surveys for persistent point sources,
a potentially crucial asset for the Extragalactic Survey (see Chapter 8).
Furthermore, it can provide enhanced prospects and unique discovery space
for elucidating cosmic transients at very high energies without relying on
follow-up of alerts, in particular:

e detection of GRBs from their onset, including the prompt phase of short
GRBs and associated improvements for probing LIV,

e unbiased searches for VHE transients in general, including new classes of
transients, and

e MWL and/or MM spatio-temporal correlation studies with other obser-
vatories with wide FoV and/or limited localisation capabilities, including
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simultaneous MWL observations of short-duration transients such as SSBs
[262, 301] and FRBs [306, 309].

9.1.2 Context/Advance beyond State of the Art

(A) Gamma-ray bursts: Fermi-LAT has been detecting GeV-band emis-
sion from GRBs at a rate of >10 yr~!, totalling ~120 as of December
2016, revealing a rich phenomenology [310]: (i) most MeV-bright GRBs
are accompanied by GeV emission whose flux is generally consistent with
extrapolations of the measured MeV spectra, (ii) the GeV emission often
extends up to ~10-30 GeV, and occasionally to ~100 GeV, with no
conspicuous spectral cutoffs (with one exception [311]), (iii) the few brightest
GRBs clearly exhibit a hard spectral component that significantly exceeds
simple extrapolations of the MeV spectra, (iv) GeV emission is generally
observed during the prompt as well as the afterglow phase, lasting up to a
few thousand seconds, and occasionally to ~1 day, (v) GeV emission is seen in
both long and short GRBs, and (vi) current observations are not inconsistent
with the majority of GRBs possessing such high-energy emission, including
fainter GRBs (although ~20% of MeV-bright GRBs show indirect evidence
for some sort of spectral break between MeV and GeV [312]).

These observations, particularly of photons at a few GeV and above,
have led to some important physical insight, including significantly higher
velocities of the emission zone than had been inferred previously [275],
evidence for non-trivial mechanisms of emission and/or particle acceleration
during the early afterglow [313, 314], constraints on the EBL at the highest
redshifts so far [315], and the strongest limits to date on the violation
of Lorentz invariance [316, 317]. Nevertheless, in many cases, the limited
photon statistics achievable with Fermi-LAT at tens of GeV have prevented
firm conclusions, and many competing theoretical models remain viable.
Imaging atmospheric Cherenkov telescope (IACT) observations of GRBs
can potentially provide significant progress through much higher photon
statistics (see Figures 9.1, 9.2 and Section 9.4A for more details). However,
the sensitivity and energy threshold of current IACTs imply a detection rate
that is considerably less than ~1 GRB yr~!, and no GRB has been clearly
detected so far despite efforts over the last decade [318-320]. CTA can lead to
a major breakthrough by detecting GRBs at an appreciable rate of >1 yr—!
with far superior photon statistics compared to Fermi-LAT in the pivotal
energy range above 10 GeV [14, 321, 322].

HAWC may be able to detect GRBs at a rate of ~1 yr~! without external
alerts from their onset, albeit with much higher energy threshold and lower
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sensitivity [323, 324]. CTA follow-up offers significant advantages with more
sensitive observations down to considerably lower energies for studying long
GRBs and the afterglows of short GRBs, the latter of which will also be
key for identifying GW sources (see D below). Even the prompt emission of
short GRBs may be accessible to CTA if they can be caught during a survey
with divergent pointing, with particularly interesting implications for testing
LIV (see G below). On the other hand, an intriguing prospect is follow-up of
GRBs detected and alerted by HAWC, which would be almost guaranteed
to be detectable by CTA as long as the alert is fast enough.

(B) Galactic transients: None of our proposed target classes have been
unambiguously detected as transients at very high energies. Those observed
by Fermi-LAT and/or AGILE as transient sources of HE gamma rays on
timescales of hours to days include PWN flares from the Crab nebula
[280, 281], the HMXB microquasars Cyg X-3 [203, 284] and Cyg X-1 [285,
325, 326], several novae [288], and the transitional pulsar PSR J1023 + 0038
[287]. A few unidentified HE transients have also been seen at low Galactic
latitudes, although some, or all, of them may be extragalactic [290]. No
signals have been seen yet in IACT observations of Crab nebula flares
[327-329], Cyg X-3 [330], or novae [331] (see however tentative evidence
for Cyg X-1 [332]). Except for some novae, current IACT upper limits are
insufficient to constrain spectral turnovers between the HE and VHE bands,
so more sensitive observations with CTA are warranted to characterise the
maximum energy and nature (leptonic or hadronic) of the radiating particles.

Despite high expectations on both theoretical and empirical grounds
[283], LMXB microquasars such as GRS 19154105 have so far not been
detected above GeV energies [326], nor have transient Be/X-ray binary
pulsars such as 1A 05354262 [286]. To our knowledge, no proper HE or
VHE observations have been conducted yet for the rare giant flares from
magnetars [282]. CTA observations of these objects may allow the first
detailed exploration of their behaviour in the gamma-ray domain.

HAWC may be able to detect Crab nebula flares at multi-TeV ener-
gies [190] and possibly provide alerts to CTA for more sensitive follow-
up observations. However, other types of transients may be more difficult
for HAWC, especially if they have VHE spectral breaks that are expected
for some objects. Through detailed coverage of the highest energy electro-
magnetic window, MWL studies of Galactic transients featuring CTA could
clarify the relevant mechanisms of particle acceleration and radiation, as well
as the associated physical conditions concerning magnetic fields, matter, and
radiation density.
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(C) X-ray, optical, and radio transients: So far, dozens of candidate
TDEs have been observed in the optical and/or X-ray bands, but only a
handful of them have been identified as relativistic TDEs with jets [261,
296, 297]. Although searches for a few such objects in the GeV [296, 333]
and TeV [334, 335] bands have been negative, systematic and comprehensive
studies of TDEs at these energies have yet to be conducted. Only a small
number of SSB events have been discovered to date in the optical and/or
X-ray bands [262], with proper coverage lacking above GeV. The situation
is expected to improve with new optical and X-ray transient factories that
can detect and provide alerts for many more TDEs and SSBs by the time of
full CTA operation.

Real-time alerts of FRBs have begun to be issued only recently, with
typical latency of a few hours [302]. A follow-up observation was conducted
~15 h afterwards by H.E.S.S., yielding the first upper limits on VHE
afterglow emission from an FRB [336]. Upcoming radio facilities with
improved capabilities for FRB identification should allow more efficient
follow-up for a larger number of events, critically constraining FRB models
and helping to solve their mysterious origin.

More generally, new types of X-ray, radio, and optical transients are
likely to be discovered by transient factories that will come online during
the following years; these are not yet providing alerts for current TACTs
(although some tests have already been conducted, e.g., LOFAR-MAGIC).
The follow-up of sources triggered by transient factories will basically be
a MWL effort, where CTA will play a key role in elucidating the high-
energy end of the electromagnetic spectrum, significantly improving upon
the capabilities of Fermi-LAT, AGILE, and/or HAWC for the detection of
fast transient sources.

(D) High-energy neutrino transients: The IceCube observatory
reported the first evidence for extraterrestrial high-energy neutrinos in
the energy range of 30 TeV-2 PeV, with a diffuse flux significantly in
excess of the expected atmospheric neutrino background [45, 265]. Their
sky distribution is consistent with isotropy, and no significant correlations
with known astrophysical objects have been found so far. The lack of a
correlation is not surprising as the majority of the detections are cascade-
type events with large positional uncertainties of ~10°. The neutrinos
are likely produced in inelastic interactions between hadrons accelerated
to >PeV energies and ambient low-energy photons and/or hadrons. VHE
photons are inevitably co-produced in these interactions and may be
observable as long as they escape the source and propagate unattenuated.
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Detection of such components would not only provide a critical means to
identify and elucidate the neutrino sources, but also greatly contribute to
solving the long-standing puzzle of the origin of UHECRs and/or Galactic
cosmic rays. If the sources are transient, follow-up by CTA of appropriate
alerts from neutrino facilities can achieve much better sensitivity compared
to Fermi-LAT or HAWC [18].

MWL follow-up programmes of neutrino alerts from IceCube and
ANTARES have been carried out by telescopes in the optical, X-ray,
and VHE gamma-ray bands, including MAGIC [267], VERITAS [337], and
H.E.S.S. [338], albeit with no positive detections to date. ANTARES alerts
rely on real-time event reconstruction of single, upgoing candidates, whose
detection threshold is tuned to give acceptable rates for optical or X-ray
follow-up [339]. The first IceCube alert program, in operation since 2011, has
been based on a predefined list of sources, mostly AGN, when an increase in
the rate of upgoing neutrino candidate events (multiplets or clusters) is seen
at a source position above a certain threshold, which is adjusted to yield a
tolerable false alert rate of a few per year [266, 340]. Since 2016, new alert
channels were activated based on real-time, online event reconstruction that
identifies single-muon neutrino-induced track events with high confidence
and localisation accuracies of order of one degree or better, caused by either
extremely high-energy through-going events [266] or high-energy starting
events with contained interaction vertices [267]. Under consideration is an
unbiased, full-sky scan for upgoing multiplets without relying on a pre-
defined source list. Availability of an equally sensitive installation in the
northern hemisphere (e.g., KM3NeT [341] and GVD [342]) is still uncertain
but would increase the sensitivity towards the southern sky and permit lower
energy thresholds for Galactic sources. A substantial expansion of IceCube
is also being proposed for the future [343].

(E) GW transients: The momentous discovery of GW150914 by LIGO-
VIRGO heralded the birth of GW astronomy [7]. Quite surprisingly, this
was a BH-BH merger event [27], in contrast to most predictions that the
first GW detections would be coalescence events of NS-NS or NS-BH
binaries. The event was followed up by numerous facilities covering the
entire electromagnetic spectrum [268], as well as HE neutrinos [344], with
almost all follow-ups yielding null results, as had been expected for BH-BH
mergers. However, the report of a low-significance, time-coincident signal by
Fermi-GBM [269] has provoked a number of new theoretical suggestions
for potential electromagnetic signals from binary BH mergers (see, e.g.,
Ref. [345]) which must be tested through further observations.
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Eventual GW detections of NS-NS or NS-BH mergers are also highly
anticipated [307], as are associated electromagnetic signals [270]. These
events are also the most promising progenitors of short GRBs, from which
VHE afterglow emission is predicted for the fraction of events with their
GRB-emitting jets pointing close to our line of sight [316], in contrast to
the GW emission that should be nearly isotropic. Although GW alerts
are expected to have large localisation errors with areas having non-trivial
topology and spanning 100-1000 deg?, especially for the first few years
of LIGO-VIRGO, follow-up should still be manageable with CTA through
either tiling or divergent pointing strategies [6].

In view of the difficulty of wide-field instruments at other wavebands
in effectively covering sky regions as large as 1000 deg? and the relative
brightness of the high energy afterglow from short GRBs compared to
its optical counterpart, CTA may provide the best localisation prospects
and enable subsequent MWL follow-up of a manageable region of the sky.
Compact binary mergers can also eject a significant amount of fast material
in directions away from the GRB jet axis [346]. The interaction of that
material with ambient media may possibly induce additional high energy
emission, even for non-GRB, off-axis GW events [347]. The detection of
such components will provide unique information concerning the dynamics of
these events, complementing potential electromagnetic counterparts at other
wavelengths (e.g., optical/infrared “kilonovae” [348]). Follow-up is therefore
warranted for all GW alerts that are accessible to CTA.

(F) Serendipitous VHE transients: To our knowledge, there has not
been any new VHE transient that occurred serendipitously in the FoV during
observations by existing IACTSs. A systematic search in the Fermi-LAT data
for variable sources on weekly timescales has identified numerous flaring
sources, most of which can be associated with blazars and with no strong
evidence for new Galactic transients beyond novae and the Crab nebula [290].
HAWC may discover VHE transients without external alerts by virtue of its
wide FoV and high duty cycle, particularly GRBs and PWN flares (see A, B
above). If alerts for such HAWC detections are available sufficiently rapidly,
they can be followed up by CTA with its higher sensitivity and lower energy
threshold to obtain much more information.

(G) VHE transient survey: Divergent pointing observations by CTA will
be an unprecedented endeavour for IACTs. It will offer the prospects for
an unbiased survey of GRBs and other transients at very high energies,
beyond the energy range of Fermi-LAT and at much better sensitivity and
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lower energy threshold compared to HAWC [9, 253, 274]. This capability
will be of special importance in the currently burgeoning era of time domain
astronomy, with numerous other facilities already operating, or soon coming
online, that are geared to surveying large areas of the sky for transient
phenomena, particularly in the optical and radio bands (Chapter 2). An
intriguing possibility is coordinated, simultaneous MWL observations of the
same regions of the sky by CTA and such facilities which could enable the
first comprehensive studies of transients with short durations.

9.2 Strategy

It is highly desirable to begin transient follow-up observations with CTA as
soon as possible, including with partial arrays during construction. An early
start is warranted due to the infrequent nature and uncertain flux of the
transients, for example one should not miss a once per decade transient
event due to incomplete telescope array commissioning and verification.
Such observations are very suitable for early high-risk execution (unlike for
example, precision measurements of known systems) and can be effectively
managed by the CTA Consortium due to its extensive scientific and technical
knowledge. It may be necessary to invest a significant amount of time before
a successful detection, and trigger conditions will need to be modified based
on experience. All of this makes the transient programme well suited to
execution as a Key Science Project.

Described below are the observing strategies for each target class. In case
follow-up demands arise simultaneously for different classes, we prioritise
those that are expected to be rarer, less time consuming, and of potentially
higher scientific impact, in the following order: (1) GW transients, (2)
HE neutrino transients, (3) serendipitous VHE transients, (4) GRBs, (5)
X-ray/optical/radio transients, and (6) Galactic transients. The proposed
strategies and prioritisation are provisional and subject to change depending
on what is actually observed and how the fields evolve scientifically.

(A) Gamma-ray bursts: Alerts during operation of CTA are expected
primarily from soft gamma-ray instruments such as Swift, Fermi-GBM,
and SVOM, the latter planned to be launched no later than 2021 [349].
Additional, albeit rarer, alerts can come from wide-field instruments in high
energy gamma rays such as Fermi-LAT, DAMPE, HAWC, and LHAASO,
and possibly also from instruments in other wavebands such as GAIA, LSST,
etc. As cosmologically distant objects, they should be uniformly distributed
across the entire sky with equal rates for the CTA southern and northern
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Table 9.2: Summary of GRB follow-up strategy and observing time for one array site.

Expected Exposure Exposure
event per per
Strategy rate (yr—') follow-up (h) year (h yr—')
Prompt follow-up of accessible alerts ~12 2 25
Extended follow-up for detections 0.5-1.5 10-15 10-15
Late-time follow-up of HE GRBs ~1 10 10

Not accessible promptly

Note: The numbers are equal for the CTA-South and CTA-North sites.

sites. In view of EBL attenuation typically expected at higher energies, the
LSTs will be vital for follow-up, having the lowest energy threshold and the
fastest slewing capabilities of the three CTA telescope types. Nonetheless,
the full array including MSTs and SSTs should be slewed to maximise the
sensitivity at all energies. The full array will be particularly important if
the redshift turns out to be z < 1 (see, e.g., Ref. [313]), in which case the
detection of even multi-TeV photons may be feasible for a bright event [14].

We propose the following strategy for GRB observations, as summarised
in Table 9.2:

1. Prompt follow-up by the full array of all ‘accessible’ GRB alerts, i.e.,
those occurring during dark time and having zenith angles less than
70 degrees, with exposure of 2h for each alert. The expected alert rates
are ~5/yr/site for Swift or SVOM and ~10/yr/site for Fermi-GBM
[14, 321, 322], totalling ~12/yr/site when accounting for some overlap.
For Fermi-GBM alerts with localisation errors larger than the LST FoV,
some form of scanning or multiple-pointing (tiling) observation may be
advantageous [350], whereas the alternative possibility of employing diver-
gent pointing of LSTs has been deemed less effective from preliminary
studies. All available telescopes, particularly all LSTs, should always be
employed to guarantee maximum sensitivity at the lowest energies, as the
detailed properties of GRBs can vary greatly from burst to burst.

2. Extended observations for detected GRBs with the full array. The RTA
system will clarify whether VHE photons are detected with a latency of
30 s, in which case the observation should continue for as long as the
target is visible and detectable. The predicted GRB detection rates are
of order ~1/yr/site [321, 322].

3. Late-time follow-up of high-energy GRBs not accessible promptly with
the full array. Cases may be expected where a bright GRB is detected
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by Fermi-LAT, DAMPE, HAWC, or LHAASO but is not accessible
immediately to CTA by occurring on the other side of the Earth at trigger
time. These should be followed up as soon as the target becomes visible,
for which we estimate a rate of ~1/yr/site.

Some important caveats concerning the detection rate predictions quoted
above are discussed in Section 9.4A. Note that additional follow-up observa-
tions during partial moon time is feasible and can increase the detection rate
by ~50%. Analysis of GRB data may be amenable to looser selection cuts for
background rejection and correspondingly lower energy thresholds compared
to standard analysis criteria, allowing access to spectral regions less affected
by EBL absorption. On the other hand, some data may be taken while the
telescopes are slewing; such data will need to be carefully calibrated on the
basis of a good understanding of the behaviour of the telescopes under such
conditions.

Contemporaneous MWL follow-up with available facilities covering the
entire electromagnetic spectrum should be utilised whenever possible to
obtain complementary data. A prime motivation is good characterisation of
the time-dependent, broadband spectra of the afterglow, in order to pin down
key physical quantities such the total burst energy, jet collimation angle, and
ambient density. Of utmost importance is the determination of the GRB
redshift by optical/infrared telescopes, the failure of which would seriously
compromise the science return, especially in view of the modest expected
detection rates. For this purpose, in addition to maximal cooperation with
external observers, it is desirable to have an on-site telescope dedicated for
CTA follow-up, which can localise a majority of the afterglows to sufficient
accuracy so that larger telescopes can be alerted for spectroscopic follow-
up. Infrared coverage is preferable to cope with optically dark GRBs that
constitute a large fraction of all afterglows [351], but may only be viable
with external telescopes in view of cost limitations.

The demand for ground-based localisation may become somewhat less
urgent once SVOM is launched, whose on-board optical telescope with
red coverage can localise up to ~70% of afterglows by itself. Note that
the probability of GRB redshift determination is currently higher in the
north than the south by ~50%, thanks to the prevalence of telescopes and
astronomical communities available for follow-up [352]. GRBs may also be
detected by GW or neutrino observatories (Sections 9.1.1C and 9.1.1D). Low
significance (sub-threshold) detections may be useful for coincident searches
among multiple observatories, and thus CTA should participate in relevant
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networks such as the Astrophysical Multi-messenger Observatory Network
(AMON).?

(B) Galactic transients: The targets proposed for this KSP are listed
in Table 9.3. We have tentatively provided prioritisation among them, in
case multiple source classes happen to be active at the same time. Magnetar
giant flares are placed first due to their rarity, short duration, extraordinary
properties, and lack of precedent gamma-ray coverage. HE-detected source
classes follow, roughly in order of their typical duration of activity: PWN
(Crab) flares, HMXB microquasars (Cyg X-3 and Cyg X-1), and unidentified
HE transients. LMXB microquasars are placed next in view of their high
expectations despite not yet being clearly detected at high energies (see
however Ref. [353]). Novae and transitional pulsars are given lower priority
on account of their expected spectral turnovers above the HE band, followed
by Be/X-ray binary pulsars. We emphasise that this ordering is provisional
and is open to change in response to what is actually observed and how the
field develops during the course of this KSP.

Since we are exploring the unknown for all of these sources, trigger
criteria are not provided in detail here and will be determined based on the
actual evolution of the transient phenomena. Approximate trigger rates for
CTA follow-up, their urgency, and duration of activity are given, together
with the total number of hours of observation per transient episode and
sites to be used. For sources with priority rank 5-8, we propose to trigger
only in 2-3 cases with good enough sensitivity. A total observation time of
150 h/yr/site is estimated for Galactic transients during the early phases of
CTA, and of 30 h/yr/site during the first two years of regular operations.
Extension of this observation time into years 3-10 of full operations is
contingent on the discovery of new Galactic source classes that show fast
variability. The general requirements for observations will be zenith angles
below 50° (70° for PWN flares) and any weather conditions.

Simultaneous MWL follow-up observations should be arranged for all
targets to maximise the scientific output. The best approach would be to
collaborate with existing teams of experts (internal or external to CTA)
that already have granted observing time in multiple facilities. Efforts are
warranted to establish collaborations with such teams prior to the early sci-
ence phase. Furthermore, a dedicated, on-site, 0.5-1 m class optical telescope
can provide important benefits, including coordinated optical photometry to
clarify various thermal and non-thermal processes and possibly polarimetry

#see http://amon.gravity.psu.edu/index.shtml
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Table 9.3: Summary table of Galactic transients proposed within the Transient KSP during the early phase of CTA.
Follow-up Detected Rate Activity Obs. time (h)  Total
priority Target class @ HE Trigger (yr™ 1) Urgency duration /night time (h) Site
1 Magnetar giant flares MeV 0.1 1 min 1-2d Max. 1 10 A/B
2 PWN flares: Crab Y HE 1 1d  520d (HE) 4 50  S&N

nebula
3 HMXB microquasars:
Cyg X-3 Y  HE/Xway 05 1d 50-70d (HE)  Max. 1 50 N
Cyg X-1 Y HE/X-ray 0.2 1d 1-10d7? Max. 1 30 N
4 Unidentified HE Y HE 1 1d ? 2 20 A/B
transients
5 LMXB microquasars ? X-ray/radio 1 1d Weeks 2 20 A/B
6 Novae Y HE/opt. 2 1d Weeks 2 20 A/B
7 Transitional pulsars Y Radio/opt. 0.5 1d Weeks 2 20 A/B
8 Be/X-ray binary N X-ray 1 1d Weeks 2 20 A/B

pulsars

Note: The codes for the last column are: S (south), N (north, A (any), and B (both, if possible).

V81
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to obtain valuable complementary information on magnetic fields, density of
ambient gas, etc.

(C) X-ray, optical, and radio transients: To exploit the potential of
X-ray, optical, and radio transient factories, we suggest 50 h/yr/site during
the early phase to test and tune the filter and trigger response system
based on responding to promising bright transients. Thereafter, we consider
10 h/yr/site during regular operations to use the tuned filters to follow-up
on the many new transient alerts we expect to receive.

The systems for responding to X-ray alerts from Swift, INTEGRAL, or
SVOM are already well established for current IACTs and can be generally
followed for CTA as well. Based on existing data, we do not expect the rate
of alerts for transients of interest such as TDEs or SSBs to exceed those
of GRBs. On the other hand, planning concrete strategies at this moment
for follow-up to optical or radio transient factory alerts is challenging,
due to numerous uncertainties concerning the actual performance of each
facility, the latency for receiving different types of alerts, and the extent of
the information that will be available. This is especially the case for fast
transients such as FRBs. Nevertheless, a sketch of some possible strategies
can be outlined for the relatively slower, Galactic transients. For example,
optical transient factories are expected to discover large numbers of novae.
Several novae have been detected by Fermi-LAT in HE gamma rays [288],
and current IACTs are searching for VHE gamma rays from these objects, as
predicted in some hadronic models. We expect that observations conducted
by these and other high-energy facilities during the following years will
provide a clearer picture as to what the best trigger conditions may be
for follow-up with CTA. Possible filtering criteria could be based on optical
magnitude (to select nearby objects), nova type (nature of the companion
and expected physical behaviour), properties of the HE gamma rays detected
by Fermi, etc. Similar exercises will also be conducted for other types of
objects during the following years and prior to the early science of CTA, such
that the optimal methodology can be developed for selecting the particular
types of transient factory alerts that are most interesting for our aims.

(D) High-energy neutrino transients: Follow-up with the full CTA is
proposed for three different types of neutrino alerts, which are already being
issued by IceCube for current TACTs:

1. Upgoing multiplets: The strategy that is already being pursued by
IceCube and present IACTSs is based on event multiplets for a prede-
fined list of known objects, consisting mostly of AGN in the northern
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hemisphere [338, 340]. Alerts to IACTs are issued whenever IceCube
observes an increase in the rate of upgoing neutrino candidate events
from the positions of the listed sources above a certain threshold, whose
significance is adjusted to around three standard deviations so that the
false alarm rate remains at a tolerable level of a few/year. The search
algorithms analyse all time intervals ranging from seconds up to 3 weeks,
covering the known range of AGN flare durations.

2. Extremely high energy events: A real-time, online system in operation
since July 2016 that can identify through-going, track-type events induced
by muon neutrinos of >160 TeV energy with very high confidence [266].
It is capable of issuing alerts with a latency of ~30 s and localisation
accuracy of a fraction of a degree (0.22° median angular resolution). The
expected event rate is ~4/year from the whole sky, about half of which
will be of atmospheric origin.

3. High-energy starting events: An alternative system operating since April
2016 that is real-time, online and with relatively low background distin-
guishes track-type events due to 2100 TeV muon neutrinos whose primary
interaction vertices are well-reconstructed within the IceCube detector
volume, utilising the veto technique that enabled the first identification
of astrophysical high-energy neutrinos [45]. The alert latency is similar to
extremely high energy events, while the localisation accuracy is 0.4-0.6°
(median angular resolution). The event rate is expected to be around
4 per year in all regions of the sky but with a higher expected atmospheric
event rate of ~75%.

Analogous to the strategy for GRBs, we propose follow-up of all alerts during
dark time with zenith angle (at the CTA site) less than 70° for at least 2 h
each. The exposure would be extended if RTA reveals a transient signal. The
rate of all accessible neutrino alerts will be a few /year /site, consisting mostly
of Types 2 and 3 with a small fraction of Type 1. Note that the frequency of
alerts can be increased by relaxing the relevant threshold. In view of various
uncertainties, during the early phase of CTA, we propose a total of 20 h/yr
for each site in order to develop and fine tune the follow-up strategies with
the IceCube collaboration. After full operations, a total of 5-10 h/yr for each
site is deemed sufficient.

Depending on the extent of the information that will be publicly disclosed
for the alerts, MoUs between IceCube and the CTA Consortium may be
warranted. If the RTA uncovers a gamma-ray signal, further alerts should
be sent out rapidly to the community in order to identify the source through
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MWL follow-up in all possible wavebands (although some X-ray and optical
facilities that have MoUs with IceCube may directly follow-up the alerts
from IceCube).

Other strategies for follow-up of neutrino alerts from IceCube may
be implemented, such as an unbiased, full-sky scan of upgoing multiplets
without recourse to a predefined source list or online identification of UHE
tau neutrino events. Several scenarios are under discussion to enhance
the IceCube detector itself, many of which invoke an augmented fiducial
volume to increase the sensitivity to TeV-PeV neutrinos [343], which would
also increase the number of issuable triggers. Construction of northern
observatories such as KM3NeT or GVD would also improve the prospects
substantially. The CTA neutrino follow-up program should evolve in accor-
dance with such future developments.

(E) GW transients: The CTA Consortium will receive GW alerts from
LIGO-VIRGO as stipulated in the MoU that has already been signed. Follow-
up strategies for GW alerts may involve tiling or divergent pointing strategies
for localisations with large uncertainties, to be assessed in detail once Monte
Carlo simulations of the corresponding sensitivity become available. For very
large localisation errors, an alternative strategy may be to target nearby
galaxies within the regions of highest probability for GW emission. Although
the most plausible prediction for VHE emission is from short GRB afterglows
in the fraction of NS-NS or NS-BH mergers with their GRB jet axes close
to the line of sight [6], it is generally not possible to know before the alert
whether this will be the case or not. Some VHE emission may also be possible
from non-GRB, off-axis GW events due to interaction of fast ejecta and
ambient media. Following the discovery of GW150914, various theoretical
proposals have been put forth for electromagnetic signals accompanying
BH-BH mergers and these should be observationally tested. This motivates
the follow-up of all accessible GW alerts. The all-sky detection rate in GWs
of binary NS mergers is quite uncertain, but is expected to be 40/yr (with
a range of 0.4-400/yr) for full LIGO-VIRGO [49]. Initial LIGO results may
suggest even higher rates for binary BH mergers [354]; these rates should
become clearer within the next few years.

As with GRBs and neutrinos, we consider follow-up of all GW alerts
during dark time with zenith angles less than 70° for 2 h each, with additional
exposure in the case of positive detections. Taking only the higher range
of rate estimates for binary NS mergers, the rate of real alerts would be
~1-10/yr/site, with a corresponding observing time of ~2-20 h/yr/site. The
expected detection rate for on-axis, short GRB afterglows jointly with GWs
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is only <0.03/yr [6], while that for off-axis GW events is more difficult to
predict. More relevant, and difficult to estimate at this stage, is the rate of
false GW alerts. In a spirit similar to neutrino follow-up, we propose a total
of 20 and 5-10 h/yr/site for GW follow-up in the early and full CTA phases,
respectively.

(F) Serendipitous VHE transients: VHE transients in the FoV will be
identified by the RTA system [272, 273], which will explore the data on
different timescales from seconds up to hours. The sensitivity will vary as
a function of the timescale considered and it will also depend on the VHE
sources present in the FoV and the baseline flux in the case of a known
source that is flaring. Once a transient source is detected, the short-term
scheduler of CTA will allow extension of the observations. MWL follow-
up should also be promoted via alerts to the community with a latency
depending on its measured duration, especially for newly discovered objects.
In the first stage, the serendipitous VHE transients should be observed for
as long as possible during the same night. The decision on the continuation
of the observations on the following night should be motivated with the
obtained CTA and MWL data of the particular VHE transient. We note
that, in general, the CTA on-site analysis performed ~10 h after data
taking could also provide serendipitous VHE transients in the FoV. In such
cases, follow-up observations could be conducted during the subsequent
night.

If numerous serendipitous VHE transients are found, different patterns
in the flux and spectral variability can be identified and the observation
strategy can be correspondingly modified (e.g. number of hours observed
in the first night, use of sub-arrays, etc.). Assuming five transients per site
and 5 h of observations for each transient on average, we estimate a total
observation time of 25 h/yr/site during regular operations. During the early
phase, 100 h/yr/site will be needed to account for tests, possible fake alerts
with the preliminary RTA system, etc. In general, the observations should be
extended up to zenith angles of 60° in any weather conditions. After gaining
some experience, this limit could be changed, and CTA sub-arrays could
eventually be used for the follow-up observations.

In Table 9.1, we summarise the observation times proposed for each class
of targets (A-F) in the different phases of CTA. The proposed times are equal
for the northern and southern arrays. In total, we request 390 h/yr/site
during the early phase, 125 h/yr/site during Years 1 and 2, and 95 h/yr/site
during years 3—-10 (2020 h during years 1-10 including both sites).
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(G) VHE transient survey: The VHE transient survey via divergent
pointing could be conducted in conjunction with some fraction of the
Extragalactic Survey KSP, and the associated observing time is considered
to be part of that KSP. In order to be effective for the aims of both the
transient and survey KSPs, a judicious compromise must be struck between
the gain in the FoV and the concomitant decrease in sensitivity and increase
in energy threshold. The chances of a GRB serendipitously occurring in
the 8° diameter FoV of the MSTs during normal pointing observations is
once per ~10* h of dark time observations [14]. If the instantaneous FoV
can be enlarged by a factor of a few, the probability of finding GRBs
during the prompt phase in ~1000 h of blind survey observations starts
to become plausible. For example, a recent Monte Carlo simulation study
[274] (see also Ref. [253]) showed that assuming an array of 18 MSTs and
56 SSTs with a suitable divergent pointing pattern, the survey efficiency for
steady point sources is comparable to that achieved using normal pointing.
In the same configuration, the sensitivity at a 10° offset remains within
a factor of 3 of that at the center of the FoV, so it may be feasible to
nominally consider a ~20° diameter FoV for searches of relatively bright
transients.

The annual all-sky rates for GRBs of the types detected by Swift-BAT
and Fermi-GBM are, respectively, ~800 and ~600 when accounting for their
instrumental FoV and the fraction of time capable of triggering. Thus, the
number of such GRBs occurring in the aforementioned ~20° diameter FoV
during dark time with 10% duty cycle is ~1/yr [14]. The rate of GRBs
actually detectable by CTA in this mode requires more detailed knowledge
of the corresponding sensitivity and threshold on short exposure times.
It is possible that pointing modes that are divergent enough to be more
interesting for GRBs may not be the ideal choice for other aims of the
extragalactic survey. Discussions on precisely how to implement the survey
will continue and will be helped by Monte Carlo predictions for the expected
performance throughout the relevant parameter space.

Note that unlike follow-up of external alerts, no time delays are
involved due to communication with alert facilities or telescope slewing, and
inadequate localisations are not a concern. Although GRBs are expected to
occur with equal probability anywhere in the sky, targeting regions at high
Galactic latitudes is strongly favoured, as those near the Galactic plane are
affected by interstellar absorption that hampers X-ray and optical follow-up
required for good localisation and redshift determination [352]. The RTA
will play a critical role by automatically identifying new transients, rapidly
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alerting the community to foster MWL follow-up, and allowing the option
of switching to follow-up observations with normal pointing if the detected
signal meets certain criteria. The scientific prospects can be significantly
enhanced if the timing and/or FoV of the observation can be arranged to
coincide with comparable surveys at other wavelengths. Close coordination
with upcoming transient factory facilities may be particularly valuable,
potentially allowing simultaneous MWL studies of short-duration transients
for the first time.

9.3 Data Products

The data products expected from the Transients KSP are outlined below.

(A) Gamma-ray bursts: Measurements are foreseen of spectra and
light curves for ~1 GRB/yr/site with more than 100 photons above
30 GeV per event [14, 321, 322|. In addition, upper limits can be expected
for ~10 GRB/yr, also offering valuable information for constraining GRB
physics, the EBL, and LIV, as long as the redshift of the GRB is determined.
Data rights should follow the proposed protocol, but it is also essential
that some information be disseminated immediately through GCN notices,
particularly in the case of detections, so as to encourage MWL follow-up
observations and maximise the science return. For example, similar to GCN
notices from Fermi-LAT, we may communicate information such as XXX
photons are detected above XXX GeV.

(B) Galactic transients: Information on CTA observations of Galactic
transients will be published in Astronomer’s Telegrams as soon as possible
after the observations are made, typically on the timescale of a day to several
days. Once the CTA performance is established, light curves and spectra may
be published even during the early phase.

(C) X-ray, optical, and radio transients: The data products resulting
from triggers by X-ray/optical/radio transient factories will be light curves
and spectra (or upper limits). The schedule for the data release will depend
on the agreements reflected in the corresponding MoUs.

(D) High-energy neutrino transients: Some types of alerts may be
distributed via non-public channels, in which case the details of the specific
requirements and data rights will be addressed in dedicated MoUs. These
MoUs should provide the possibility to issue VOEvent alerts, GCNs, or
Astronomer’s Telegrams as soon as possible after the detection of a transient
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gamma-ray source in the vicinity of the neutrino trigger in order to ensure
MWL coverage.

(E) GW transients: The most critical part of the CTA detection
of counterparts to GW candidates is the source localisation. The CTA
Consortium has signed an MoU with LIGO-VIRGO to permit the free
exchange of information regarding GW detections and their localisations,
counterpart detections by CTA, and counterpart detections by other follow-
up partners who are signatories to the MoU. Joint GW-CTA observations of
a GW candidate will be published according to the publication policy laid
out in the MoU.

(F) Serendipitous VHE transients: The detection of serendipitous VHE
sources in the CTA FoV should be announced to the community as soon as
possible through the use of tools such as VOEvent.

(G) VHE transient survey: As with F, RTA will be essential to
autonomously identify new transients and promptly alert the community
for their MWL follow-up.

9.4 Expected Performance/Return

Here, we discuss the expected performance of the Transients KSP and
potential scientific return from observations of the various target categories.

(A) Gamma-ray bursts: Simulations for selected aspects of GRB obser-
vations by CTA have been presented in Refs. [14, 31]; below, we provide a
brief summary of the results.

e Spectra. Choosing as templates a few prominent Fermi-LAT bursts whose
spectra and variability were relatively well characterised up to multi-
GeV energies, we assume that their intrinsic spectra extend to very high
energies with the power-law indices measured by LAT in specific time
intervals. Selected models are used to account for the effect of the EBL.
Figure 9.2 shows an example of the distant but bright GRB 080916C at
redshift z=4.35 [275], with particular attention on the effect of the EBL.
Despite the high redshift, even for exposure times as short as 20 s, the
detection of several hundred photons above 30 GeV can be expected, with
significant differences in the number detected depending on the assumed
level of the EBL. The VHE spectra of such GRBs will be extremely
valuable for probing the uncertain EBL at high redshifts through their
consequent attenuation features, potentially beyond the range feasible
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Figure 9.2: Simulated CTA energy spectrum of GRB 080916C at z = 4.3, with an
assumed intrinsic flux dN/dE = 1.4 x 1077 (E/TeV)™"% em™2 s7' TeV~' (black line)
corresponding to the time interval 55-100s after burst onset [275], for an exposure time
of 20 s. Compared are expectations for different EBL models: Kneiske et al. (2004) ‘best
fit’ (K04, red) [355], Finke et al. (2010) (F10, green) [276], Gilmore et al. (2012) (G12,
magenta) [356], and Inoue et al. (2013) (YI12, blue) [357]. See Refs. [14, 31] for more
details.

through AGN observations, which would provide unique information on
the cosmic history of star formation, black hole accretion, and intergalactic
reionisation. Further physics insights can be obtained in combination with
variability information, as discussed below.

e Light curves. As for simulations of spectra, we use as templates the
Fermi-LAT data of selected bursts extrapolated into the CTA band, for
which the example of GRB 080916C at z = 4.35 is shown in Figure 9.1.
Despite the time delay required for follow-up (hence the plot being
displayed only for times later than 30 s after burst onset), CTA is
potentially capable of resolving the light curve in exquisite detail for
such bright bursts (and to a lesser extent for bursts with more moderate
brightness), especially if it can begin observations during the prompt
phase. Of particular value for extracting crucial physics information is
the energy dependence of the light curves, within the CTA band as
well as within other bands from keV to GeV, which could: (i) elucidate
the origin of the poorly understood mechanism of GRB prompt and/or
early afterglow emission, (ii) reveal definitive signatures of hadronic
emission processes through their characteristic delays at high energies, (iii)
distinguish intrinsic spectral cutoffs from those due to EBL attenuation
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(of which the latter should remain time-independent), and (iv) probe LIV
effects through their unique, expected energy dependence.

e Detection rates. Already discussed earlier, the predictions for the detection
rate for CTA follow-up observations are based on a GRB population
model tuned to match Swift observations, combined with assumptions
on their VHE spectra from extrapolations of Fermi-LAT observations
[14, 321, 322]. The general expectation is of the order of one CTA detection
per year per site, the majority of which are for the early afterglow phase.
One cautionary remark that must be made is that Fermi-LAT-detected
GRBs reflect only the high-luminosity end of the GRB luminosity
distribution [310]. CTA may have better chances of detecting GRBs with
more moderate luminosities, whose high-energy properties are yet to be
observationally constrained. Depending on whether their true power at
very high energies relative to the MeV band is higher or lower than
that deduced from LAT-detected bursts, the aforementioned detection
rates could be either underestimates or overestimates, respectively. Given
the lack of VHE detections so far, they are unlikely to be serious
underestimates, although the reality will only become clear with further
observations.

(B) Galactic transients: Using simulations of the CTA performance, we
have estimated the observation times needed to detect selected types of
known Galactic transient sources. Assuming that the Crab nebula high-
energy flares are due to synchrotron emission, to detect the variable inverse-
Compton component at multi-TeV energies we would need to monitor the
source for 4 h/night during approximately 10 nights. With this strategy we
could unveil the nature of these flares and, according to the model presented
in [358], we could constrain the bulk Lorentz factor I' of the putative moving
plasma blobs. An example of different spectra obtained in the case of I' = 70
is shown in Figure 9.3. The observations with the southern array would cover
the multi-TeV emission, while with the northern array we could check if there
is any contribution from the high-energy end of the synchrotron spectrum
at low zenith angles and look for the multi-TeV variability at high zenith
angles.

For Cygnus X-3, extrapolating the Fermi-LAT spectrum reported in [359]
during the high flux state and assuming a photon index of —2.7, the northern
array of CTA could detect the source at a five standard deviation confidence
level in ~10 h of observation (see Figure 9.4). Obtaining a spectrum could
require up to 30 h. If the spectrum is harder during the flares, these numbers
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Figure 9.3: Simulated energy spectra of a Crab nebula flare observed with CTA. The
model presented in [358], assuming a Lorentz factor I' of 70, has been used to simulate
the inverse-Compton component of the 2011 April flare observed with Fermi-LAT. A total
of ten pointings of 4 h each separated by one day have been used. The variable tail from
10 to 100 TeV is clearly detectable.

could decrease significantly: a photon index of —2.2 would provide a detection
in ~1.5 h and a spectrum in ~5 h. For Cygnus X-1, we use the possible VHE
detection [332] to estimate that a five standard deviation detection could be
obtained in 4 min and a good spectrum in ~15 min (see Figure 9.4; also
Fig. 7 of [285]). In summary, for some Galactic transients simulations have
been conducted, but we would be mostly exploring the unknown.

(C) X-ray, optical, and radio transients: No simulations have been
conducted for follow-up of X-ray, optical, or radio sources from transient
factories, since in general, we will be exploring predominantly new phase
space. However, as in the other transient cases, there is the potential to
provide high-impact results with a moderate amount of observation time.

(D) High-energy neutrino transients: Detection of VHE gamma rays
associated with high-energy neutrinos would be instrumental for revealing
and understanding the sources of the neutrinos. If the parent hadrons can
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Figure 9.4: (a) Simulated integral sensitivity above 30 GeV of a flare from Cygnus X-3 observed with the CTA northern array. The
Fermi-LAT high flux reported in Ref. [359] has been extrapolated assuming a photon index of —2.7 and is represented by the horizontal
red line. A five standard deviation detection could be obtained in ~10 h of observations, while the determination of the spectrum could
take up to 30 h of observations, denoted by the black vertical line. (b) Same as left panel but for Cygnus X-1. The possible VHE
spectrum of Ref. [332] has been used as a template (pink horizontal line), resulting in a five standard deviation detection in 4 min and
a good spectrum in ~15 min for CTA (see also Ref. [285]).
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also escape from the sources with reasonable efficiency and contribute to
the observed cosmic rays, the neutrino plus gamma-ray signature could
constitute the long-sought smoking gun of the sources of UHECRs. One
model-independent way to estimate values for the VHE flux from potential
sources of the IceCube neutrinos detected so far is discussed in Ref. [360].
Assuming that each detected neutrino originates from a distinct astrophys-
ical object via pp or py interactions, time-averaged fluxes of concomitant
VHE gamma rays can be estimated for each object to be at the level of
0.6—1.7%x107® GeVem ™2 s~ ! above several tens of TeV. At face value, this
would be readily detectable in a few hours of CTA observation. However, this
neglects EBL attenuation that can be severe depending on the photon energy
and source redshift [31], as well as internal gamma-gamma absorption that
can be significant in cases of py production [265]. The true VHE gamma-ray
flux can be higher if the sources are transient with durations shorter than the
relevant IceCube exposure time and they will be lower if they are actually
more numerous than the currently detected number of neutrinos.

(E) GW transients: The impact of CTA detecting a counterpart to GW
radiation cannot be overstated. First, it would strengthen the significance
of the GW candidate, particularly if the temporal coincidence was strong
(as expected for short GRB afterglows). The association of a short GRB-
like afterglow with a GW event can test the compact binary merger
model for short GRBs and possibly discriminate between NS-NS or NS-
BH progenitors. A good localisation of the VHE counterpart would permit
follow-up observations by optical telescopes that could reveal the redshift
and hence the energetics of these mergers. The sensitivity of CTA to on-axis
GW events may be the same as that to short GRBs (see A above), but
the effect of tiling and divergent pointing strategies that can improve the
sensitivity to both has yet to be simulated and optimised. If VHE emission
is limited to short-GRB-like beams, detection can only be expected for less
than a few percent of all follow-up observations. However, as mentioned
above (Section 9.1.2D), NS mergers may also possibly induce off-axis high-
energy emission as a consequence of fast mass ejection in non-polar directions
and associated particle acceleration [347]. Finally, observations of binary
BH mergers will test newly proposed models for associated electromagnetic
emission. Detection of such events will constitute a unique discovery and
provide novel information on the dynamics of binary coalescence events.

(F) Serendipitous VHE transients: As stated earlier, there have been
no new serendipitous VHE transients discovered so far in the FoV of
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currently existing VHE telescopes. On the other hand, transient sources
are regularly discovered in the large fields of view of Fermi-LAT or AGILE,
albeit being very bright objects (flaring AGN or GRBs in most cases). With
our current limited knowledge, we can provide very approximate estimates
for the probability of CTA to detect such objects in any given observation.
The chances for serendipitous occurrence of GRBs during normal pointing
observations is quite low, once per ~35(13) yr in the 4.5(8)° diameter FoV
of the LST(MST) array [14]. This rate can be increased with divergent
pointing (see Section 9.2G). Of this, the fraction detectable by CTA may be
still less, depending on the uncertain high-energy properties of GRBs with
moderate to low luminosities that have not been well constrained by existing
observations (see remarks in Section 9.2A). For flaring AGN, the prospects
depend on the sensitivity reached in the particular observation. For example,
at the sensitivity of 5 mCrab as envisaged for the Extragalactic Survey, we
can scale the number of expected AGN detections for the survey and assume
a 10% flare duty cycle to obtain a 2-10 (6-30)% probability of finding a
flaring AGN in the FoV of the LST (MST) array, subject to uncertainties
on the AGN luminosity function and duty cycle at very high energies.
Expectations for other types of serendipitous transients are even more
uncertain. The true situation should become clearer as actual observations
proceed for the Extragalactic Survey as well as the flare programme of
the AGN KSP (Chapter 12). Note that strategies for the Galactic Plane
Survey KSP are currently being considered whereby the same regions of the
Galactic plane are revisited over a range of timescales, enabling improved
probes of variability in known objects as well as searches for new Galactic
transients (Chapter 6). In any case, in view of the unprecedented sensitivity
and FoV of CTA, discoveries of new types of VHE transients may be feasible
and impactful.

(G) VHE transient survey: Divergent pointing observations would
greatly increase the FoV of CTA, at the cost of reduced sensitivity and
increased energy threshold compared to follow-up observations with normal
pointing. However, these two techniques are complementary and would
provide complete time coverage of the prompt emission phase of both long
and short GRBs from their onset, which would address important questions
concerning the physical mechanisms of jet formation, particle acceleration,
and radiation in these objects. Divergent pointing would be the only way to
detect or set limits on the VHE prompt emission of short GRBs, of great
importance in view of their potential connection with NS-NS mergers, the
most promising sources of GWs. While Fermi-LAT observation of the short
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GRB 090510 has set the first limit beyond the Planck scale for LIV with a
linear dependence on the mass scale [316], the much better photon statistics
potentially offered by detecting a bright, short GRB with CTA in divergent
mode can lead to a further, dramatic improvement by up to three orders of
magnitude.

A VHE transient survey by CTA also opens up significant discovery
space. As mentioned earlier, Fermi-LAT GRBs correspond only to the
most luminous ones (i.e., the “tip of the iceberg”) in the GRB luminosity
distribution [310], and the high-energy properties of the great majority of
GRBs with lower luminosities still remain unexplored. (For reference, blazars
are well known to have SEDs that differ strongly and systematically with
luminosity, with those of lower-luminosity BL Lac objects extending to much
higher photon energies compared to the higher-luminosity flat-spectrum
radio quasars.) Other potential, fast extragalactic VHE transients include
relativistic SSB events [301]. The most exciting prospect would be the
discovery of new and completely unexpected types of VHE transient sources.

MWL-coordinated surveys between CTA and upcoming transient
factories can further advance the horizons of transient research. A prime
candidate may be the recently discovered fast radio bursts (FRBs), i.e. bursts
at GHz frequencies with millisecond duration of unknown origin but with
clear signs of being extragalactic through radio dispersion effects, and with
inferred all-sky rates approximately three orders of magnitude higher than
GRBs [309]. Some models for FRBs predict correlated VHE bursts on similar
timescales [306], which would be testable only by simultaneous observations
involving CTA and suitable radio facilities. Note that ~2 FRBs per day
could be occurring in the FoV of CTA using the divergent pointing mode.
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10
KSP: Cosmic Ray PeVatrons

Cosmic rays are primarily energetic nuclei which fill the Galaxy and carry on
average as much energy per unit volume as that in starlight, in interstellar
magnetic fields, or in motions of interstellar gas [361]. The confinement time
of cosmic rays within the Galaxy is of the order of ~10 million years [361],
and this implies that cosmic-ray sources must provide ~10*' erg/s in the
form of accelerated particles in order to maintain the cosmic-ray intensity at
the observed level. Moreover, the spectrum of cosmic rays observed at Earth
is largely dominated by protons up to the so called knee in the spectrum at an
energy of a few PeV. Above that energy, the differential power-law spectrum
steepens from ~ E~27 to ~ E730 where E is the particle energy, and its
chemical composition becomes heavier [362]. Thus, the search for cosmic-
ray sources has been focused on objects able to satisfy these requirements,
i.e. powerful cosmic-ray proton PeVatrons.

It is well known that supernova remnants (SNRs) are able to satisfy
the cosmic-ray energy requirement if they can somehow convert ~10%
of the supernova kinetic energy into accelerated particles [363]. In this
context, particles are accelerated via diffusive shock acceleration at the
expanding SNR shocks [364]. The acceleration of cosmic rays at SNR shocks
is accompanied by an amplification of the magnetic field that can boost
the acceleration of protons up to the energy of the knee and even beyond
[365]. However, the details of such an amplification mechanism are not
completely understood, and thus it is still unclear whether or not SNRs can
act as cosmic-ray PeVatrons. To conclude, 100 years after their discovery,
the question of the origin of cosmic rays is still open.

199
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A tight connection exists between cosmic-ray physics and VHE gamma-
ray astronomy. This comes about because if SNRs indeed are the sources of
cosmic rays, they should also be bright VHE gamma-ray sources, due to the
decay of neutral pions produced in the interactions between the accelerated
cosmic rays and the gas swept up by the shock [366]. In fact, at GeV energies,
clear evidence for the pion bump in the gamma-ray spectra of several SNRs
has now been demonstrated [367]. At very high energies, a number of SNRs
are now well-established gamma-ray emitters [368], but current observations
do not allow us to unambiguously ascribe the gamma-ray emission to
hadronic processes. This is because electrons can also be accelerated at SNR
shocks and produce gamma rays through inverse-Compton scattering off soft
ambient photons. An essential way to make progress would be to observe
SNRs in the almost unexplored >10TeV energy domain. The detection of
an SNR whose spectrum extends without any appreciable attenuation up to
energies of ~100 TeV would imply that: (i) the emission is hadronic, because
the leptonic emission is strongly suppressed at such high energies due to
reduced Compton losses in the Klein—Nishina regime and (ii) the SNR is a
PeVatron, because ~100 TeV photons are produced by ~PeV protons. It is
thus of paramount importance to identify gamma-ray sources whose spectra
extend, without any appreciable suppression, well beyond ~10TeV. This
task is challenging for current atmospheric Cherenkov telescopes, due to
their limited sensitivity in the >>10TeV energy domain, but it is well within
the reach of CTA.?

This KSP proposes an observational strategy to search for PeVatrons
with CTA. First, we suggest to perform deep observations of known sources
with particularly hard spectra (i.e., not much steeper than ~ E~2) and with
hints for a possible spectral extension into the multi-TeV energy domain.
Second, we also suggest to search for diffuse gamma-ray emission from the
vicinity of prominent gamma-ray bright SNRs. This is motivated by the
belief that PeV particles are expected to quickly escape the SNR shock
[369] and then propagate diffusively in the ambient medium surrounding the
remnant. The interactions of such runaway PeV particles with the ambient
gas produce gamma rays with a characteristic hard spectrum extending up
to ~100TeV [370]. An obvious target for this second kind of investigation
is the SNR RX J1713.7—3946, which is one of the best-studied supernova
remnants at very high energies. Though the leptonic or hadronic origin of its

#While this document was finalised, the H.E.S.S. Collaboration reported on the discovery of
a cosmic PeVatron in the Galactic Centre region, possibly identified with the supermassive
black hole Sgr A* [170]. Such a detection reveals possible new scenarios for the acceleration
of PeV cosmic rays in the Galaxy and strengthens the case for deep searches with CTA.
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gamma-ray emission is still debated [23, 371], the steepening clearly observed
in the gamma-ray spectrum at energies of ~10 TeV suggests that the highest
energy particles might have escaped the remmnant. If this is the case, the
diffuse gamma-ray emission one would expect to surround the SNR has been
shown to be well within the reach of CTA [372].

The deep investigation of SNRs using CTA at full sensitivity, with
special emphasis on the high-energy range, will allow us to address the basic
questions listed above and will provide crucial information to the scientific
community, in understanding both particle acceleration mechanisms and
supernova remnants. The proposed observations also require an excellent
understanding of the instrument, including an optimal angular resolution,
high control of systematic effects at the highest energies in deep observations,
and a good pointing strategy based on preliminary results of the CTA
Galactic Plane Survey (GPS, see Chapter 6). Given the high-risk/high-
gain and exploratory nature of these observations and its strong interest in
developing the Small-Sized Telescope (SST) array, the CTA Consortium is in
a good position to devote sufficient resources in the context of a Key Science
Project to tackle this important unresolved question of cosmic-ray origins.

10.1 Science Targeted

10.1.1 Scientific Objectives

The scientific goals of this KSP appeal directly to the fundamental question
of the origin of the cosmic-ray sea that fills our Galaxy.

1. Where and how in the Galaxy are cosmic rays accelerated up to PeV
energies?

2. Are we sitting in a particular location of the Galaxy, or do the cosmic

rays form a uniform sea within the whole Galaxy?

What is the distribution of PeVatrons in the Galaxy?

4. Do young shell-type SNRs accelerate hadronic cosmic rays up to PeV

w

energies?
5. If so, up to which energies and how effective is this acceleration?
10.1.2 Context/Advance beyond State of the Art
10.1.2.1  Hadronic mechanisms and the connection with cosmic-ray
origin
Very tight connections exist between cosmic-ray studies and gamma-ray
astronomy, due to the fact that cosmic-ray protons can undergo hadronic
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interactions with the interstellar medium, producing neutral pions that in
turn decay into gamma rays (see, e.g., (373, 374]). This is of particular
relevance for the identification of cosmic-ray sources, since the production of
gamma rays is expected, at some level, during cosmic-ray acceleration.

At GeV energies, the acceleration of hadrons at SNR shocks has now been
clearly established [367]. At TeV energies, atmospheric Cherenkov telescope
observations of SNRs interacting with molecular clouds show very strong
hints of hadrons around them [375]. Finally, the >10TeV energy domain
is currently an important unexplored regime in the gamma-ray section of
the electromagnetic spectrum, and opening this observational window would
allow us to establish a link between the observed PeV Galactic cosmic rays
and their astrophysical accelerators.

Below, we propose a number of observations to be performed by CTA
that will shed light on the question of the origin of PeV cosmic rays:

e PeVatrons: Only a few bright VHE sources have been detected above
~20TeV so far. Although the newly commissioned HAWC air shower
detector [2, 190] will have significantly improved sensitivity relative to
its predecessor Milagro, CTA will be able to reach the same sensitivity
as five years of HAWC in about 50 h and with much better spectroscopic
capability (AE/E < 0.1, 68% containment), thanks to the capabilities
of the Small-Sized Telescopes (SSTs) in the southern array. This unique
capability of CTA will enable the detection of the most energetic photons
ever observed and the sampling of the highest energy particles in the
Galaxy up to the PeV scale. Finding the extreme accelerators powering
those particles is a goal that is within the reach of CTA.

Moreover, at energies above 50TeV, the problematic ambiguity
between leptonic and hadronic origin is nearly completely resolved, since
100 TeV photons are produced preferentially by hadronic processes. This
is a result of the Klein—Nishina effect, where the cross-section for inverse-
Compton electron—photon interactions decreases very quickly above a few
tens of TeV. The hadronic cosmic rays capable of producing photons
of ~100TeV should have energies approximately an order of magnitude
higher, i.e., in the PeV regime. Discovering the sites of cosmic-ray
acceleration up to 1 PeV within the Galaxy would confirm the hypothesis
that cosmic rays below the “knee” can be accelerated in the Galaxy and
would finally shed light on the origin of Galactic cosmic rays. Within
the SNR scenario for the origin of cosmic rays, only a handful of such
PeVatrons are expected to be currently active in the Galaxy; here, we
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propose to follow-up promising high-energy candidates first seen in the
CTA GPS.

We propose to trigger dedicated observations for sources detected in
the CTA GPS which exhibit hard power-law spectra that extend up to
extremely high energies, i.e., by requiring a detection at the three standard
deviation level above 50 TeV. With the dedicated observations we will:
(i) measure the extension of the spectrum to the highest energies CTA can
reach and (ii) provide a precise localisation and measurement of the source
size (extension beyond the point spread function (PSF), if any) to identify
the MWL counterpart responsible for producing such radiation and
thereby pinpointing the origin of the PeVatron. Even the discovery of only
one Galactic PeVatron would represent a major breakthrough and allow us
to understand the physics of the most extreme accelerators in the Galaxy.
RX J1713.7-3946: is one of the brightest VHE gamma-ray sources
detected. At a distance of 1kpc [376], it is an ideal target to study
the acceleration of cosmic rays in SNRs. Besides being the brightest
SNR, numerous theoretical and observational studies at many different
wavelengths have been performed, making RX J1713.7-3946 an ideal
laboratory to understand hadronic acceleration in SNRs.

At present, young SNRs are the most probable candidates for being the
major accelerators of cosmic rays. The detections of non-thermal X-rays
have already provided evidence for the acceleration of electrons to ultra-
relativistic energies at SNR shocks [377], and previous VHE gamma-ray
observations confirmed the existence of high-energy particles in the shocks
of young SNRs (see, e.g., [378-382]). However, the leptonic or hadronic
nature of those particles is still uncertain [23, 24].

For RX J1713.7-3946, some evidence has been put forward to support
a leptonic origin of the TeV gamma-ray emission [383]. However, a leptonic
origin stands in contradiction to the high magnetic field required to explain
the observed width of X-ray filaments. Radio observations of CO and HI
gas have revealed, on the other hand, a highly inhomogeneous medium
surrounding the SNR, such as clumpy molecular clouds [384, 385], whereas
X-ray observations have revealed details of the particle acceleration
(e.g., magnetic field amplification) via spectro-morphological characteri-
sation of the remnant [16]. Spectro-morphological characterisation at very
high energies, along with a complete comparison with the synchrotron
X-ray emission and the CO material, is not yet feasible due to the lack
of statistics and limited angular resolution of the present generation
of atmospheric Cherenkov telescopes. Moreover, in the diffusive shock
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acceleration picture, the most energetic cosmic rays leave the shell at
the beginning of the Sedov phase, while the less energetic ones are still
confined today. These high-energy runaway protons can produce extended
enhanced gamma-ray emission when colliding with atomic and molecular
gas in the vicinity of the SNR. The well-studied molecular gas surrounding
of RX J1713.7-3946 provides the perfect tracer to investigate this scenario,
together with the improved CTA sensitivity and angular resolution [372].
Note that the presence of gamma-rray emission extending beyond the
SNR shell of RX J1713.7-3946 has been recently reported by the H.E.S.S.
Collaboration [386].

Simulations show that CTA will provide clear measurements of: (i) the
extension of the gamma-ray bright shell, constraining the emission of
the high-energy runaway particles interacting with the dense medium,
(ii) the radial profile, which is expected to differ if the gamma rays are pro-
duced mainly by electrons or hadrons, and (iii) the spectral distribution in
different regions of the shell, sampling differences in magnetic fields and /or
in dense, clumpy regions. The spectral measurements will determine the
maximum energy reached in the source, providing an unprecedented spec-
tral characterisation to be compared with the low-energy radiation part.

10.2 Strategy

Deep observations of several selected sources are requested to investigate
one of the basic questions that has driven the VHE gamma-ray field over
the last few years, in particular, to understand the acceleration of Galactic
cosmic rays to PeV energies. Despite considerable observation time devoted
by the current generation of Cherenkov telescopes, it is clear that a significant
breakthrough can be achieved only with the sensitivity of CTA over a
large energy range and with superior angular resolution. In a conservative
approach, and considering a supernova rate in our Galaxy of at most a few
per century and the hypothesis that only young sources in the very early
stages of their evolution (i.e., in the first ~100 years) are able to accelerate
particles to PeV energies, we expect a limited number of PeVatrons in the
Galaxy in the present epoch. Accordingly, we propose to re-observe the five
most promising hard-spectrum candidates, in which no evidence of a cutoff
is detected from the shallower Galactic Plane Survey observations. These
PeVatron candidates will be observed for 50 h each, increasing by a factor of
3—4 the exposure expected to be reached in the Galactic Plane Survey (see
Chapter 6). The trigger criteria rely strongly on early results from the GPS
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Table 10.1: Summary of objects proposed for observations in this Key Science

Project.

Target Type Exposure (h) Array Year Configuration
RX J1713.7-3946 SNR 50 S 1-3 Full array
PeVatrons Unknown 5x50 S >3  MSTs + SSTs

observations, and follow-up observations will be carried out on those sources
that display an extension of their spectrum up to several tens of TeV.

Deep observations of the SNR RX J1713.7-3946 are also proposed based
on its particular location and characteristics. RX J1713.7-3946 is one of
the best studied SNRs at gamma-ray energies, and a considerable body
of theoretical work has been devoted to it. Moreover, it is embedded in
a dense, well-studied region that provides a large amount of target material.
Thus, the source is an optimal one in which to investigate the interactions of
cosmic rays, which are believed to escape from the acceleration region and
collide with these clouds. This type of study requires a good understanding
of the imaging atmospheric Cherenkov technique and of the instrument
point spread function, when imaging the SNR, surroundings at a few parsecs
resolution.

10.2.1 Targets

Table 10.1 summarises the targets and required exposure for this Key Science
Project.

10.3 Data Products

The data products produced in this KSP will consists of maps/datacubes and
spectral information. We will provide large maps of 10° size with information
on each selected source, along with morphological fits, including detailed
analysis of any shell-type SNRs. With respect to the spectro-morphological
studies, we will also provide spectral information in different regions of
the (extended) sources, including spectral information in a few-arcminute-
size wedges to investigate cosmic-ray escape in extreme accelerators. The
pointing strategy depends on the preliminary results of the GPS obser-
vations. We will follow-up those sources for which an extension of a hard
spectrum is detected, increasing the exposure to achieve improved statistics
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above 50TeV. The results of these follow-up observations will be released
simultaneously with the GPS ones, if possible.

10.4 Expected Performance/Return

To evaluate the capability of CTA to detect PeVatrons, we simulated the
capability of CTA to detect 50-TeV photons in ~15 h (an approximation for
the effective observing time achieved in the inner Galaxy in the first several
years of the GPS). For the differential energy spectrum of the PeVatron,
we used a simple power-law with no cutoff, ¢ = ¢o(E/TeV)™", with
o =21-10"" TeV~! ecm=2 s7! (similar to the flux level of RX J1713.7-
3946, a prototypical, bright VHE source) and took the spectral index I" = 2
as proxy and calculated the minimum percentage of the flux ¢ detectable
above 50 TeV at a significance of three standard deviations in a 15 h observa-
tion time. This significance level was chosen as a reasonable indication for a
real excess which can be investigated with further observations. Simulations
were performed assuming that the PeVatrons under examination are point
sources and taking the background rate from the Monte Carlo simulations
performed by the CTA Consortium to evaluate the instrument response. The
results show that after 15 h of observation CTA will be able to detect enough
photons to reconstruct a point at 50 TeV having a flux level of ~7% of the
flux ¢g, that is, of the order of ~107'2 TeV~!cm =257, if there is no cutoff
in the spectrum. If a cutoff is included in the spectrum, we estimate that a
minimum of 50 h observation time is required to obtain enough statistics to
determine an energy cutoff of ~60 TeV for a source with a flux 10% of ¢q.
To test the capability of CTA to estimate spectral features, we show
in Figure 10.1 the results of simulations of a powerful Crab-like source
characterised by two hard photon indices (2.0 in solid lines and 2.2 in dashed
lines). The different spectral features are clearly reconstructed even for the
most extreme case, assuming an energy cutoff of 200 TeV (best-fit values are
203423 TeV and 188+25 TeV for photon indices of 2.0 and 2.2, respectively).
To compare with the case described above, the same simulations for a 7% of
¢ spectrum in 50 h show that spectral points could be reconstructed up to
200 TeV, reproducing an energy cutoff as high as 135+ 45 and 110 4+ 35 TeV
for the same 2.0 and 2.2 photon indices. More details on the impact of the
different CTA configurations can be found in two dedicated papers [15, 24].
We also performed simulations of RX J1713.7-3946, the bright SNR pro-
posed to study cosmic-ray acceleration. The gamma-ray emission from this
object was simulated by assuming different emission mechanisms, supported
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Figure 10.1: Simulated reconstructed spectra for CTA for a PeVatron source with a
flux equal to the Crab nebula, using two photon indices (solid: 2.0, dashed: 2.2). Three
different exponential energy cutoff values are used, as indicated by the colours.

by the extensive, existing MWL observations. To evaluate leptonic emission,
we used an X-ray image of RX J1713.7-3946 from XMM-Newton observations
as a template that traces the gamma-ray morphology. We considered a
simplified case where the gamma-ray spectrum is spatially independent.
For the hadronic case, we obtained the total target gas distribution based
on CO and HI observations and used it as a template that traces the
gamma-ray morphology. To evaluate different levels of hadronic and leptonic
distributions, we considered several cases with different values of A,/A.,
where A, and A}, are the leptonic and hadronic normalisation parameters,
respectively. The absolute values of these normalisation parameters were
determined by requiring that the integration of the sum N¢(E) + N,(E)
over the remnant equalled the total photon flux measured by H.E.S.S.

Figure 10.2(a) and (b) show the images for A,/A. = 0.01 and 100,
respectively. Each image assumes 50 h observations with CTA. The lepton-
dominated case (Figure 10.2(a)) shows a gamma-ray image similar to the
X-ray image, and the hadron-dominated image is (Figure 10.2(b)) similar to
the interstellar proton distribution including both CO and HI. The difference
between the two cases is significant as shown in the subtracted image
(Figure 10.2(c)). We note here that another obvious target for morphological
investigations would be the SNR Vela Junior [388].

In addition to the morphological studies, the expected spectra for
different scenarios were simulated for RX J1713.7-3946 [24] (Figure 10.3).
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Figure 10.2:

Simulated gamma-ray images of RX J1713.7-3946 in different scenarios:

(a) Ap/Ae = 0.01 (lepton-dominated case) and (b) Ap/Ae. = 100 (hadron-dominated case),
with T, = 2.0 and EY = 300 TeV. Reproduced from Ref. [25]. The green contours show:
(a) XMM-Newton X-ray intensity [387] and (b) total interstellar proton column density
[385], smoothed to match the PSF of CTA. The subtracted image of (a)—(b) is shown in
(c). The black contours in (c) correspond to the VHE gamma-ray emission as reported by

H.E.S.S. [379).
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Figure 10.3: Simulation of the different spectral shapes resulting from different scenarios
considered for SNR RX J1713.7-3946. Reproduced from Ref. [25]. The black squares show
the total of the fluxes for the leptonic and hadronic spatial templates. The solid line shows
the input spectra of the gamma-ray simulation. The dotted line is for the model where the
emission is only due to leptonic processes.

The results show a clear discrepancy detected at high energies according to
different origins of the gamma-ray radiation in the supernova.

As a further study, we simulated the response of CTA to the gamma-ray
emission from a massive cloud (~10°My) illuminated by a nearby, young
SNR which injected in the interstellar medium 3 - 10°0 erg of kinetic energy
in cosmic rays. The cloud was assumed to be located at different distances
(50, 100, and 200 pc) from the SNR itself. Cosmic rays escaping from
the accelerator can diffuse in the turbulent interstellar magnetic field and
illuminate the cloud to produce gamma rays due to proton—proton collisions.
Apart from being an indirect way to identify cosmic-ray sources, studies of
illuminated molecular clouds are notable in that they can be used to estimate
the cosmic-ray diffusion coefficient in the vicinity of the accelerators, since
the properties of the expected gamma-ray emission depend on this value
as well as its energy dependence [370]. Figure 10.4 shows results from these
simulations, performed assuming a typical cosmic-ray diffusion coefficient
equal to 102%(E/GeV)"? and a distance to the SNR. from Earth of 1 kpc. The
expected spectra exhibit a concave shape that varies in a broad energy range
between 100 GeV and tens of TeV and depends on the distance between the
SNR and the cloud(s). The spectrum is further dependent on the SNR age
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Figure 10.4: Gammarray spectra for a molecular cloud illuminated by cosmic rays
coming from a nearby SNR (lines) and simulated observations (data points) for a 50 h
CTA observation. See Ref. [24]. Black solid, red dashed, and blue dotted lines correspond
to distances between the SNR and the cloud of 50, 100, and 200 pc, respectively. The
distance of the cloud to Earth is 1 kpc, the cloud mass is 10° M, and the SNR age is 2000
years.

and the assumed value of the diffusion coefficient. These dependencies can
be parametrised and compared with future observations in order to extract
or constrain physical parameters such as the cosmic-ray diffusion coefficient
and the source’s cosmic-ray acceleration efficiency [389]. For a nearby source
(d ~ 1kpc), the cloud is detectable if located within a few hundred parsecs
from the cosmic-ray accelerator. This corresponds to an angular distance
of ~6°(1/100 pc)(d/kpc)~!, where [ is the distance between the SNR and
the cloud and d is the distance to Earth. This angular scale is of the same
order as the field of view of CTA. Thus, for nearby SNRs, illuminated clouds
should be searched for in the GPS data and then repointed to with follow-
up observations to obtain a deeper exposure and better determination of the
spectrum and morphology.
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KSP: Star Forming Systems

Cosmic rays are believed to be an important regulator of the star formation
process. It is hence important to understand where cosmic rays are being
accelerated, how they propagate, and where they interact in the interstellar
medium (ISM). While travelling through the ISM, cosmic rays interact with
the ambient gas and radiation fields to produce gamma rays, which trace
directly the parental cosmic-ray population. Gamma rays are thus among
the best tools to study cosmic-ray properties in star-forming environments.
CTA observations of star-forming systems over six orders of magnitude in
the star-formation rate (SFR) will help to unveil the relationship between
high-energy particles and the star-formation process. The study of individual
star-forming regions and star-forming galaxies will furthermore help to
disentangle source-specific properties from global ones. By studying the
gamma-ray emission in these systems, we can measure the fraction of
interacting high-energy particles as a function of the SFR and hence
investigate to which extent cosmic rays, magnetic fields, and radiation are
in equipartition.

Within the Galaxy, observations of the Carina and Cygnus regions and
the most massive stellar cluster Westerlund 1 will allow us to: (a) constrain
the fraction of mechanical stellar wind energy transferred into gamma rays
down to a level of 1078, (b) study particle acceleration in Galactic stellar
clusters and superbubbles, and (c¢) search for signs of cosmic-ray propagation
and interaction with the ISM via spectra-morphological studies.

Outside the Galaxy, the Large Magellanic Cloud (LMC) is the only
other galaxy for which CTA will be able to resolve the VHE gamma-ray
source population and study in detail the similarities and differences to our

211
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own Galaxy. Although important for the purpose of this KSP, the LMC is
discussed separately in Chapter 7 and is only addressed here for modelling
purposes. Observations of the Andromeda galaxy will provide important
measurements and estimates of cosmic-ray properties and diffusion in the
nearest spiral galaxy.

Long observations of the two starburst galaxies NGC 253 and M 82 will
enable us to test how cosmic rays traverse the ISM, to distinguish between
the truly diffuse emission and individual source populations such as pulsar
wind nebulae (PWNe), and to possibly resolve the starburst nucleus in
VHE gamma rays. Observations of the only ultraluminous infrared galaxy
(ULIRG) likely within the reach of CTA, Arp 220, will for the first time allow
us to test cosmic-ray properties in a system where all accelerated particles
are expected to interact — i.e., a calorimetric system — and might establish
ULIRGS as a new source class in VHE gamma rays.?

Deep observations of at least one object per decade in the SFR are
required to investigate the relationship between star formation and gamma-
ray emission and to study the impact of cosmic rays on their environment
from the smallest to the largest scales. Table 11.1 summarises the list of
objects proposed for observations within this KSP, of which four are also
part of other KSPs. The observational program is well suited to be a KSP to
be carried out by the CTA Consortium for a number of reasons. The total
proposed observation time of 720 h could be difficult to obtain in a single

Table 11.1: Summary of targets proposed for observations in this Key Science
Project, along with the expected extension of the gamma-ray emission and estimated
supernova (SN) rates.

Target Type Extension SN rate (yr~ )
Carinal Star-forming region ~1.5° 1.7x107*
Cygnus| Star-forming region ~2.5° 1.0x 107
wd 1t Stellar cluster ~2.2° 1.0 x 1074
M 31 Galaxy ~2.0° 2.5 %1073
NGC 253 Starburst ~0.1° x 0.5°(20" x 45") 0.03

M 82 Starburst ~4.8" x 4.8' (15" x 50") 0.2

Arp 220 ULIRG ~2.5" x 1" 4

fObjects that are also part of the Galactic Plane Survey KSP.

Note: SN rates in Galactic objects have been derived from the star-formation rate
(Carina) and/or stellar remnants (Cygnus, Wd 1). The sizes for NGC 253 and M 82
are for the entire galaxy and the sizes of the starburst regions are in parentheses.

2See, e.g., the recent tentative detection of GeV gamma rays from the direction of Arp 220,
reported in Ref. [390, 391].
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Guest Observer (GO) program. Splitting observations into separate GO
projects, with possible different foci and too low an exposure would require
re-observation of targets and would significantly delay these timely studies.
Furthermore, the proposed targets require excellent control of instrumental
systematics. For example, the predicted emission from M 31 and Arp 220 is
at the sensitivity limit of CTA, and the central molecular zones of NGC 253
and M 82 have sizes close to the CTA point spread function (PSF). The
expected extension of sources in Cygnus covers a large fraction of the field of
view (FoV) of CTA and mandates an excellent understanding of the residual
cosmic-ray background. Moreover, the level of optical background light in
the Carina region and in M 31 varies by more than an order of magnitude
and will require the development of specialised analysis tools.

This KSP will provide legacy data products for the entire astronomical
community such as catalogues of sources, flux maps, and data cubes (gamma-
ray excess maps binned in energy) for the Cygnus and Carina regions. These
will be useful to community members to prepare deeper observations for
later, open time proposals.

11.1 Science Targeted

Understanding the fundamentals of the star-formation process is one of
the great challenges in modern astrophysics (see, e.g., Ref. [392]). Through
the ionisation of ISM material, cosmic rays affect astrochemistry and
mediate the interaction of ISM material with magnetic fields, both of which
are important influences on molecular cloud structure and star formation.
Very massive stars undergo SN explosions at the end of their lives and enrich
the ISM with heavy elements, necessary for the evolution of life on Earth.
Supernova remnants (SNRs), the leftovers of SN explosions, are believed
to be a major source of cosmic rays, which ionise the surrounding medium
of SNRs, form a significant pressure component in the ISM, and amplify
magnetic fields. Thereby, they can suppress or enhance star-formation in
individual molecular clouds and entire galaxies [393, 394]. The acceleration,
propagation, and interaction of cosmic rays are hence crucial to understand-
ing the evolution of the building blocks of the universe on all scales: from stars
to stellar clusters and from giant molecular clouds to galaxies and clusters
of galaxies. Cosmic rays are believed to amplify magnetic field fluctuations
upstream of the blast wave shock [365], and strong magnetic fields may ham-
per the star-formation process. Cosmic rays escape their acceleration sites,
and low-energy cosmic rays are especially a dominant source of ionisation in
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the Galaxy. They penetrate deep into the dense cores of molecular clouds —
much deeper than ultraviolet radiation. There they initiate a complex
chemistry and influence the star-formation process [395, 396]. There is also
increasing evidence that cosmic rays are dynamically important in galaxy
formation and need to be considered in cosmological simulations [397, 398].

SNR shells are not the only sources discovered at TeV gamma-ray
energies. The population of Galactic VHE gamma-ray sources to date
comprises a variety of other object types: SNRs interacting with molecular
clouds, pulsars, PWNe, and gamma-ray binary systems. All these objects are
associated with late stages of stellar evolution, and they cluster tightly along
the Galactic mid-plane with a scale height similar to that of the molecular
gas and of the regions of star formation. Moreover, gamma-ray emission
from massive star-forming regions and stellar clusters has been detected
[399, 400], which can be seen as an indication for cosmic-ray acceleration in
strong stellar winds as proposed in, e.g., Ref. [401].

Most of the light of young massive stars is radiated at ultraviolet
wavelengths, absorbed by dust and re-emitted at infrared wavelengths.
Kennicutt [403] has shown that the infrared luminosity and the star-
formation rate of galaxies follow a linear relation. A similar scaling relation
between infrared luminosity (and radio luminosity) and high-energy gamma-
ray luminosity in a sample of nearby galaxies has recently been found [404],
which suggests a direct connection between the process of star-formation
and the high-energy particles. Although this relation is striking, the spread in
gamma-ray luminosity of one order of magnitude indicates that the efficiency
with which gas is channelled via massive stars into high-energy particles
is different in individual objects. This points towards a complex interplay
between star formation, particle acceleration, and escape and feedback with
the ISM in these systems.

11.1.1  Scientific Objectives

Gamma rays provide a powerful tool to study cosmic-ray properties in star-
forming environments and to thereby unveil the relationship between high-
energy particles and the star-formation process. Although theoretical work
has made major progress in recent years, in-depth studies of star forming
systems on all spatial scales with the next-generation CTA are required to
answer the most pressing questions, including:

1. What is the relationship between star-formation and particle acceleration
in systems on all scales? Does a universal far-infrared/TeV luminosity
relationship exist?
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2. How does the calorimetric fraction change as a function of the SFR and
does equipartition hold in star forming systems?

3. What is the contribution of different source classes to the cosmic-ray
population in star forming systems? Where and when are particles acceler-
ated, how do they leave, and what is their impact on the surrounding ISM?

CTA observations of Galactic and extragalactic massive stellar clusters and
star-forming regions, of spiral and starburst galaxies, and ULIRGs will
allow us to address these questions. The study of individual star-forming
regions and entire systems will furthermore help to disentangle source-
specific properties from global ones. For example, the starburst episode in
starburst galaxies and ULIRGs only lasts for tens of millions of years, but
it plays a key role in galaxy evolution and the star-formation history of
the universe. By studying the gamma-ray emission in these systems we can
measure the fraction of high-energy particles that interact as a function
of the SFR and hence investigate to what extent cosmic rays, magnetic
fields and radiation are in equipartition. Figures 11.1 and 11.2 illustrate the
potential of CTA to study star forming systems on all scales and compares
the predicted calorimetric flux from existing measurements to the sensitivity
of CTA. To estimate the calorimetric limit, we follow Ref. [405] and assume
that 10°° erg per SN explosion are transferred into protons, which interact
and channel 1/6 of their energy into gamma rays that follow a power-law
spectrum with differential index I' = 2.2. The fraction that is then radiated
at energies E > 0.3 TeV is 5%. For the LMC and 30 Doradus, the 70pm flux
is used to infer the SFR [213] and subsequently the SN rate. For Cygnus and
Westerlund 1, the SN rate is derived from the number and ages of stellar
remnants, and for Carina from the SFR alone.

11.1.2 Context/Advance beyond State of the Art

So far, only very few star forming systems have been discovered at TeV
gamma-ray energies, and those that could be detected are at the limit of
current-generation instruments. These systems are either at the sensitivity
limit of H.E.S.S., MAGIC, or VERITAS, too extended for detailed spectro-
morphological studies, or are not yet resolvable. Furthermore, several of
the star forming systems seen at GeV energies with Fermi-LAT are as yet
undetected in the TeV regime, with predicted flux levels at or just below
the sensitivity of current-generation Cherenkov telescopes. For example, the
starburst galaxy NGC 253 is the weakest VHE gamma-ray source detected
so far [405], the massive stellar cluster Wd 1 is one of the largest TeV sources
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Figure 11.1: Representative MWL images of four objects addressed in this KSP. For
Carina and Cygnus, blue circles indicate the CTA resolution; for M 31, they indicate the
maximum extension CTA will be able to detect and for NGC 253 the minimum extension
CTA will be able to resolve. For NGC 253, the dashed white circle is the H.E.S.S. extension
limit. Image credits: Cygnus — ESA/PACS/SPIRE, Martin Hennemann & Frédérique
Motte; Carina — ESO/IDA/Danish 1.5 m/R.Gendler, J-E. Ovaldsen, C. Thone, and
C. Feron; M 31 — NASA/JPL-Caltech/K. Gordon (Univ. of Arizona) & GALEX Science
Team; NGC 253 — 2MASS, WISE, [402].

in the sky [400], and the ULIRG Arp 220 has a predicted flux level which
requires a long exposure, even with CTA.

Compared to observations at GeV energies, available for all the systems
discussed here, observations with CTA are highly complementary. CTA will
probe higher gamma-ray energies and hence higher particle energies that
are crucial to understand the overall cosmic-ray population in star-forming
systems. Thanks to the much higher photon statistics and superior point
spread function above ~50GeV, CTA will provide much more detailed
gamma-ray spectra and high-resolution images than Fermi-LAT. Fermi-
LAT is sensitive to large-scale interstellar emission in the Milky Way and
nearby galaxies, whereas CTA will probe younger particles close to their
acceleration sites.

11.1.2.1  Star-forming regions

The Carina nebula and the Cygnus region are exceptionally luminous and
massive Galactic star-forming regions, and Wd 1 is the most massive stellar
cluster in the Galaxy. As such, they are very unique systems, different
in many respects, and their study at GeV and TeV energies will help to
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Figure 11.2: The expected calorimetric gamma-ray luminosity of star-forming regions,
stellar clusters, star-forming galaxies, starbursts, and ULIRGs in red. The sizes of the
boxes represent uncertainties in the SFR and the estimated calorimetric gamma-ray
flux. Blue arrows indicate the expected CTA sensitivity for the anticipated observation
time. Black points indicate measurements in the TeV domain, or, where objects are only
detected in GeV gamma rays, extrapolations to VHE gamma rays, based on the Fermi-
LAT spectra. In case SN rate estimates do not exist, the 70 um flux is used to infer
the SFR [213] and subsequently translated into a SN rate based on the scaling relation
vsn = (0.010 £ 0.002) - SFR(Mg /yr).

Notes: (1) The 30 Doradus and LMC estimates have been derived by extrapolating the
Fermi-LAT measurement with a broken power-law (I'y = 2.0,T'2 = 2.4, E. = 1TeV) and
assuming a 90% error on the integral flux.

(2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT
measurements and assuming a 50% error on the integral flux.

(3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement,
assuming a power-law spectrum with index I' = 2.2 and a 50% error on the integral flux.

understand where particles in star-forming regions are accelerated and how
they escape, and, along with MWL observations, the observations will reveal
what their impact on the ISM is.

The Carina nebula is one of the largest, most active, and best studied
Hi1 regions in our Galaxy and is a place of ongoing star formation. It harbours
eight open stellar clusters with more than 60 O-type stars, three Wolf-
Rayet stars, and Eta Carinae, the only colliding-wind binary (CWB) firmly
established to emit GeV gamma rays (see, e.g., Ref. [406]). The age estimates
of the Carina clusters, Tr14, Tr15, and Tr16, indicate several past episodes
of star formation in the northern region and more recent star formation
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ongoing in the southern part of the nebula [407]. The study of extended
X-ray emission as seen with Suzaku, XMM-Newton, and Chandra [408-410]
suggests that the diffuse plasma originates in one or several unrecognised
SNRs and/or may be attributed to stellar winds from massive stars. Based
on the gas content in the Carina nebula and a limit on the gamma-ray flux,
H.E.S.S. constrained the cosmic-ray enhancement factor in this region to be
less than one order of magnitude above the cosmic-ray sea [411].

The Carina arm region also hosts the very young, but as yet undetected
at gamma-ray energies, starburst cluster NGC 3603, where no SN explosion is
expected to have occurred. The second most massive Galactic stellar cluster,
Westerlund 2, is associated with a TeV source, and it harbours many massive
stars and remnants of a few stellar explosions [412]. Westerlund 2, NGC 3603,
and Eta Carinae provide complementary information on how much kinetic
stellar wind energy is channelled into cosmic rays. The proposed CTA
observations will provide the required spatial coverage and flux sensitivity
(in a comparably “clean” environment) to constrain the fraction of input
mechanical stellar wind energy that is converted into gamma-ray emission
in stellar clusters to a level of 2 x 1078 in NGC 3603, 5 x 1072 in Tr16,
and 2 x 1077 in Trl4. Furthermore, the observations will allow us to
probe the high-energy end of the Eta Carinae spectrum and to answer
the question to what extend CWBs contribute to the Galactic cosmic-ray
population.

Cygnus can be seen as a small-scale version of a starburst, harbouring
all types of known Galactic TeV sources. Cygnus is one of the most
promising parts of the Galactic plane to address questions related to particle
acceleration and high-energy phenomena in massive star-forming regions.
Cygnus has a total mass in molecular gas of a few million solar masses and
a total mechanical stellar wind energy of >10% ergs™!. This corresponds to
several percent of the kinetic energy input by SNe into the entire Galaxy.
A wealth of gamma-ray sources discovered by the Fermi-LAT, HEGRA,
Milagro, VERITAS, MAGIC, HAWC, and ARGO-YBJ collaborations prove
that ongoing particle acceleration proceeds in the Cygnus region up to
hundreds of TeV energies. The first ever unidentified source discovered at
TeV energies, TeV J2032+4130, is located in the direction of the Cygnus OB2
association [399]. Fermi and VERITAS discovered GeV and TeV emission
towards the Gamma Cygni SNR, respectively. Most importantly, Fermi-
LAT data revealed the presence of a cocoon of freshly accelerated cosmic
rays stretching between Cygnus OB2, the NGC 6910 open cluster, and
Gamma Cygni [224]. The cocoon provides evidence of particles escaping a
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close-by accelerator and being confined by the magnetic fields in the extreme
environment of massive stellar clusters. The ARGO-YBJ collaboration
claimed the identification of the source ARGO J2031+4157 (associated with
the Milagro source MGRO J2031+41) with the cocoon [413].

Next to Orion, Cygnus is possibly the best studied star-forming region
in the Milky Way across the entire electromagnetic spectrum, and it has
been targeted in large Herschel, Spitzer, and Chandra programmes. At VHE
gamma-ray energies, a survey of the region to a flux level of a few percent
of the Crab nebula was made by VERITAS [414]. Once CTA is operational,
HAWC will have collected 4-5 years of data on the Cygnus region and
should reveal even more TeV emitters. CTA will provide the necessary
angular resolution, flux sensitivity, and energy coverage above ~50GeV to
disentangle the gamma-ray sources that pile up and overlap in this region
and to identify their low-energy counterparts. CTA will furthermore study
the propagation of cosmic rays in the ISM, map the spatial cosmic-ray energy
density distribution, and thereby study the correlation between cosmic rays
and active star-formation sites. Given the proximity of Cygnus to Earth,
CTA observations will provide the best linear resolution and energy flux
sensitivity compared to any other star-forming region in the Galaxy or
the LMC.

Westerlund 1 (Wd 1) is the most massive stellar cluster in the Milky
Way and contains a very rich population of massive stars, including a
magnetar. H.E.S.S. observations have revealed an emission region twenty
times larger than the size of the cluster. The detailed spectral and mor-
phological studies demonstrated that a significant part of the emission may
well originate from Wd 1 and that protons are most likely responsible for
the emission [400]. The apparent size of the emission region also supports
the idea that particles are accelerated in the cluster, and then escape and
interact with the surrounding material and a nearby HiI region. This scenario
is further supported by the morphology of the Hi gas in the region, which
shows a bubble-like structure where dense gas partly overlaps with regions
of strong TeV emission [400, 415]. The analysis of Fermi-LAT data revealed
an extended emission region, offset from Wd 1, and only partly overlapping
with the TeV emission [416]. This could imply that energy-dependent and
anisotropic diffusion and advection are at work in this system, or that this
region harbours multiple particle accelerators. The very large amount of
energy in cosmic rays of 10°! erg required to explain the H.E.S.S. data can
easily be provided by the stellar winds and multiple supernovae that went
off in Wd 1.
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Deep CTA observations of this region will provide the required spatial
and energy coverage to perform a high-resolution study of the energy-
dependent morphology of the emission and to compare Wd 1 to the Cygnus X
superbubble (which is detected at GeV energies) and to 30Dor C (the
TeV detected superbubble in the LMC). Furthermore, the VHE gamma-
ray spectrum shows no indication of a cutoff up to 10 TeV, although the
spectrum could only be reconstructed with limited precision given the large
size of the emission region. CTA observations are crucial to reconstruct the
spectrum with much higher precision, determine the maximum energy to
which particles can be accelerated in stellar clusters, and probe if these
objects are potential PeV accelerators. In the same field of view, the most
luminous TeV-emitting Galactic SNR, HESS J1640-465, HESS J1641-463,
and the gamma-ray pulsar PSR B1706-44 are located. Early observations of
the Wd 1 region will demonstrate the great potential of CTA for the study
of very extended objects with complex morphologies and for the separation
of close-by sources.

11.1.2.2  Star-forming galaxies

The Andromeda galaxy (M 31) is the nearest spiral galaxy at a distance
of ~780kpc to Earth. It has a similar SFR. as the Milky Way and can hence
be considered as its twin. Studying the similarities and differences in gamma
rays will provide important insights on the global cosmic-ray properties of
M 31 and our own Galaxy. M 31 is detected by Fermi-LAT and is consistent
with a point-like source but with an indication of a marginal spatial extension
(see Figure 11.1 for the CTA capabilities to detect such an extension) [417].
The GeV spectrum is noticeably harder than for the Milky Way, and the
ratio of gamma-ray luminosity over SFR is higher by a factor of three. The
clear advantages compared to our own Galaxy are the outside, unbiased view
and the fact that the SFR is much better known for M 31. Observations of
the Andromeda galaxy with CTA within this KSP will provide invaluable
insights into cosmic-ray properties in a spiral galaxy, allowing us to extend
the measured gamma-ray spectrum to TeV energies and to search for truly
diffuse emission and for diffuse emission from individual source populations
such as PWNe.

11.1.2.3  Starburst galazies

The enhanced star-formation activity seen in starburst galaxies is often
triggered by a close fly-by of galaxies, a galaxy merger, or galactic bar
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instabilities. The extremely high thermal and non-thermal particle pressure
in the central regions of starburst galaxies often leads to the formation of
a galactic wind that enriches the intra-cluster medium with heavy elements
and that is proposed to be a re-acceleration site of particles to energies
beyond 10 eV [418]. The high star-formation activity results in a highly
increased SN rate. This increased SN rate is predicted to lead to an
increased production of cosmic rays, which can then interact in the starburst
region to produce gamma rays [419]. Indeed, the emission of GeV and
TeV gamma rays from the starburst galaxies NGC 253 and M 82 was
detected, demonstrating that cosmic rays and the star-formation process
are connected on galactic scales [405, 420, 421]. These observations finally
provided evidence for proton acceleration in the two archetypal starburst
galaxies. The gamma-ray luminosity of starbursts depends on the efficiency
with which energy in cosmic rays is converted into gamma-ray emission. If all
the hadronic cosmic-ray energy is lost in proton—proton collisions, the system
can be considered calorimetric. Non-fully-calorimetric systems on the other
hand may indicate a strong influence of winds. Indeed, only ~40% of the
cosmic rays in NGC 253 and M 82 seem to interact in the starburst nucleus,
with the remainder being advected away in the starburst wind. The study
of starburst galaxies at TeV energies will test the details of the cosmic-ray
physics.

Measuring the calorimetric fraction as a function of the SFR in different
starbursts and in ULIRGs tells us how much gamma-ray luminosity is
produced per given input cosmic-ray and inner starburst gas density. Gamma
rays are especially well-suited for this study since starburst galaxies are an
order-of-magnitude brighter in gamma rays than in radio. A second key
question is whether or not equipartition holds in starburst environments and
what the mechanism is if it does. It is expected that the denser the starburst
the less in equipartition the environment will be. Equipartition may perhaps
hold in M 82 and NGC 253 (e.g., [422, 423]), but it might not be realised
in the ULIRG Arp220 (e.g., Ref. [424, 425]). Third, CTA observations of
star forming systems will also shed light on how mixing of cosmic rays with
ambient gas works. Models of non-thermal emission from starbursts assume
that cosmic rays experience the volume-averaged gas density. But, this can
only happen if the cosmic rays leave the hot phase and enter the molecular
gas and Hi regions. Additionally, we know that the ISM, the magnetic
field, and the injection of cosmic rays are not necessarily homogeneous.
Some works have expanded from these assumptions by correlating radio
emission, gamma-ray emission, and star-formation to constrain cosmic-ray
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diffusion [426], by creating three-dimensional steady-state models of cosmic
rays in M 82 and NGC 253 [423, 427] or by considering the time- and space-
dependent contributions of individual injectors of cosmic rays [428].

CTA observations will help to determine how cosmic rays traverse the
different gas phases in starbursts and which one regulates its transport, or
provides target material for hadronic interactions, or contains the magnetic
fields responsible for the radio emission. Observations of both starbursts are
important, as M 82 is brighter, located in the northern hemisphere, and is
unique as it exhibits a strong wind. NGC 253 on the other hand is located
in the south, has a weaker wind, and offers the possibility to detect the disk.
For both galaxies, we can potentially spatially resolve the starburst core.
Most importantly, the two starbursts have star-formation rates (and SN
rates) that differ by a factor of ten, and hence they probe different regimes
in the radio-gamma-ray relation. Finally, the detailed spectral study of the
brightest nearby starbursts M 82 and NGC 253 may help distinguishing the
diffuse starburst emission from gamma-ray emission produced by individual
populations of sources. This is of particular importance for the more
abundant Galactic TeV sources such as PWNe, for which spectral features
can appear [429, 430].

11.1.2.4 ULIRGS

ULIRGs are mergers of galaxies, where much of the gas from the spiral
disks falls into a common centre of gravity. The merger creates an extreme
molecular environment (> 1000 cm ™) within a small region of a few hundred
parsecs size, triggering a huge burst of star formation [431]. The interstellar
medium in an ULIRG is similar to the inner parts of giant molecular clouds
and photon energy densities in the infrared can reach up to 1000 eV cm ™3,
leading to strong radiative losses. ULIRGs are relatively rare objects [431],
with Arp 220 being the only ULIRG within 100 Mpc (z = 0.018) of Earth.
Arp 220 is also a very extreme object; a SN explosion is expected to occur
every six months, compared to ~1 per century in the Milky Way or in
Andromeda (e.g., Ref. [432]), and several individual SNRs are visible at any
time [433]. The SN rate in Arp 220 is the highest known in the local universe,
making it the perfect object to study cosmic-ray production, interaction
with gas, escape, and environmental feedback on galactic scales. Arp 220
would be the first object of this source class to be detected at gamma-ray
energies (and, in fact, at any energy beyond 10keV). The radio spectrum of
Arp 220 is explained as synchrotron and free-free emission and absorption
from primary and secondary electrons [434, 435]. The inferred magnetic fields



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

KSP: Star Forming Systems 223

can reach the mG range in the most extreme star-formation regions. The
predicted gamma-ray emission of Arp220 is at the limit of detection by
current instruments. Fermi-LAT [404], MAGIC [436], and VERITAS [437]
have reported upper limits. For the former, the galaxy is expected to be
detected within the 10-year mission duration, and indeed [390, 391] report
a tentative detection using more than seven years of Fermi data. Moreover,
all correlations between star-formation indicators and gamma-ray luminosity
place Arp 220 in a detectable range for Fermi-LAT and in line with measured
values for the Small Magellanic Cloud, the LMC, M 31, M 82, NGC 253, and
others given sufficient integration time. At TeV gamma-ray energies, CTA
should detect Arp 220 after a deep exposure, although its distance will limit
the detection to a point-like source.

The timeline of CTA matches the launches of recent and upcoming major
instruments in radio, optical, millimetre, and X-ray wavelengths. The next
generation of radio surveys in HI and CO transition lines with the upgraded
ATCA system and the SKA pathfinder ASKAP are underway; they will map
the three-dimensional neutral gas distribution of our Galaxy with unmatched
spatial and velocity resolution and will cover the Galactic stellar clusters and
star-forming regions discussed in this KSP. Millimetre and sub-millimetre
instruments such as APEX, IRAM, and ALMA will provide measures of the
ionisation level of dense molecular clouds induced by cosmic rays [395]. All
these instruments will add information about the thermal energy content
of the hot gas and about the energy input from massive stars; in this way,
they will complement CTA in the study of ultra-relativistic electrons via
synchrotron radiation.

11.2 Strategy

A summary of the proposed targets, their exposure, and observation
conditions are given in Table 11.2. Given the angular size of the expected
gamma-ray emission, the proposed targets will typically fit into the CTA field
of view, but more extended, Galactic star-forming regions such as Cygnus
may require a mini-scan.

11.3 Data Products

The proposed deep observations of star forming systems within this KSP
will provide numerous data products that will, according to the proposed
CTA data rights policy, be released to the public one year after the data
have been taken. Although the entire program will be only finished by the
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Table 11.2: Summary of observation times and conditions for the proposed targets.

Target Exposure (h) Array Year Zenith Moonlight fraction (%)
Carinal 100 S -3 <45° 0
Cygnus (OB1/0B2)T 130 N -2 <50° 0
wd 1t 40 S 0-1  <50° 25
M 31 150 N 2-5 <45° 0
NGC 253 100 S 1-3 <40° 0
M 82 100 N 1-3 <55° 0
Arp 220 100 S/N 2-5 <50° 0

Notes: Observation times for objects that are also part of the Galactic Plane Survey (GPS)
KSP (marked with a . Chapter 6), have been corrected for the effective exposure achieved
by the GPS in the respective years.

end of year 5, data products on individual targets will be released sooner.
Since Wd 1 is a strong source, observations of the Wd 1 region will be
performed early on and could be used to publish first science results in
year 2, demonstrating the potential of CTA. Data will be released to the
public in the form of maps (flux, hardness ratio) and data cubes (gamma-ray
excess). The Carina and Cygnus region have been observed in basically all
wavelength bands. CTA observations will provide rich legacy products that
are of great interest to a broad scientific community and will be released
in year 4. CTA data will also in this case be released in the form of maps
(flux) and data cubes (gamma-ray excess). Additionally, source catalogues,
including spectral and morphological information and spectra and upper
limits for source populations (PWNe, SNe, Hir regions), will be released.
Data obtained in observations of M 82 and NGC 253 will provide spectral
and morphological information that will be released to the community in
year 4 in the form of maps and data cubes. The same data products will be
released for M 31 and Arp 220 towards the end of the program in year 6.

11.4 Expected Performance/Return

The expected performance and science return has been evaluated with simu-
lations, utilising internal CTA tools for M 31 and using the gammalib/ctools
framework [438] for all other sources.

11.4.1 Star-forming Regions

Simulations of two deep Cygnus pointings towards: (a) Cygnus OB2 and
the cocoon of freshly accelerated cosmic rays and (b) Cygnus OB1 and
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Figure 11.3: Simulated gamma-ray count map for CTA of the Cygnus OB2 region in
four different energy bands (a) and spectra for gamma-ray sources in Cygnus OB2 (b),
based on the observations proposed in this KSP.

VER J2019+407 have been performed. With the proposed observation time
and based on the known sources as shown in Figure 11.3, the diffuse
cocoon component can be detected at the 18 standard deviation significance
level. This exposure is necessary, but also sufficient, to study the energy-
dependent morphology of this complex region in detail. It furthermore
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provides the gamma-ray statistics required to detect sub-structures in the
cocoon, to separate faint sources from the truly diffuse emission and to
determine maximum particle energies in all objects. The Cygnus OB1 region
shows strong diffuse emission and is proposed for a medium—deep exposure
to find the counterparts to the Milagro and VERITAS sources and to
investigate their relationship to the numerous stellar clusters and Hi regions.
Simulations show that all sources can be detected at a level that will allow
for a detailed spectro-morphological study and a search for faint sources,
embedded in the strong diffuse emission. Cutoff energies of the known sources
can be reconstructed with high precision; in the case of the very hard
source VER J2019+368 (spectral index I' = 1.75), the cutoff energy can
be reconstructed even up to energies of 80 TeV.

The Carina region hosts several stellar clusters and a huge reservoir of
gas. With the proposed CTA observations, cosmic-ray enhancement factors
in this region down to the cosmic-ray sea that fills the Galaxy will be probed.
Additionally, these observations will test how much energy is channelled from
stellar winds into gamma-ray emission. For individual clusters, the fraction of
wind-kinetic energy going into gamma-ray emission will be measured down
to a level of 2 x 1078 for NGC 3603, 5 x 1078 for Tr16, and 2 x 10~7 for
Tr14. Simulations have been performed to investigate the CTA potential to
determine the Eta Carinae spectral cutoff. Although a detection is possible
within less than the proposed observation time, multi-year coverage is
required to constrain the phase-dependent cosmic-ray escape into the ISM
and the maximum energy in this CWB.

Simulations for Westerlund 1 have been performed using the Hi data
in that region as a tracer for the TeV emission, adding a two-dimensional
Gaussian source component as found in the Fermi-LAT energy band [416]. As
indicated in Figure 11.4, CTA should be able to detect an energy-dependent
morphology, resolve substructures and, if the GeV and TeV emissions are
indeed connected, probe cosmic-ray propagation effects. The gamma-ray
spectrum can be reconstructed with significant spectral points extending up
to 100 TeV, if the Wd 1 spectrum has no intrinsic cutoff. The observations
can hence establish whether or not Wd 1 is a Galactic PeVatron (see, e.g.,
Ref. [242]).

Additionally, the mechanical stellar wind energy input of the star-
forming regions correspond to ~0.1%, for Carina, ~1% for Wd 1, and a
few percent for Cygnus OB2 of the total mechanical energy input by SNe
in the entire Galaxy. If no emission is detected, the CTA observations will
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Figure 11.4: Expected Westerlund 1 gamma-ray excess maps for CTA in three different
energy bands, smoothed with the CTA point spread function. H.E.S.S. contours are shown
in green [400], the black star indicates the optical stellar cluster, and the magenta circle
is the Fermi-LAT-detected PSR J1648-4611. The light blue dashed circle shows the star-
forming region G 340.2-0.2. See also Ref. [416].

put strong constraints on the contribution of stellar winds as accelerators of
Galactic cosmic rays.

11.4.2 Star-forming Galazies

Simulations of M 31 have been performed assuming different spectra and
morphologies. If the Fermi-LAT measurement is extrapolated to TeV
energies, a point-like signal can be detected by CTA for gamma-ray spectral
indices of I' = (2.2 — 2.4) in the proposed observation time. A maximum
extension of (0.1 x 0.2)° can be detected only in the case that the diffuse
emission has an index of I' = 2.2 (or harder). If the diffuse gamma-ray
spectrum of M 31 extends to higher energies, has a steeper index, or exhibits
a cutoff (as, e.g., seen in the Milky Way), CTA will not be able to measure the
true diffuse emission. However, it will be possible to measure an extended
emission region of up to (1.2 x 0.3)°, in the case of an additional source
population that peaks in the TeV domain (such as PWNe) and contributes to
the gamma-ray signal (see Figures 11.1 and 11.2). In this case, an integrated
signal of 4% of the Crab nebula flux with average source index I'y = 2.2
could be detected.

11.4.3 Starburst Galaxies

Simulations of NGC 253 have been performed to study the CTA potential to
measure the extent of the starburst nucleus. ALMA and SMA observations
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of the core of NGC 253 indicate an extension of the central molecular zone
of ~0.35" x 0.75'. Resolving the starburst region in NGC 253 would prove
that the gamma-ray emission correlates with regions of dense gas and hence
increased star-formation and SN activity. With the proposed observations, a
gamma-ray emission region as small as the ALMA field of view, as indicated
in Figure 11.1, could be detected with three standard deviation statistical
significance. This estimate does not include systematic uncertainties, but it
is also not optimised for a high-resolution analysis. The same study will be
performed for M 82, which has a slightly higher flux than NGC 253, but it
will need to be observed with the northern array (where the sensitivity is
somewhat worse than in the south). Simulations have also been performed to
test if the disk component of NGC 253 could be resolved. For an asymmetric
Gaussian-shaped region with corresponding widths oy = 13.8" and o9 = 3.4/,
the disk can be detected if it exhibits a flux higher than 50% of the core
emission as seen by H.E.S.S. The cutoff (or gamma-gamma absorption
feature) in the gamma-ray spectra of NGC 253 and M 82 will be probed with
high precision up to energies of ~ 5 TeV — the energy where gamma-gamma
absorption features should appear (Figure 11.5(a); [24, 439]).

11.4.4 ULIRGSs

Simulations of Arp 220 have been performed and reveal that if the system
is fully calorimetric as predicted by theory, the source will be detected with
CTA. A simulated energy spectrum of Arp 220 is shown in Figure 11.5(b).

NGC 253 Arp 220

e,
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CTA (100 h)
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Figure 11.5: Expected performance for CTA observations of NGC 253 (a) and Arp 220
(b). H.E.S.S. data are shown for NGC 253 as gray points (H.E.S.S. Collaboration, paper in
preparation). For Arp 220, the MAGIC limits and theoretical model presented in Ref. [436]
are depicted. The Fermi-LAT limits are obtained using 5.8 years of data.
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In summary, the simulations show that the CTA observations proposed in
this KSP will significantly expand our knowledge of cosmic-ray accelerators
in the Milky Way and in nearby galaxies and hence allow us to study the
connection between particle acceleration and star formation as function of

SFR and SN rate.
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KSP: Active Galactic Nuclei

VHE observations of active galaxies harbouring supermassive black holes
(SMBHs) and ejecting relativistic outflows represent a unique tool to
probe the physics of extreme environments, including accretion physics, jet
formation, interaction of the black hole magnetosphere with the accretion
disk corona, relativistic interaction processes, and general relativity. The
same observations also allow us to search for signatures of ultra high-energy
cosmic rays (UHECRs) and to characterise the evolution and differentiation
(through intrinsic diversity or interaction within the host galaxy) of some of
the brightest cosmic sources through space and time. The use of gamma-
loud active galactic nuclei (AGN) as beacons provides insights into the
cosmological evolution of star and galaxy formation through constraints on
photon fields and magnetic fields along the line of sight. In addition, the
study of VHE signals from extragalactic sources has a strong impact on the
search for new fundamental physics.

AGN are known to emit variable radiation across the entire electromag-
netic spectrum up to multi-TeV energies, with fluctuations on timescales
from several years down to a few minutes. At present, AGN make up about
40% of the ~180 sources detected at very high energies with ground-based
telescopes. Apart from five nearby radio galaxies, all VHE AGN are blazars,
i.e., their jets are closely aligned with the line of sight to Earth. The non-
thermal MWL emission from blazars is characterised by two broad spectral
bumps peaking in the optical to X-ray range and in the MeV to VHE gamma-
ray range. Almost three quarters of blazars emitting in the VHE band are
classified as high-frequency peaked BL Lac objects (HBLs), but there are also
a few VHE blazars of other classes: flat-spectrum radio quasars (FSRQs),

231
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low- and intermediate-frequency peaked BL Lac objects (LBLs and IBLs,
respectively), and a newly defined class of ultra high-frequency peaked BL
Lac objects (UHBLs, EHBLs or “extreme blazars”), with spectral peaks of
the high-energy bump above ~1TeV. The highest redshift of this sample of
VHE detected sources is z ~ 0.9, and there is some evidence of the detection
of photons above 100 GeV for redshifts as large as 1.5 [440]. The currently
known population of VHE AGN is still very limited with respect to the
coverage of different classes and redshifts.

CTA has the potential to substantially improve this coverage and
increase the population of VHE sources at high redshifts. Extrapolations of
averaged spectra from the high-energy (HE) gamma-ray band covered with
Fermi-LAT show that more than 200 blazars of different classes and several
radio galaxies should be detectable with acceptable exposure times, up to
redshifts of z ~ 2 [30]. A much larger number should be accessible when
accounting for sources with very hard spectra (see also the Extragalactic
Survey Key Science Project, Chapter 8) and sources in flaring states. The
targeting of flaring states will increase considerably our access to low-
frequency peaked objects and help us constrain their emission process, which
is currently supposed to differ from the processes in HBLs due to interactions
with stronger photon fields in LBLs. In addition, CTA will allow us for the
first time to study the VHE variability of numerous sources during their
quiescent or low-flux states, of which very little is known up to now.

The AGN Key Science Project plays a crucial role in addressing the three
CTA key science themes:

e Probing Extreme Environments: Data from the AGN KSP, together
with MWL and possibly MM data, will bring us closer to a comprehensive
understanding of the different types of blazars and their supposed parent
population of radio galaxies, through the exploitation of a reference sample
of high-quality spectra and light curves from different AGN classes. The
signals detected from AGN over a large range of redshifts will also be used
as beacons for a precise measurement of the extragalactic background light
(EBL) [31] and to constrain the strength of the intergalactic magnetic field
(IGMF) [444].

e Understanding the Origin and Role of Relativistic Cosmic
Particles: This KSP aims at probing the nature of the gamma-ray
emitting particles in AGN, by comparing leptonic and hadronic emission
models against steady and time-resolved spectra over an unprecedented
energy range. High-quality VHE spectra of a population of sources and
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complementary MWL data will enable searches for signatures of UHECRs
that will be distinguishable from other propagation or internal effects due
to an extensive coverage of redshifts, classes, and activity states.

e Exploring Frontiers in Physics: VHE observations from AGN will
provide important data for searches for Lorentz invariance violation (LIV)
and axion-like particles (ALPs) which should leave discernible signatures
in the gamma-ray spectra and light curves, with repercussions on our
knowledge of general relativity, quantum gravity, and dark matter.

In terms of guaranteed science, data from this KSP will provide a wealth of
information on the physics of gamma-loud AGN, with direct implications on
our understanding of e.g., acceleration and emission processes, characteristics
of relativistic jets, and accretion regimes of the SMBH. As an example,
Figure 12.1 shows the expected CTA spectra for two simple emission
scenarios — a leptonic and a hadronic model — in comparison with the
currently available data. A set of high-quality spectra from different blazar
types and different redshifts is needed to confidently distinguish intrinsic

hadronic scenario leptonic scenario

-10.5}

L
jury

log (v F, [erg cm®s™])
IIR;||||;|||| T Ty

L
[
W

L
w
T T

P \i
P . V)
_135'||."l/||||||||||||||||||»"]r"|i||| s b bv v by b b |
: 23 24 25 26 27 28 23 24 25 26 27 28
log (v [Hz])
(a) (b)
SsC e proton synchrotron
---------- muon synchrotron = = = synch from sec. pairs from pi0 decay
sum of hadronic components =««-««..« synch from sec. pairs from pi+- decay

Figure 12.1: A comparison of the expected CTA spectra for two specific (simple)
emission models for the blazar PKS2155-304. A hadronic scenario, where high-energy
emission is caused by proton- and muon-synchrotron photons and secondary emission
from proton—photon interactions, is shown on (a), and a standard leptonic synchrotron self-
Compton (SSC) model on (b). The exposure time assumed for the simulations (33 h) is the
same as the live time for the H.E.S.S. observations (black data points above 3x10?° Hz).
The statistical uncertainties in the CTA data points are smaller than the red squares. For
more details see Ref. [441-443].
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Figure 12.2: Potential for CTA to resolve the EBL density. The normalisation of the
EBL density with respect to a state-of-the-art EBL model [446] is reconstructed as a
function the distance of the sources used as gamma-ray beacons. Assumed are quiescent
and flare states of ten sources per redshift bin and an average flux level of 25% of the Crab
nebula at 100 GeV prior to absorption. The assumed exposure time takes into account
that at higher redshifts the CTA data will be dominated by short flare states. Results
obtained by H.E.S.S. [447] and Fermi-LAT [448] are shown for comparison. It should be
noted that so far only a handful of sources above a redshift of 0.4 have been detected with
ground-based gamma-ray telescopes.

spectral features of multi-component models, such as the hadronic model
shown here, from external absorption on standard leptonic models. The
AGN KSP will also lead to a precision measurement of the EBL spectrum
at z ~ 0, down to the far-infrared and to a determination of its evolution up
to z ~ 1 (cf. Figure 12.2). These data will also place strong constraints on
the strength of the IGMF, informing us on conditions in the early universe
and on predictions of fundamental physics.

In addition, the AGN KSP carries a great discovery potential for
new VHE AGN classes, e.g., Narrow Line Seyfert 1 (NLSyl) galaxies or
radio-quiet AGN classes, such as Seyfert galaxies or low-luminosity AGN
(LLAGN). Estimates of the detectability of extended emission from the
Centaurus A kpc jet, from its radio lobes, or from the radio lobes of M 87 are
model dependent [30, 445]. If detected, such an extended signal would be a
major breakthrough in the study of emission mechanisms in these sources
and in the unification of different radio-loud AGN in general. Naturally, the
possible detection of signatures from UHECR, the IGMF (in the form of
“pair halos” or “pair echoes”), ALPs, or LIV are of great interest for the
wider scientific community.
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To this aim, we want to observe a reference sample of VHE AGN, which
should cover all different gamma-loud classes and a large range of redshifts in
a homogeneous way (in terms of required signal strength for each source and
observation mode). The currently available VHE data on AGN have clearly
shown the necessity of accessing not only high-quality spectra, but also
flux and spectral variability on all timescales, together with simultaneous or
contemporaneous (depending on the timescales under study) MWL coverage.
Carrying out these observations in the form of a Key Science Project will
provide the community with a homogeneous data set from a reference
sample of VHE AGN, selected using well-defined criteria and including
various archetypal AGN. The AGN KSP includes multi-annual observations
(up to at least ten years for long-term monitoring of a few selected
sources), which are difficult to propose and follow-up for individual observers.
With the aim of self-triggering the CTA arrays on AGN flares, special
“snapshot” observation modes, i.e., very short exposures on a large number
of candidate flaring sources with small CTA sub-arrays, will be tested and
optimised.

There are several arguments for carrying out this scientific programme
in the context of a Key Science Project done by the CTA Consortium.
As mentioned above, the AGN KSP will provide legacy data products
(spectra, light curves, etc.) from a homogeneous sample of AGN that will be
of great value to the community. The KSP is designed to guarantee coverage
of a minimum number of sources at different redshifts and of different
classes, as well as to ensure the long-term monitoring of a few prominent
sources for at least 10 consecutive years. It is important that data from
the long-term monitoring are released promptly to constitute a useful data
set for the community. In addition, the snapshot programme requires very
frequent short observations with multiple sub-arrays, where it can profit
from flexible scheduling. To optimise the scheduling of these observations
and their rapid evaluation, and to guarantee the timely emission of alerts,
this programme is ideally suited to be carried out by the CTA Consortium.
Finally, it is scientifically important that a maximum number of observations
of flaring events be done with simultaneous Fermi-LAT coverage; therefore,
an essential part of the AGN KSP is concerned with observations made in the
pre-operational and early phases of CTA. The organisation of the proposed
observations in the context of a KSP will greatly facilitate the necessary
coordination with many different MWL and MM instruments.

Key data products will include legacy data sets of high-quality spectra,
long-term light curves, time-varying spectra and high-resolution flare light
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curves. Furthermore, CTA will be able to send outgoing alerts for AGN
flares to MWL facilities based on the snapshot programme, which monitors
the VHE flux state of a large number of AGN.

Both the northern and southern arrays are needed to successfully
implement this observational programme, otherwise the sample of accessible
sources would be too limited, especially in the case of sources with soft
spectra or at high redshifts which are difficult to detect. Observations will be
carried out in dark time and under partial moonlight. Part of the programme
can begin with partially complete arrays. It is strongly recommended to
begin the targeted observations and the flare programme as soon as possible
(i.e., in the period before the start of operations of the full CTA facility) to
profit from simultaneous coverage with the Fermi-LAT detector before the
end of its mission.

12.1 Science Targeted

12.1.1 Relativistic Jets from Supermassive Black Holes

12.1.1.1  What are the relevant particle acceleration and emission
processes in VHE blazars? How are different blazar types
related?

AGN studies in the nearby universe have indicated that their diversity may
be understood by varying a few physical parameters (e.g., jet orientation and
power; properties of accretion disk, corona and torus; spin and mass of the
SMBH). Theoretical models predict that the jet power in AGN arises from
the spin and mass of the central SMBH, as well as from the magnetic field
at its horizon [449]. Although some VHE observations seem to favour a link
between accretion physics, jet formation and VHE gamma-ray production,
no universal connection has been established so far. Measurements of the
gamma-ray spectra of blazars can be used to estimate their jet power. This
provides insight into the energetics of the source and can be compared to the
estimated accretion rate to confirm or dismiss potential connections (see, e.g.,
Ref. [450]). VHE data in particular can complete our present understanding
with information from low-luminosity, high-frequency peaked blazars, which
are supposed to probe a different accretion regime and possibly a different
black hole spin range than the softer sources with spectral peaks in the
Fermi-LAT range.

Results from modelling of blazar spectral energy distributions (SEDs)
indicate that the presence or absence of thermal photons, emitted from the
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accretion disk and reflected from the dust torus or broad line region (BLR)
and thus linked to the accretion process, could be responsible for the different
shapes of the SED observed from different classes (see, e.g., [451-454]).
High-quality spectra at very high energies are crucial to distinguish between
the components of the SED due to inverse-Compton up-scattering of these
different photon fields and to search for discernible spectral features from
photon—photon absorption (see, e.g., Refs. [455, 456]). The interaction
of VHE gamma rays with thermal photons also constrains the possible
locations of their emission, e.g., to be within or outside the BLR (see, e.g.,
Refs. [457, 458]). Thanks to the improved capabilities of CTA (i.e., wider
energy covered, improved energy resolution and improved sensitivity) and
with complementary MWL information, we will be able to better constrain
the theoretical models and discriminate between the different seed photon
sources.

At present, the available emission models are generally not sufficiently
well constrained, although in certain cases the basic one-zone synchrotron
self-Compton (SSC) model has already shown its limitations when con-
fronted with available data (e.g. discussion in [442]). To distinguish between
different acceleration mechanisms, source parameters (such as the size
of the emitting region and the magnetic field strength) and underlying
particle populations, both spectral and temporal information are needed.
Detection of flares, as well as long-term monitoring of sources, together
with simultaneous MWL data, enables the reconstruction of time-dependent
SEDs, which would put our current models to a serious test.

High-quality VHE spectra of different sources, as part of carefully
organised MWL coverage, will help us characterise the nature of different
blazar classes (addressing blazar unification and redshift evolution) and
allow us to disentangle the origin (leptonic- or hadronic-dominated emission)
and sites of the non-thermal radiation seen at highest energies, with direct
implications for in-situ particle acceleration mechanisms (shock, shear,
turbulence, magnetic reconnection), as well as jet power and jet dynamics.

Given the large dominance of low-redshift HBLs in the currently known
VHE AGN sample, we want to widen the VHE coverage to include more
low-frequency peaked objects (FSRQs, LBLs, and IBLs), as well as more
sources at higher redshifts. Except for a few cases, FSRQs are difficult to
detect during quiescent states, but their characteristically large VHE flux
variations, up to a factor of 100 on short time scales (days/hours), make
them good targets for detections during flaring states (see, e.g., Ref. [459]).
There is increasing evidence that many LBLs and maybe IBLs share common
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properties with FSRQs (see, e.g., Ref. [460]). Observing flaring events from
such objects can help to understand the links between FSRQs and the bulk
of the VHE blazars known to date and to pinpoint the conditions for efficient
particle acceleration and radiation within blazar jets. In addition, it will also
be necessary to observe some objects of each class during their quiescent
states to gain unbiased access to their emission mechanisms, which might
well be different between quiescent and high states.

On the other end of the supposed “blazar sequence”, we also want to gain
access to a larger sample of “extreme blazars” or UHBLs [456, 461, 462]. This
new class of BL Lac objects, of which only a handful of sources have been
detected so far, is characterised by a very hard intrinsic VHE spectrum, with
a peak of the high-energy spectral bump around 1TeV or higher, and little
or no flux variability. The interpretation of their multi-band emission with
the standard SSC scenarios requires extreme parameter values (see, e.g.,
Ref. [463]). More complex leptonic scenarios (see, e.g., Refs. [464, 465]) or
hadronic scenarios (see, e.g., Refs. [442, 466]) are required for a convincing
description of their emission.

12.1.1.2  What causes the observed wvariability in AGN from time
scales of a few years down to a few minutes?

Variability at all wavelengths is one of the defining properties of AGN.
The most rapid variations in gamma rays are on the scale of only a few
minutes. The very rapid variability of flares puts strong constraints on the
size of the emitting region and its bulk velocity due to light crossing-time
arguments. The power spectra of AGN light curves show flicker-noise or red-
noise behaviour on time scales ranging from minutes to years, which points
to a stochastic origin of their emission. The cause, additive or multiplicative
processes, and the source of these variations, intra-jet or disk-modulated,
remain largely debated (see, e.g., Ref. [467]). In both source scenarios,
flaring events are rare, but contribute significantly to the total time-averaged
emission of the source. Monthly observations with Fermi-LAT indicate that
the most probable value of the duty cycle of high-flux events (i.e., above 1.5
standard deviations) is about 5-10% for BL Lac objects and FSRQs [248].
The long-term variability and duty cycle of AGN in VHE gamma rays are
largely unknown. Most of the known VHE AGN are detectable on daily time
scales only during flares for current instruments. Light curves with shorter
time intervals are only available for a handful of sources in extreme flaring
states.
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One can roughly distinguish three typical time scales relevant for AGN
physics:

e Slow: Annual timescale — The annual time scales are related to
the duty cycle of the sources, and the claimed periodicities and quasi-
periodicities have yearly timescales. There does not seem to be a significant
difference between gamma-ray (detected by Fermi-LAT) and non gamma-
ray blazars (see, e.g., the Roma BZB catalogue®), indicating that the duty
cycles are long (>6 years of Fermi-LAT observations) also in gamma rays.
The (quasi-)periodicities could be related to binary supermassive black
holes, jet precession, or processes in the accretion disk. Finally, breaks
in the power spectra of X-ray light curves have been observed on such
long time scales for a wide range of black-hole masses and have been
shown to scale with the ratio of black hole mass to the accretion rate (see,
e.g., Ref. [468]). On the other hand, the absence of variability even on
relatively long time scales could be an indication in favour of scenarios
where gamma-ray emission stems from cosmic-ray induced cascades that
develop outside of the source, as will be discussed below.

e Intermediate: Timescale of days, weeks, months — These time
scales are related to the macrophysics of the emission region in the AGN jet
such as its size, location, geometry, and dynamics. A better understanding
of the emission region is directly linked to information about the possible
acceleration and emission mechanisms. Sampling of the light curves at
these time scales is crucial for comparison with light curves at other
wavelengths to distinguish different emission components.

e Rapid: Timescale of hours, minutes — Sampling blazar fluxes below
the light-crossing time scale of the SMBH, Tg ~ 3h x (M/10°My)
and during the whole visibility window of a night is a key strategy
to understand the flickering behaviour of blazars on short time scales.
Such measurements put strong constraints on the bulk Doppler factor,
as well as on particle acceleration and cooling processes. Very rapid
variability has so far only been studied in a few extreme flares, which
have shown the limitations of standard emission models and given rise to
more sophisticated scenarios, e.g., turbulent, multi-zone emission [469], or
magnetic reconnection (see, e.g., Refs. [470, 471]) inside the jet or in the
jet launching region (see, e.g., Refs. [472-474]), or pulsar-like acceleration
in the black-hole magnetosphere (see, e.g., Refs. [475, 476]). To illustrate

“see http://www.asdc.asi.it/bzcat
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Figure 12.3: Simulated light curve based on an extrapolation of the power spectrum
of the 2006 flare from PKS2155-304 [30]. Error bars indicate the statistical uncertainty
at one standard deviation. The doubling rise time and decay time are indicated for the
second peak in insert.

the expected performance of CTA, Figure 12.3 shows the simulated CTA
light curve of a hypothetical AGN flare modelled on a flare detected from
the blazar PKS2155-304 in 2006. As can be seen, CTA will for the first
time probe sub-minute timescales.

The observations of the AGN KSP cover flux variations on these
three different time scales. The slow and intermediate time scales will be
probed with the “long-term monitoring” programme, which will provide light
curves with regular (weekly) sampling over several years. The intermediate
variability will also be tested with observations of relatively bright sources
as part of the “high-quality spectra” programme. Rapid variability will be
probed with the dedicated “AGN flares” programme. In conjunction with
other MWL data, these programmes will provide unprecedented data sets
for detailed time series analyses.

12.1.1.3  From where does the VHE emission of radio galazies
originate?

In standard AGN unification models, blazars are thought to be a sub-class
of a larger parent population of radio galaxies, distinguished by a close
alignment of their jets with the line of sight to Earth. The observation of
radio galaxies at very high energies is of special interest with respect to
understanding the unification of different blazar and radio galaxy classes.
Since their jets are not pointing directly towards us, radio galaxies can be
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mapped in the radio band and at other frequencies, and they provide data
which are less biased by strong relativistic beaming effects.

The number of radio galaxies detected at very high energies is still
very small (this is also true for the GeV band). Only the most nearby
sources have been detected at very high energies so far, namely M &7,
Centaurus A (“Cen A”), NGC 1275, and PKS0625-35; these are all FR-I
radio galaxies, which are often interpreted as “misaligned BL Lacs”.” The
small sample of known TeV radio galaxies do not exhibit any common
features at wavelengths below the gamma-ray band [30]. This might indicate
that the VHE emission is not directly related to a specific property of those
sources and is rather a general characteristic of radio galaxies. It raises the
question whether the VHE emission in radio galaxies is generated in the
jet, as is generally assumed for blazars, or in the core region, possibly due
to magnetic processes. This latter possibility would naturally correlate their
radio and VHE properties with those of micro-quasars (see, e.g., Ref. [478]).

Results from Fermi-LAT observations of Cen A have shown that the
extended emission from the giant lobes in radio galaxies is visible in gamma
rays [479].¢ Even if a simple extrapolation of the Fermi-LAT spectrum from
this emission does not seem easily accessible for CTA, an additional VHE
emission component is not ruled out and prospects for another nearby radio
galaxy, M 87, are more promising [30]. In Cen A, emission from the kpc jet
provides another challenging target that could lead to an important VHE
discovery [445].

To indisputably determine the exact location of the VHE emission,
simultaneous or contemporaneous VLBI coverage of VHE flares, with an
angular resolution able to image the flaring region, will be essential. The
power of such observations is very well illustrated by the observations of
M 87 [481]. VLBI observations of this radio galaxy have shown that different
episodes of VHE flares may be related to different emission regions, in this
case the radio core and the HST-1 radio knot [482]. Such unexpected results
strengthen the case for further studies.

An open problem is also presented by the mismatch seen between the
Fermi-LAT and H.E.S.S. spectra from the core of Cen A [483]. A high-
quality measurement of the spectrum in the overlap region will be able to
verify the indication of a spectral hardening towards the high energy end

"The VHE emission from IC 310, another radio galaxy candidate, is most likely linked to
the blazar core of this source [477].

“Extended emission has also been recently detected with Fermi-LAT from the radio galaxy
Fornax A [480].
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of the Fermi-LAT spectrum [484, 485] and to distinguish between different
leptonic or lepto-hadronic scenarios trying to explain the origin of the GeV
and TeV emission [483, 486-488].

12.1.1.4 Do other classes of AGN emit VHE gamma rays?

After the recent detections with Fermi-LAT [489-492], it is clear that NLSy1s
are a class of AGN that should be within the reach of CTA during flaring
states. While TeV blazars and radio galaxies tend to be hosted by giant
ellipticals with a SMBH of 10872 M, NLSyls are thought to be hosted by
spiral galaxies and to lie in the low range of the SMBH mass spectrum
(106-8 M), while exhibiting very efficient accretion (but see Refs. [493, 494]).
VHE gamma rays detected from NLSyls could provide crucial insights into
the unification of various classes of AGN and on the conditions for jet
formation as a function of the SMBH mass and accretion rate, as well as
the role of the host galaxy. Several NLSyls are included in our list of targets
to survey for flares.

Even more challenging targets are Seyfert galaxies or low-luminosity
AGN (LLAGN). Several models for the direct production of gamma-ray
emission in the vicinity of SMBH have been proposed (see, e.g., Refs. [475,
476, 495-497] and references therein). No VHE gamma-ray emission has been
detected from such objects so far, although at GeV energies Fermi-LAT has
detected the Seyfert II galaxy Circinus [249]. Given the weakness of the
expected signal from such sources, a stacking analysis of several candidates
seems the most promising approach, with nearby galaxy clusters being the
best targets. The deep observation of M 87, included in the AGN KSP, will
at the same time provide coverage of the centre of the Virgo cluster, while
observations of other clusters are foreseen within the dedicated Cluster of
Galaxies Key Science Project (Chapter 13). In addition, a stacking analysis
can also be carried out on the fields of view of all other observations of AGN.

12.1.2 Blazars as Probes of the Universe

12.1.2.1  What is the spectrum of the EBL at redshift z ~ 0 and how
does it evolve at higher redshifts?

The EBL encodes important information on the star formation history
of the universe and it constitutes a major research area in observational
gamma-ray cosmology. Direct measurements of the EBL are difficult, due
to strong foregrounds from our Solar System and the Galaxy, with current
constraints from galaxy counts and direct observations leaving the absolute
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level of the EBL density uncertain by a factor of two to ten. The excellent
“spectral lever arm” of CTA, covering both intrinsic (with optical depth
7 = 0) and absorbed (7 & 3) ranges of the energy spectra from blazars,
will allow an unprecedented (indirect) precision measurement of the EBL
density, particularly in the poorly constrained low-frequency range (mid to
far infrared).

The potential of EBL studies with CTA has been discussed in detail [31].
With CTA, we aim for a substantial improvement over current measurements
of the EBL performed with Fermi-LAT [448] and current atmospheric
Cherenkov telescopes (see e.g., Refs. [447, 498]). We will take advantage
of the unique capability of CTA to measure simultaneously and with high
precision both the unabsorbed intrinsic (GeV) and attenuated (TeV) parts
of the blazar spectra and thereby disentangle intrinsic physical processes
from external absorption features, which will be essential for a precise EBL
density determination.

For this purpose, we will observe a large sample of blazars located at
different redshifts. Many of the targets are already discovered TeV emitters,
others are seen with Fermi-LAT so far only, and others will only be seen
by CTA when in flaring states. In addition, the exceptional statistics from
extreme flaring states of, e.g., Mrk 421, Mrk 501 or PKS 2155-304, is of utter
importance for the study of pair-creation on the far-infrared EBL, for which
gamma rays are needed above 10TeV, requiring observations of nearby
hard-spectrum sources. The detection of high-redshift sources, more likely
during flares, would allow us to measure the evolution of the cosmic optical
background. Flares also help us distinguish the effects of EBL absorption
from internal spectral variations.

The first goal of this part of the AGN KSP is a measurement of the
EBL spectrum from the mid ultraviolet to the far infrared at z ~ 0 with
an uncertainty of 10% on the overall flux, which can be reached with a
sufficient number of sources, evenly spread over redshifts up to z ~ 1. The
expected “scaling factor”, a measure of the sensitivity to differences between
the assumed and actual EBL density, for measurements with CTA is shown
in Figure 12.2. The second goal is the characterisation of the EBL evolution
up to a redshift of z ~ 1, which can be directly compared to models of galaxy
evolution.

In addition, we note that the measurement of gamma-ray absorption on
the EBL may also be used for the determination of the expansion rate of the
universe, i.e., the Hubble constant, as has been shown in Refs. [498, 499].
The value adopted for the Hubble constant has an influence on the evolution
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of the EBL density and on the gamma-ray propagation that should lead to
a measurable effect on the detected spectrum. Sources at redshifts between
z = 0.04 and z = 0.1 seem particularly constraining for such a measurement.
This method would present an approach that is independent from more
established methods such as Cepheids, supernovae, the cosmic microwave
background and baryon acoustic oscillations. Its accuracy will increase with
an improved understanding of the EBL and new VHE data.

12.1.2.2  What is the strength of the IGMF?

The origin of the IGMF, be it structure formation, inflation, or primordial
phase transitions, is still widely discussed. For recent overviews see, e.g.,
Refs. [500-504]. The actual detection of a non-zero IGMF, if primordial,
could shed new light on conditions in the early universe and could complete
the dynamo description for the origin of cosmic magnetic fields, by providing
magnetic seed fields for dynamo amplification processes in turbulent flows
during the formation of large-scale structures. On the other hand, an origin
of the IGMF through astrophysical mechanisms, e.g., bulk outflows of
magnetised material from radio galaxies, could explain young magnetised
large-scale structures, with little time for dynamo growth, such as the
magnetic bridge identified in the Coma supercluster [505]. The importance
of a characterisation of the IGMF for our understanding of the evolution
of the universe and the development of galactic magnetic fields has been
outlined (see, e.g., Ref. [30] and the references therein).

Indirect detection methods, using a subset of the target selection for the
EBL measurement, are our best approach towards a first measurement of
the strength of the IGMF. There are two possible strategies to adopt when
studying the IGMF using gamma rays above a few TeV:

e Imaging analysis searches for extended “pair halos” around blazars,
which are expected for IGMF strengths >1071¢ G. Such searches will profit
from the improved angular resolution and wide field of view of CTA (see
Figure 12.4(a)). A first hint for the existence of pair halos in stacked
Fermi-LAT data of blazars has recently been reported [508].

e Time-resolved spectral analysis explores a different parameter space,
for IGMF strengths <1070 G, which lead to so-called “pair echoes” (see
Figure 12.4(b)) in the intergalactic medium, resulting in delayed signals
at reduced energies. Rapid flux variations should be washed out by the
cascade-like reprocessing of gamma rays towards lower energies. The
ability of CTA to disentangle spectral components that are time-dependent
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Figure 12.4: (a) The arrival directions of primary and secondary gamma rays (black
circles) from a source at a distance D = 120 Mpc with an IGMF strength of 10™'* G. The
sizes of the black circles are proportional to the photon energies. The AGN intrinsic gamma-
ray spectrum is described as a power law with an exponential cutoff. The blue dashed and
red solid circles have radii of 1.5° and 2.5°, respectively, to indicate the extension of the pair
halo image. Figure taken from Ref. [506]. (b) A model of the cascade radiation spectrum
in a pair echo, applied to observations of the blazar 1ES 0229+4200. The cascade spectra
assume persistent TeV emission for different values of the magnetic field strength and
coherence length. Figure taken from Ref. [507].

from those that are constant, especially in the low-energy range, will be
of special importance.

12.1.3 UHECRs and Fundamental Physics
12.1.3.1 AGN as potential sources of UHECRSs

In a similar way to the important advances that were made in the search for
Galactic cosmic-ray emitters with GeV and TeV observations of supernova
remnants and molecular clouds, one may expect that CTA will lead to
an insight into the origin of UHECRs through high-quality data from
extragalactic sources. Indirect evidence for cosmic-ray acceleration in such
sources, from observations of gamma rays and possibly neutrinos, might
indeed be the only way to solve this question, given the difficulties of direct
searches for UHECR sources due to the low event statistics and the deviation
of charged particles in extragalactic and Galactic magnetic fields.

Although the detection of very rapid variability of the high-energy flux
during flares from a few bright sources such as PKS 2155-304, Mrk 421, or
Mrk 501 seems to favour leptonic emission scenarios in blazars (but see, e.g.,



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

246 Science with the Cherenkov Telescope Array

Ref. [509]), a significant contribution from hadrons during low states is not
excluded. We will collect information on the occurrence of rapid flares in
different AGN classes, as well as on the flux variability during low states,
which will constrain current hadronic emission models. Simultaneous MWL
observations will be crucial for such studies. A possible signature of UHECRs
in gamma rays is a hard spectrum at energies beyond the characteristic
gamma-ray absorption energy by the EBL. UHECRSs interact with photons
of the cosmic microwave background and the EBL during propagation in
intergalactic space to produce UHE photons and leptons, which trigger
electromagnetic cascades. If the IGMF is sufficiently weak, their cascaded
secondary photons contribute to the gamma-ray flux from the source. Models
based on this scenario reproduce successfully the SED of hard-spectrum
blazars (see, e.g., Refs. [466, 510, 511]). Figure 12.5 shows the expected
spectral hardening from UHECR-induced intergalactic cascades for a high-
redshift blazar observable by CTA.

Another signature for the presence of relativistic hadrons in AGN is the
occurrence of synchrotron-pair cascades in the emission region, which can
lead, under certain conditions, to a visible spectral “bump” in the TeV range
([441, 443, 452, 513], see Figure 12.1). In addition, models of gamma-ray
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Figure 12.5: The expected CTA spectrum for the distant blazar KUV0031-1938,
based on an extrapolation from current measurements and the addition of gamma-ray-
induced cascades (blue curve), is compared to the spectrum from the same source when
including UHECR-induced cascade emission (red curve). Error bars indicate the statistical
uncertainty of one standard deviation. See also Refs. [466, 512].
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emission close to the central SMBH, which can best be probed in LLAGN,
provide yet another scenario for the acceleration of hadrons to ultra-high
energies.

The search for such signatures requires high-quality spectra covering
a wide spectral range for a sample of different VHE AGN classes and
redshifts, together with information on the source variability. This will be
achieved with the data gathered from the “high-quality spectra” and “AGN
flare” programmes that are detailed below. In addition, several emission
scenarios based on different acceleration sites have been proposed for radio
galaxies, especially Cen A. These scenarios can be tested with the deep VHE
observations we propose for this source (see, e.g., Refs. [486, 514-516] and
many others).

12.1.3.2  Can we find signatures for the existence
of axion-like particles?

An issue with wide ranging implications for fundamental physics that
can be probed in several ways with measurements of VHE gamma rays
from distant sources is the existence of ALPs (for more information,
see Chapter 1). EBL absorption of VHE photons would be considerably
reduced by v < ALP oscillations taking place in ambient magnetic fields
[517-524]. First hints for a reduced gamma-ray opacity might have been
observed in the form of a pair-production anomaly at the four standard
deviation level [525] and of unusually hard gamma-ray spectra compared
to what is expected from standard EBL absorption [526, 527]. (These hints
do not seem to be confirmed however, see [498, 528, 529]). Photon-ALP
oscillations would provide a natural solution to these problems if they are
confirmed [518, 522, 530].

Alternatively, the v — ALP conversion could occur inside the blazar or
in its direct environment, and the ALP — ~ reconversion could take place
in the Milky Way magnetic field [518]. One possibility is that the blazar
resides inside a group of galaxies or a galaxy cluster, where the v — ALP
conversion is triggered by the cluster magnetic field [530, 531]. It should
be noted that these environments will be extensively studied by SKA using
Faraday rotation measurements to achieve a better parametrisation of the
magnetic fields.

As far as completely isolated BL Lac objects are concerned, the v — ALP
conversion probability strongly depends on the uncertain position of the
VHE gamma-ray emission region along the jet and on the strength of the
magnetic field therein [531, 532]. On the other hand, the turbulent magnetic
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field in radio lobes at the termination of AGN jets could lead to a significant
proportion of ALPs in the beam [532]. Photon-ALP mixing could also explain
the observation of VHE gamma ray in FSRQs if the emission zone is located
inside the BLR (e.g., Ref. [533]).

Due to the expected spectral signatures of photon-ALP mixing, a search
for ALPs suggests an observational strategy closely related to that of EBL
studies. In order to detect a reduced opacity, observations at high optical
depths are necessary. Dedicated studies [531, 534] show that flaring episodes
of distant blazars at redshifts 0.2 < z < 0.5 are best suited for this work.
At the same time, the intrinsic spectrum emitted by the blazar has to be
determined as precisely as possible. To this end, MWL coverage, especially
with X-ray telescopes, is of importance since it can provide insights on the
particle distribution inside the source and thus help constrain the intrinsic
spectrum in the CTA energy range.

Observations of bright FSRQs at any redshift offer an additional
opportunity to search for ALPs and to test the hypothesis that ALPs
facilitate the escape of gamma rays from the BLR. Promising targets coincide
with the sources selected for EBL studies. The search for oscillations in the
spectra are best carried out with bright sources located in regions where
the magnetic field is known to be strong. Thus, bright AGN in galaxy
clusters are ideal targets [535, 536]. Examples are PKS 2155-304, M 87, and
NGC 1275 (see also the Clusters of Galaxies KSP, Chapter 13). Blazars in
isolated environments could serve as a control sample in case indications for
ALP-induced oscillation features in spectra are found.

12.1.3.3 Can we rule out Lorentz Invariance Violation?

The significance of LIV searches as a motivation in the development of
quantum gravity theories has been discussed in Chapter 1. CTA observations
of AGN would enable multiple tests of LIV to break the degeneracy between
intrinsic source physics and propagation-induced effects, given the balance
of variability, distance, and VHE emission [271]. The duration of AGN
flares is sufficient for atmospheric Cherenkov telescopes to slew to them,
but still retains the potential to observe rapidly varying features to provide
constraining limits on LIV effects. The AGN we target are regularly spaced
in redshift so that propagation-induced versus source intrinsic dispersion
effects can be tested for.

Recent observations of GRBs with Fermi-LAT have provided stringent
constraints on the linear term in generic models that break Lorentz
invariance [537], and measurements of VHE photons from AGN flares with
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H.E.S.S. [538] have shown that atmospheric Cherenkov telescope data from
AGN flares can put strong constraints on the quadratic term, which is not
yet well constrained.

Even if the AGN light curve does not have sufficiently rapid features to
determine dispersion for any single flaring episode, a LIV-induced dispersion
will mean that the higher energy photons will always be shifted with respect
to the lower energy ones in the light curve. The accumulation of long-
term monitoring data means that we can still potentially determine time
delays with high confidence through the use of cross-power spectral analysis
methods [271]. This will be the first time that routine AGN observations,
i.e. not at exceptional flux levels, will allow us to constrain LIV parameters.

The LIV that modifies the dispersion relation for gamma rays could
also affect the kinematics in the pair-production with the EBL, changing
the threshold for interaction and allowing VHE photons to be detected that
would not normally arrive at the observer [498, 539, 540]. A study with deep
observations of suitably hard-spectrum, distant AGN testing for any changes
in EBL absorption, akin to the ALPs study, would enable a probe of new
physics with relevance to LIV studies also.

12.1.4 Advance beyond State of the Art

One of the main difficulties in all the studies discussed above with current-
generation instruments lies in the separation of intrinsic spectral features
from propagation-induced effects. The strength of the observing strategy of
CTA’s AGN KSP lies in the observation of a large set of sources of different
classes and at different redshifts with high gamma-ray statistics. In addition,
variability leads to different patterns for intrinsic and propagation-induced
effects. With the AGN KSP, we will for the first time gather information
from a selection of sources at all time scales. This will allow us to distinguish
signatures of the EBL, IGMF, and modified fundamental interactions from
source physics.

AGN observations will profit greatly from the improved performance of
CTA compared to current instruments. CTA will provide better access to
low-frequency peaked sources (FSRQs, LBLs, IBLs, and probably NLSyl1s)
due to its wider energy coverage. The improved sensitivity will allow us
to measure variability, even in quiescent source states and to record time-
resolved spectra for many bright sources. Measurements of the EBL will,
for the first time, make use of the access to absorbed and un-absorbed
components in a single gamma-ray spectrum, which will reduce greatly
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the systematic uncertainties. Similarly, IGMF measurements will use the
original and reprocessed components in a single spectrum. Improved energy
resolution and sensitivity will lead to high-quality spectral measurements.
The improved angular resolution will be useful for the search for extended
emission from radio galaxies and halos. There is also, for the first time,
the possibility of carrying out snapshots with sub-arrays to increase the
probability of detecting flares.

A complementary approach to CTA in the VHE band is represented by
ground-based air-shower detectors such as HAWC, Argo YBJ, or the future
LHAASO. These detectors have the advantage of a very large duty cycle and
wide sky coverage, which will be useful for continuous monitoring of bright
AGN, but they suffer from a higher energy threshold and poorer sensitivity
at a comparable exposure time for a given field of view.

When comparing its expected performance with that of Fermi-LAT, the
great advantage of CTA in the overlap region of energies (a few tens of
GeV) lies in its much better sensitivity to rapid variability. Furthermore,
the higher energy reach of CTA is important to detect features at the end of
the observed spectrum, such as breaks or cutoffs, which can originate from
acceleration and radiation mechanisms or from absorption effects. CTA has
limited sensitivity to the majority of FSRQs and LBLs in low states, but,
on the other hand, the high energy emission from UHBLs, which are very
difficult to detect with Fermi-L AT, falls almost exclusively into CTA’s energy
range. IBLs and HBLs will be well covered due to the wide energy range of
CTA. The overall accessible source statistics will be less than for Fermi-LAT,
given the difference in the energy bands and the steeply declining spectra
of AGN, but observations with CTA will provide much higher resolution in
light curves and variable spectra for the detected sources.

12.2 Strategy

Current advances in AGN physics rely to a large extent on the simultaneous
measurement of the AGN SED and its time variation across all wavebands,
from radio to VHE. In the context of the AGN KSP, the CTA Consor-

tium will:

e set up coordinated — where appropriate long-term — programmes of
AGN observations, involving observation proposals, target of opportunity
(ToO), and MoU-based co-operations with other facilities and instruments,
enabling coherent and consistent MWL coverage and joint data analysis
(see Section 12.2.2 for details),
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e ensure effective and consistent follow-up of AGN flares reported by other
facilities and instruments, under MoUs where appropriate, and set up
programmes for flare monitoring and alert generation, and

e help to implement observation modes and scheduling for the most efficient
monitoring of variable sources, by flexibly dividing the arrays into multiple
subsystems as appropriate.

The following observation programmes will be carried out under the AGN
KSP:

1. Long-term monitoring of a few prominent VHE AGN up to at least
10 years:

e Guaranteed science: long-term light curves and time-resolved spectra
for all studies involving AGN variability on medium and long-time
scales, addressing quiescent states, duty cycles, and spectral variability.

e Discovery potential: disk-jet connection, (quasi-)periodic oscillations,

and LIV.

2. Search for, and follow-up of, short-term AGN flares based on external
ToOs and internal snapshot monitoring of a large number of AGN:

e Guaranteed science: effectively sampling the high states of AGN and
high-statistics, high-temporal resolution spectra for studies of short-
term variability; EBL/IGMF measurements at z > 0.5.

e Discovery potential: TeV emission from NLSyls and others; LIV and
ALPs.

3. High-quality spectra for a systematic coverage of redshifts and AGN
typology:

e Guaranteed science: a comprehensive data set, obtained under uniform
conditions, for AGN classification and evolution studies; high-precision
spectra for a precise measurement of the EBL, studies of emission
scenarios for VHE blazars and of the IGMF.

e Discovery potential: extended VHE emission from two nearby radio
galaxies; UHECR signatures; LIV and ALPs.

Data from long-term monitoring will be released immediately in the form
of light curves. The “AGN flare” programme will produce regular alerts to
the community, e.g., in the form of VOEvents. High-quality spectra will be
compiled in a catalogue that will be available to the community after the
usual proprietary period.

The long-term source monitoring and snapshot programmes can make
use of observations under moonlight. In general, extraction of high-quality
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spectra with energy coverage down to the lowest energies will require
observations taken at small zenith angles. Specific developments are under
way for an efficient online real-time analysis during the snapshot programme.

12.2.1 Target Selection
12.2.1.1  Long-term monitoring

In the long-term monitoring programme, which will provide long-term VHE
light curves, we want to cover all known types of VHE AGN (UHBL, HBL,
IBL, LBL, FSRQs, and radio galaxies). To arrive at a representative sample,
we want to observe two to three sources per class. As an example, a list of
15 potential targets, including some of the most prominent TeV sources, is
given in Table 12.1.

Each target should be observed on average ~30 min once a week during
its period of detectability with the full array (possibly less for the bright
UHBLs and HBLs and more for soft-spectrum sources). This would result
in <12h/yr per target, leading to greater than seven standard deviation
(>70) detections of all sources in their quiescent state, sufficient for spectral
measurements. For the brighter sources, spectra can be extracted on a weekly
or monthly basis. The regular observations will permit tracking of the flux
variability of all sources in the form of long-term light curves. If a source is
found in a flaring state, more intensive coverage can be triggered as part of
the “AGN flare programme” (see below).

The total exposure time for 15 fields of view would be <180h/yr. With
the currently proposed list of targets, this time would be split into 132 h of
yearly observation time for the north and 48 h for the south. Observations
would fall naturally into dark time (~50%) and moon time (~50%). Note
that even though the main objective of this programme, i.e., studying the
long-term flux variation, can be achieved with LSTs and MSTs, an additional

Table 12.1: Example list of targets for long-term monitoring.

UHBLs 1ES 0229+200 (N), 1ES 1426+428 (N), 1ES 1101-232 (S)
HBLs Mrk 421 (N), Mrk 501 (N), PKS 2155-304 (S)

IBLs 1ES 10114496 (N), 3C66A (N), W Comae (N)

LBLs AP Librae (S), BL Lacertae (N)

FSRQs PKS 1510-089 (S), PKS 1222+216 (N)

Radio Galaxies M87 (N), NGC1275 (N)

Note: The labels “(N)” and “(S)” indicate observations with the northern
and southern array, respectively.
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(currently not foreseen) SST component in the north would be very useful
for extending the spectral coverage of HBLs and UHBLs during flaring states
above 10 TeV with good sensitivity,

The list of targets will be reviewed after five years and reduced to the
10 most interesting objects (in terms of variability patterns) for further
monitoring over at least 10 years, and ideally over the full CTA lifetime.

12.2.1.2  AGN flare programme

Given the central importance of variable phenomena for VHE research with
CTA, an extended programme needs to be set up to target AGN flares.
The expected number of external alerts, based on our experience from
current experiments (with, e.g., Fermi-LAT or Swift), would be roughly
25 per year, about half of which will be followed up with a full CTA
array. This would lead to ~10—15 external flare alerts to be followed up
per year. An on-site optical facility with photometric and polarimetric
facilities would be extremely useful in this respect, as discussed below (cf.
Section 12.2.2). Future “transient factories” as well as ground-based VHE
detectors, discussed in Section 12.2.2 and Chapter 2, might increase this rate
slightly. One should note that ground-based VHE detection will provide
rapid alerts only for very bright hard-spectrum sources. The alerts from
optical and radio transient factories will be more numerous, but as the time
scales of the flares from the transient factories are very different than VHE
flares, only a few of these alerts will be followed with the full CTA arrays.
However, these alerts can be used as a selection criterion for potential targets
for the snapshot programme.

Thus, although they are very important, it is not sufficient to rely on
external alerts from MWL facilities, since different variability behaviour is
seen even when comparing VHE data from current atmospheric Cherenkov
telescopes to HE data from Fermi-LAT. In addition to external alerts, plus
some flares expected from the long-term monitoring targets and from the
selection of targets for high-quality spectra (see below), we will carry out
snapshots, i.e., very short exposures of a large list of targets, using CTA
sub-arrays, to self-trigger full-array observations in the case of flares. This
method is already being used successfully by current atmospheric Cherenkov

telescopes.d

4 Alternatively, one might consider to extend the lifetime of certain of the current
atmospheric Cherenkov telescopes to serve as dedicated VHE monitoring facilities for
CTA.
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The selection of potential targets for snapshots should be large, given

the limited rate of detectable flares. An example of sources that should be

included are:

FSRQs and soft-spectrum BL Lac type objects (LBL, IBL). A selection
can be based on Fermi-LAT average spectra, by computing the “flux
enhancement” needed to reach 30% of the Crab nebula flux in the CTA
energy range. When the enhancement factor is within the typical variation
for such sources (factor of 10-40), the source is selected,

a selection of ~20 known VHE gamma-ray emitting HBLs/UHBLs (see
TeVCat [204]), giving preference to bright sources with well established
redshifts,

a selection of ~10 radio galaxies detected with Fermi-LAT, and

NLSyl1s detected with Fermi-LAT (eight sources with high significance so
far [541, 542]).

The above selection of ~80 AGN will be followed with CTA sub-arrays with
a sensitivity of ~20% of the Crab nebula flux.

Soft-spectrum sources (FSRQs, NLSyls, LBLs, certain IBLs, and
certain radio galaxies) will be observed with the large-sized telescopes
(LSTs). Setting the threshold for triggering a flaring alert to 20% of the
flux from 3C279 during its 2006 flare [543] (corresponding to roughly
20% of the Crab nebula flux), four LSTs will need ~10min of exposure
time plus an overhead (pointing, stopping, and starting the observation)
of ~2min per pointing.® Five targets could be covered in one hour, i.e.,
covering ~20 targets twice a week would require ~4h per week per site.
A total of ~200h of LST observation time would be needed per year per
site to cover 40 sources.!

Hard-spectrum sources (HBLs, UHBLs, certain IBLs, and certain radio
galaxies) will be observed preferably with sub-arrays of medium-sized
telescopes (MSTs), or small-sized telescopes (SSTs) in the case of very
bright, very hard sources observed from the southern hemisphere. Sub-
arrays of four MSTs are estimated to provide a sensitivity of 20% of
the Crab nebula flux in roughly 3min. If CTA is divided into ten such
sub-arrays (in total, 4 for the northern plus 6 for the southern array®),

°The use of sub-arrays with two LSTs is less efficient in terms of the total time needed.

fBach source is assumed to be visible for about half a year.
¢Given the currently simulated configurations, one of the northern sub-arrays would

contain only 3 MSTs and would be pointed to the brightest targets.
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only ~10min would be needed to cover 20 sources. This would lead to
an estimated average observation time of ~20 min per week per site and
~17h/yr per site for the full MST sub-array, to cover 40 sources.

Observations with the northern site will be given preference, where possible,
due to the smaller overlap with Galactic observation programmes. With this
in mind, the total observation time could be split roughly into 300 h/yr
with the northern LSTs, 22h/yr with the northern MSTs, 100h/yr with
the southern LSTs, and 11 h/yr with the southern MSTs. The requirement
for observation time with the LSTs is rather high and one should try to
target most sources, except for the ones with the softest spectra, with MST
sub-arrays. Work on such an optimisation is under way.

To estimate the overall rate of triggers from snapshots, we assume
the flaring probability for the brightest events to be ~1%, based on past
observations. If we monitor ~20 sources twice a week at each site, this
corresponds to roughly 7 sources observed each night per site and to less
than one hour per night per site. For any night, the probability to catch a
flare would be about 7%, leading to about 20 flares per year per site triggered
with snapshots. As will be discussed below, the number of snapshots will be
reduced after the first two years of full operation, which should lead to a
reduction to roughly half of this number in the third year and to a further
reduction in the following years.

Once a CTA array has been successfully triggered, the average obser-
vation time to follow-up on a trigger is estimated to be roughly 4h. Based
on these estimates, we foresee the total follow-up observing time per year
with the full arrays (sum for two sites) for snapshot triggers, triggers from
the other observation programmes of the AGN KSP, and accepted external
triggers to be roughly 200 h, with a larger fraction for the northern site.

In addition, some more observing time needs to be allotted to sub-array
observations that verify external triggers and to perform periodically spaced
observations to verify the state of the source once an external trigger has
been issued, to search for delayed flares. The verification should require about
10 min for each of the estimated 25 external triggers, i.e., ~4.5h/yr. The
follow-up verifications, on average 10 per year, would add ~40 h of observing
time per sub-array per year.

Given the nature of these observations, a large fraction will be carried
out during moon time. The impact on data quality, especially on the
low-frequency peaked objects due to the higher energy threshold during
observations with moonlight, will be evaluated during the first year of
observations.
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12.2.1.3  High-quality spectra
This last observation programme consists of two distinct groups of targets:

(a) Coverage of redshifts and VHE AGN classes

A set of targets has been selected to maximise the population in redshift
space with VHE AGN of different classes. We have extracted spectra of
known TeV emitters and promising source candidates from the Fermi-LAT
1FHL catalogue [544] and extrapolated their spectra to the TeV range, while
applying a redshift- and energy-dependent absorption on the EBL following
the model of Ref. [446]. For those sources for which no redshift was provided
in the catalogue, we have used the lower limits determined by Refs. [545, 546].
The resulting spectra were then compared against the CTA performance
curves.

We selected our targets among those sources with an expected signif-
icance above 50 in 20h of observations in the energy region where EBL
absorption is significant, i.e., at energies where the optical depth is larger
than 1. To sample both the intrinsic and absorbed parts of the spectrum, we
additionally required at least five spectral points, with at least two points
in the absorbed (7 > 1) regime and at least one point with 7 > 2, and a
significance of 200 above 60 GeV for most targets (100 above 60 GeV for a
few sources with relatively low fluxes). For very hard sources, we introduced
a spectral break at 500 GeV.

An example selection list of such sources is given in Table 12.2. Due
to unpredictable long-term variations in the blazar flux states, this list is
preliminary and will be updated with the most promising targets once CTA
operations begin. If a source shows no signal after the exposure time expected
for a detection at a predefined significance, it will be replaced with a new
source in the same redshift band and of the same class, if possible. The
distribution of expected integral fluxes (above 60 GeV) against redshift can
be seen in Figure 12.6.

About 10 sources have been selected in each of the two intervals of
Az =0.1 from z = 0 to z = 0.2; these sources are particularly constraining
for far-infrared measurements of the EBL and a determination of the Hubble
constant. Ideally, at least five sources would then be needed in each interval
of Az =0.2 from z = 0.2 to z = 1.0 for a precision measurement of the EBL
and its evolution and for a study of the evolution of blazars with redshift.
Care was taken to include sources of different gamma-ray loud AGN classes,
wherever available. For the IGMF study, we will select a subset of sources
for which the spectral region where EBL absorption is significant (7 > 1) is
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Example selection list of sources for high-quality spectra. Sources are

Object RA DEC Class o(20h) Redshift TeVCat ¢ [h] (200) N/S
IC 310 49.169 41.322 HBL 35.63 0.019 Yes 6 N
Mrk 421 (It) 166.121  38.207  HBL  212.50 0.031 Yes 1) N
Mrk 501 (1It) 253.489 39.754 HBL 101.46  0.034 Yes (1) N
1ES 2344+514 356.759 51.705 HBL 66.95  0.044 Yes 2 N
Mrk 180 174.100 70.159 HBL 27.55  0.046 Yes 11 N
1ES 1959+650 300.007 65.158 HBL 28.60  0.047 Yes 10 N
PKS 0521-36 80.85 —36.34 RG 9.25  0.06 No 23 (100) S
PKS 0548-322 87.669  —32.260 HBL 14.34  0.069 Yes 39 S
PKS 0625-35 96.704  —35.479 RG 26.14  0.055 Yes 12 S
PKS 1440-389 221.011  —39.145 HBL 27.28 0.065(?) No 11 S
PKS 2005-489 302.360  —48.830 HBL 60.83  0.071 Yes 2 S
MS 13121-4221 198.749  —42.696 HBL 85.52  0.108 Yes 1 S
VER J0521+211 80.449 21.220 IBL 53.45  0.108 Yes 3 N
VER J0648+4152  102.225 15.281 HBL 18.10  0.179 Yes 24 N
PKS 2155-304 (1t) 329.721 —30.219 HBL 131.71  0.116 Yes (1) S
1ES 12154303 184.460 30.104 HBL 22.34  0.130 (?) Yes 16 N
1H 1914-194 289.441  —19.365 HBL 25.37  0.137 No 12 S
1ES 02294200 (1t) 38.20250 20.29 UHBL — 0.14 Yes (1) N
TXS 10554-567 164.666 56.459 IBL 22.78  0.143 No 15 N
PG 12184304 185.337 30.194 HBL 32.22  0.184 Yes 8 N
1ES 0347-121 57.3458 —11.97 UHBL — 0.188 Yes 1 S
1H 10134498 153.773 49.427 HBL 21.59 0.212 Yes 17 N
PKS 0301-243 45.868  —24.128 HBL 39.46  0.260 Yes 5 S
PMN J1936-4719 294.214  —47.356 BLL 20.10  0.265 No 20 S
PMN J0816-1311 124.091 —13.177 HBL 18.17  0.290 (1) No 24 S
3C 66A (t) 35.669  43.035  IBL 49.64  0.33(1) Yes (3) N
1ES 0502+675 77.038 67.624 HBL 41.65  0.340 Yes 5 N
TXS 05064056 77.394 5.714 IBL 13.17  0.210 (1I) No 46 N
MS 1221.84-2452  186.146 24.628 HBL 13.09 0.218 Yes 47 N
PG 15534113 238.942 11.190 HBL 67.27  0.43(11)  Yes 2 N
4C 421.35 186.220 21.377 FSRQ 13.74 0.434 Yes 42 N
1ES 0647+250 102.712 25.081 HBL 24.75  0.490 (11) Yes 13 N
KUV 00311-1938 8.407 —19.361 HBL 22.07  0.506 (11) Yes 16 S
PMN J1610-6649 242.726 —66.849 HBL 14.70  0.447 (11) No 37 S
PKS 14244240 216.766 23.790 HBL 29.33  0.600 (11) Yes 9 N
PKS 1958-179 300.28 —17.87 FSRQ 7.0 0.65 No 41 (100) S
B3 0133+388 24.147 39.100 HBL 14.22  0.750 (11) Yes 40 N
PKS 0537-441 84.714 —44.088 LBL/FSRQ 19.33 0.892 No 21 S
4C 455.17 149.421 55.377 FSRQ 8.53  0.899 No 27 (100) N
PKS 0426-380 67.178 —37.937 LBL/FSRQ 10.63 1.111 No 18 (100) S

Notes: Those sources that are already covered in the selection for long-term monitoring
are labelled “(It)”. Lower redshift limits are marked with “(11)” and uncertain redshifts
with “(?)”. The column labelled “TeVCat” indicates if a source is an already known TeV
emitter or not [204].
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Figure 12.6: Expected integral fluxes above 60 GeV (from extrapolations of Fermi-LAT
spectra) versus redshift for the selection of sources for the high-quality spectra programme.
The flux from a source with a Crab nebula-like spectrum, shifted to different redshifts, is
shown for comparison. For studies of the EBL, IGMF, and blazar evolution, this sample
will be completed with observations from the AGN flare programme at high redshifts.

located at TeV energies, to ensure that the bulk of the reprocessed emission
is detectable with CTA.

Several hard-spectrum, high-redshift sources in this selection have been
identified to be particularly well suited for ALP searches. We also foresee
deep observations of at least two hard-spectrum sources from the above
selection for the study of LIV effects in the interactions between gamma
rays and diffuse extragalactic background radiation and for the search for
UHECR-induced cascade features. A source with z < 0.15 and with an
intrinsic spectral cutoff above 10TeV would be required to obtain limits of
above 10 GeV on a quadratic LIV term. It should be noted that the energy
range above 10 TeV will be targeted mostly with southern sources, due to
the SST component in the southern array.

The total estimated observation time would be ~343h for the northern
array and ~283h for the southern array, given the current source selection.
It should be noted that the difference between CTA-North and CTA-South
sensitivity (roughly a factor 4 in sensitivity above 10 TeV) was taken into
account in the target selection and required observation time estimation.
Given the importance of observing high-quality spectra over a maximum
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energy range, we ask for low zenith angle observations using the full
array, except for the soft-spectrum targets (FSRQs and LBLs), where VHE
emission above a few TeV is not expected and the SST component can
be used to observe other targets. Observations should be performed where
possible within one month to avoid mixing different states. Given the
amount of exposure time required, this campaign can begin during the (late)
construction phase of CTA, where we would focus on those targets that
require the least exposure, and it could extend over the first three years of
full operations. We estimate that roughly half of the total observation time
could be covered during the phase before the start of full CTA operations.

(b) Deep exposures of two radio galaxies

The two nearest radio galaxies, both known TeV emitters, are proposed for
deep observations to extract high-quality spectra and to search for extended
emission:

e Cen A: To probe extended emission from Cen A, either from its radio
lobes or its kpc jet, a deep scan is foreseen. Three deep exposures with the
southern CTA array will be necessary to completely cover the central part
of Cen A, including the kpc jet and the southern extended radio lobe, with
sufficient overlap between the fields of view and allowing for a significant
exposure away from the lobe for background subtraction. The three fields
of view will be centred on the central core and on the lateral edges of
the southern radio lobe. Data will be taken in wobble mode, where the
telescopes are pointed at small offsets from the targeted position, usually
0.5° to 1.5°, in alternating directions to facilitate background subtraction
(cf. Figure 12.7 for a schematic view of the pointings).

The exposure of the core region will provide a high-quality spectrum of the
emission from the central source and will allow us to distinguish between
different proposed interpretations of the mismatch seen between the Fermi-
LAT and H.E.S.S. spectra. If this first exposure shows an indication for a
signal from the lobes, two dedicated exposures of the southern lobe will be
carried out. We choose the southern lobe since it is seen to be brighter than
the northern one at other wavelengths. An observing time of 50h (dark
time) will be needed for each of the three exposures, resulting in a total
of 150 h of observing time with the southern array. All telescopes should
be included in these observations. In the case of discovery of extended
emission from the southern lobe, this observational programme could be
extended to both radio lobes, either in the form of an updated KSP or in
the form of a GO proposal, which would profit from the technical expertise
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Figure 12.7: Scheme of a possible pointing pattern for a scan of the Cen A central core
and southern lobe. The circles correspond to the size of the LST field of view (4.5° in
diameter), which is the smallest field of view of the three CTA telescope types. Different
colours and line styles indicate the three different exposures with pointings in wobble mode
(see text for discussion). Credits for the skymap: NASA/DOE/Fermi-LAT Collaboration,
Capella Observatory, and Ilana Feain, Tim Cornwell, and Ron Ekers (CSIRO/ATNF),
R. Morganti (ASTRON), and N. Junkes (MPIfR).

that we will have acquired, especially concerning estimates of systematic
errors.

e M 87: Given its smaller extension in the sky, M 87 can be covered with
a single deep observation. A total observing time of 100 h of dark time is
foreseen for the full northern array. This observation will produce a high-
quality spectrum and might lead to the detection of extended emission
from the radio lobes [30]. In addition, a possible extension of the hard
power-law of M 87 to a few tens of TeV would allow for a very good
probe of the EBL in the regime of a few tens of micrometer, although
significant statistics in this energy range would probably require data from
flaring states due to the foreseen absence of an SST component in the
northern array. It should be noted that M 87 is also a prime target for
monitoring, due to its high variability. Exposure time spent on the source
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Table 12.3: Summary of required observing times for the northern site (“N”) and
the southern site (“S”) for the different parts of the observation programme.

Total Total Duration

Programme N [h] S [h] [yr] Observation mode
Long-term monitoring 1110 390 107 Full array
AGN flares
Snapshots 1200 475 10” LSTs
Snapshots 138 68 10" MSTs (assuming 10 sub-arrays)
Verification ext. trig. 300 150 10" LSTs or MST sub-arrays
Follow-up of triggers 725 475 10” Full array

High-quality spectra
Redshift sample 195 135 3 Full array
M 87 and Cen A 100 150 3 Full array

Note: The total duration of each programme is given in the fourth column, where a “x”
(“t”) indicates a reduction of the yearly exposure time after 2 (5) years.

with the long-term monitoring programme during the first three years will
contribute to the deep exposure.

12.2.1.4  Time distribution model for the AGN KSP

A summary of the required observation times for the different parts of
the AGN KSP is given in Table 12.3. The current time distribution model
foresees that the high-quality spectrum, long-term monitoring and the AGN
flare programmes begin during the construction phase of CTA. Spectrum
measurements will be completed by the end of the third year of operations
with the full arrays. However, with the estimated rate of flares it will take
about five years to collect the 30-50 flares needed to cover the high-redshift
bins for the EBL measurement. It should be noted that <50% of flares are
estimated to provide sufficiently high-quality spectra to be used for this
purpose. For FSRQs, NLSyls, and high-redshift sources, the programme
should continue beyond the first five years. After the first two years, the
trigger threshold will be increased to progressively reduce the observing time
dedicated to ToOs and snapshots. Long-term monitoring should continue for
at least 10 years, with a reduction in the number of targets to the 10 most
interesting ones (given their past record of observations) after the first five
years.

Based on 10 years of operation with the full arrays, the AGN KSP
would require a total of about 3300h full-array exposure, not accounting
for observations with sub-arrays (i.e., snapshots and verification of external
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triggers). However, the use of moonlight time for the observation of hard-
spectrum sources would reduce the amount of required dark time for
full-array observations to about 2000h. For example, targets from the
EBL/IGMF selection with redshifts z < 0.2 can in general be observed
with moderate moonlight, given the existence of data points at several
TeV. About 1000 additional hours of observations could be carried out
during the construction phase, split in equal parts between the high-quality
spectra programme, the long-term monitoring programme, and the AGN
flare programme. Data for several targets (e.g. PKS 2155-304, PG 15534113,
etc.) will also be available from the science verification observations. A time
distribution model for exposures with the full array during the first 10 years
of full operations is shown in Figure 12.8.

The observation time with partial arrays must also be considered. An
estimated 1350h (550h) of LST exposure time and 290h (140h) of MST
exposure time are required over 10 years for the northern (southern) array
for snapshots and verification of external triggers. About half of these
observations will be carried out under moonlight, leading to a total of about
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Figure 12.8: Distribution of the required full-array observation times (in hours) for the
AGN KSP over the first 10 years of full operation, including all observation programmes,
except for snapshots and verification of external triggers, which will not necessitate the full
array (cf. Table 12.3). The different colours in each column indicate, from top to bottom,
the exposure during moon time for the northern and the southern arrays and the exposure
during dark time for the northern and the southern arrays.
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Figure 12.9: Distribution of the proposed sub-array observation times (in hours) for the
snapshot programme over the first 10 years of full operation (see Table 12.3). The different
colours in each column indicate, from top to bottom, the exposure with MST sub-arrays
with the northern site and southern site and the exposure with LST sub-arrays with the
northern site and southern site. It should be noted that about half of these observations
will make use of moonlight.

950 h of required dark time for the LST sub-array and about 220 h of required
dark time for the MST sub-arrays over 10 years of full operation. Snapshots
with LSTs could be carried out while the MST and SST component of the
array are used for observations that do not require very low energy reach.
MST snapshots could also be run in parallel with other observations. A study
on optimising the usage of LST sub-arrays is under way. A time distribution
model for snapshot exposures with LST and MST sub-arrays during the first
10 years of full operations is shown in Figure 12.9.

12.2.2 Multi-wavelength and Multi-messenger Coverage

The unique advantage of observations of AGN in the VHE band is that
they provide information on the most energetic particles inside those sources
and probe the shortest variability time scales. However, to maximise the
scientific return from such observations, a combination with data from
other wavebands and messengers is of great importance. Simultaneous MWL
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observations have proven of great value in the past to constrain emission
scenarios through correlated flux variations and detailed SEDs. The main
reason is that different components in the blazar spectra vary on different
time scales and are thought to be produced in different places along the jet.

The availability of dedicated optical instruments in close proximity to
the two CTA sites, with photometric and polarimetric capabilities, would
be an important advantage for this KSP. As discussed in Chapter 2, this
would permit a continuous monitoring of all targeted sources, providing
complementary data simultaneous to the VHE observations. Candidate
sources in the search for flaring states could be monitored for high optical
states, which seem generally linked to increased VHE activity (see, e.g.,
Refs. [42, 547]).

In addition, the optical polarisation monitoring of blazars has proven
to be a powerful tool for locating the emission region within the jet in
luminous quasars (see, e.g., Refs. [548, 549]). Polarisation traces the ordered
magnetic field of the jet and can be modified by shocks. Rotations of the
optical polarisation vector or shifts in the polarisation fraction have been
found to coincide with gamma-ray outbursts and can be used to trigger
VHE observations. A good example is the RoboPol project” that monitored
a sample of 100 gamma-loud blazars in the optical band, requiring 60% of
the time of the dedicated facility [38]. A large statistical sample of sources in
different activity states enabled the assessment of the statistical connection
between the optical polarisation and high energy events. During its three first
seasons, RoboPol detected 40 optical polarisation angle rotations indicating
a physical connection to gamma-ray flares, possibly based on several distinct
underlying mechanisms [550]. Based on these results, it is already clear that a
dedicated instrument is needed to provide triggers for CTA based on optical
rotations and to systematically monitor AGN observed with CTA.

All of the observation programmes of this KSP require at least some
MWL support to guarantee an optimal impact of the resulting data:

e Long-term monitoring of a few prominent AGN
Well-sampled, simultaneous light curves at different wavelengths (X-ray,
optical, radio) are necessary to allow us to search for correlations and
time-lags between different bands. This is most efficiently organised via
dedicated long-term monitoring programmes. Current examples are the
Tuorla blazar monitoring (in optical) and Metsdhovi Radio Observatory

"See http://robopol.org


http://robopol.org
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programmes, the data of which are being used by the MAGIC collab-
oration, or the systematic follow-up of H.E.S.S. observations with the
on-site optical ATOM telescope and joint observation programmes with
the Nancgay Radio Telescope. For CTA, the optical flux and polarisation
monitoring may make use of dedicated telescopes. In the radio band,
several facilities exist and coordination of long-term programmes seems
feasible. While no direct correlations between the low-frequency radio band
and the higher frequency bands are expected, follow-up at low frequencies
(e.g., with MWA | LOFAR, etc.) is still interesting to study long-term
variations. Organising the long-term coverage in the X-ray band is more
challenging and needs to be explored in the near future.

AGN flare programme

MWL coverage is crucial, at least for the most prominent flares, for
variability studies and dynamical spectral modelling of flaring states.
The most relevant instruments for CTA are discussed in Chapter 2.
The organisation of MWL campaigns should include: spectral infor-
mation from X-ray telescopes (currently operational: Chandra, XMM,
Swift, NuStar; planned: Athena+ etc.); photometry and polarimetry
from optical telescopes; flux densities and polarimetry from radio and
sub-millimetre telescopes (currently operational: OVRO, Metsédhovi and
Nancgay radio telescopes, GMRT, JVLA, SMA, ASKAP, MeerKAT,
eMerlin, ATCA, ALMA, VLBI facilities; soon operational: SKA, Event
Horizon Telescope, etc.). Simultaneous observations with Fermi are of
great interest for flaring AGN and should be given high priority during
the first years of operation of CTA, as long as Fermi is operational.

A network of exchanges with MWL and MM facilities will also be
very important for incoming and outgoing alerts associated with AGN
flares. In addition to wide-field VHE detectors (especially HAWC and
the future LHAASO) and Fermi, X-ray instruments with very wide field
of view, e.g., the ASTROSAT telescope or the planned SVOM satellite,
are very interesting for incoming triggers. Optical telescopes will provide
another source of alerts triggered by high flux states and changes in
polarisation. Although such external triggers will be very useful, the
fact that variability patterns are not the same in different wavebands,
and the limited sensitivity and modest low-energy reach of the wide-field
VHE detectors, still mean that the internal snapshot programme remains
essential to fully profit from the timing capabilities of CTA.

On the other hand, CTA will provide outgoing alerts to the
MWL and MM communities. Exchanges with MM experiments
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(currently operational: IceCube, ANTARES, VIRGO, LIGO, Pierre Auger
Observatory, Telescope Array; planned: KM3Net, eLISA, JEM/EUSO,
etc.) to trigger mutual alerts already exist for the current generation
of atmospheric Cherenkov telescopes (e.g. MoUs with IceCube and
ANTARES) and should be continued and intensified with CTA.
e High-quality spectra
MWL coverage is needed for the interpretation of SEDs, but since we
are dealing mostly with low states, simultaneous observations will not
always be crucial and contemporaneous/archival data will suffice for some
sources. High-coverage optical data will be very useful to compare the state
of sources at low energies against archival data. In the case of significant
flux variations, however, MWL campaigns for simultaneous coverage will
need to be arranged quickly, as discussed for the AGN flare programme.
Simultaneous Fermi-LAT data would be very complementary to CTA data
on the intrinsic high-energy spectra for EBL and IGMF studies.
Contrary to the low-state blazar observations, the deep exposures of
the radio galaxies M 87 and Cen A should be accompanied by MWL cam-
paigns. Spectra from instruments with high angular resolution (X-rays:
Chandra, later Athena-+, etc.; optical: the future JWST; sub-millimetre
and radio: ALMA and VLBI facilities) are especially interesting to probe
different scenarios for the location of the VHE emission region(s), as has
been seen in previous campaigns on M 87.

Another aspect of complementary MWL observations concerns the early
organisation of redshift campaigns. A significant fraction of the AGN
detected with CTA, especially BL Lac objects, will have no spectroscopic
redshift and sometimes only poor photometric redshift estimates. For
example, about 50% of AGN from the 1FHL catalogue [544] that will be
detectable with CTA have currently no reliable redshift. This puts a serious
limit on our selection of sources for the “high-quality spectra” programme
and will also be a challenge for the exploitation of AGN flares. The problem
is more acute at redshifts z > 0.2. To increase the fraction of AGN with
well-known redshifts, efforts are currently underway to set up dedicated
campaigns.

To summarise, the organisation of MWL observations can be divided
into two types of campaign: long-term monitoring and targeted campaigns
(both ToOs and pre-planned observations). For the latter, we envisage
the use of proposal-driven observatories and time granted via ToOs and
MoUs. Guaranteeing long-term monitoring observations via proposal-driven
observatories is much more challenging. In the optical band, a dedicated
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automatic telescope at each CTA site would be ideal, while in the radio
band, MoUs with existing telescopes (such as Metsdhovi, Nancay, MWA,
etc.) could be sufficient. The possibility of long-term campaigns including

X-ray facilities will need to be explored.

12.3 Data Products

The data products that will result from the different parts of the AGN KSP
are the following:

1.

Long-term monitoring will provide high-resolution light curves and
time-resolved spectra in different source states for 15 archetypal sources of
different classes. The light curves will be released immediately in an online
catalogue and will be continuously updated. All data will be released in
such a format as to allow external users to extract spectra for time periods
of their choice.

Data from the AGN flare programme will result in time-resolved
spectra and light curves from flaring states of all different types of VHE
AGN. Flares detected with CTA snapshots will trigger alerts to inform
the community and to enable MWL follow-ups. Such alerts can take the
form of Astronomer’s Telegrams or VOEvents. Data from flares that
are detected under this programme will generally be released after the
proprietary period for each flare observation. Mutual agreements with
other collaborations will permit joint publications and the exchange of
data from specific flares before the end of the proprietary period.
High-quality spectra of about 40 blazars and radio galaxies will be
published, together with the complete data sets, after the proprietary
period for this programme. The spectra will form a homogeneous
catalogue to be used for source statistics and modelling by the wider
community.

Deep exposures of M 87 and Cen A will potentially result in maps tracing
the VHE emission in those sources, if an extended component is found.
These maps will be published together with the complete data sets from
these observations after the proprietary period for this programme.

12.4 Expected Performance/Return

The expected scientific results from the AGN KSP can be separated into

guaranteed results and potential discoveries.
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12.4.1 Guaranteed Sctience Return

The main deliverable of the AGN KSP will be a homogeneous collection of
high-quality spectra and light curves, which will be exploited for spectral
fitting, variability studies, and comparison against emission models. As
was seen with the results from Fermi-LAT and the current generation
of atmospheric Cherenkov telescopes, the knowledge gained from such an
increased quality and quantity of available data will be profound and not
restricted to a single science question. Figure 12.10 shows a sky map of the
current target selection for the extraction of high-quality spectra. Simulated
spectra for a few sources are shown in Figure 12.11 (as well as in Figures 12.1
and 12.5) to illustrate how different physical assumptions on the mechanism
of the observed emission can be distinguished using data from the AGN KSP.

The systematic search for flaring events with snapshots will lead to the
detection of the order of 200 flares with fluxes above 20% of the Crab nebula
flux from all different known types of gamma-loud AGN during the first 10
years of full operation. External triggers will lead to an expected number
of about 10-15 additional flare detections per year. This advance in time-
domain VHE observations will be unequalled by other instruments. VHE
air shower arrays, such as HAWC and LHAASO, have a much larger duty

. \h_ﬁf .
) *\ o ® N —
* A ———® /’ Sr——
®
/ © ° . ©
§® o *"" .
+180° 0 i °-1so°
* )
N ' . L.
s o/ UHBL
o 4 HBL
By IBL
o
e FSRQ
AT radio gal.
90 BL Lac

Figure 12.10: Skymap of potential sources from the “high-quality-spectra” programme
in Galactic coordinates. In the map, the already known VHE AGN are marked with open
circles. Targets for the AGN KSP are marked with full circles (known VHE emitters) or
stars (new candidate sources). Different colours in the map correspond to different AGN
classes. The solid black line indicates the celestial equator.
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Figure 12.11: Four examples of simulated CTA spectra at different redshifts based on
extrapolations from Fermi-LAT and absorption by the EBL [446]. For the two hardest
source spectra, alternative scenarios with an exponential cutoff at 10 TeV are shown for
comparison. Error bars indicate the statistical uncertainty of one standard deviation.

cycle and sky coverage, but will only be sensitive to the brightest flares from
hard-spectrum sources. The source populations probed with CTA and with
air shower arrays are thus complementary.

A certain number of serendipitous source detections (on the order of 10)
is also guaranteed, based on our experience with the current generation of
atmospheric Cherenkov telescopes. It should be noted that the “high-quality
spectrum” observations alone will cover a non-negligible fraction of the sky. If
CTA points to ~40 separate fields of view with the MST's, a total geometrical
field of view of more than 4% of the sky will be covered.

A precision measurement of the EBL and its evolution with an unprece-
dented accuracy of ~10% will be carried out, thanks to the observations of
steady sources and flares, (see Figure 12.2). Observations with atmospheric
Cherenkov telescopes are among the only means for making such a measure-
ment, which is closely linked to our understanding of the evolution of the
universe and its star-forming history.

12.4.2 Discovery Potential

Based on Fermi-LAT observations of flaring events, the high energy end of
the spectrum from NLSyls will be accessible to CTA with high probability,
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Figure 12.12: Estimate of the flux for the expected pair halo emission compared to
sensitivity curves for the southern (“I”) and northern (“NB”) sites. A differential angular
distribution of a pair halo at z = 0.129 and E, > 100 GeV was used for the theoretical
model and an observation time of 50 h was assumed. For more details see Ref. [30].

and a few of these sources should be detectable by CTA. The measurement
of their spectra will profit from the very good time resolution of CTA and
will constrain the conditions in the emission region of these still poorly
understood objects.

Other AGN types, such as radio-quiet Seyfert galaxies or low-luminosity
AGN, will be probed for VHE emission through a stacking analysis.
In the absence of a signal, such studies will put stringent upper limits on
theories that require particle acceleration in the magnetosphere linked to
the SMBH.

Extended VHE emission from radio galaxies would be a major discovery
as it would prove that particles can be accelerated to very high energies in
the extended jets or radio-lobes of AGN, thus constraining the energetics and
the magnetic fields in these structures and providing us with a first direct
view of the location of the VHE emission regions in AGN.

Another major discovery would be the detection of gamma-ray signatures
from the IGMF in the form of pair halos or pair echoes. This would
be the first (indirect) measurement of the strength of the IGMF, leading
to important implications on its origin. Clearly, the derivation of reliable
constraints will already be an important step. Figure 12.12 shows the
expected signal from a pair halo model compared to CTA sensitivity curves.



Downloaded from www.worldscientific.com
by UNIVERSITY OF OXFORD on 11/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

KSP: Active Galactic Nuclei 271

EBL: Dominguez et al. (2011); Tyy0x = 5; 05 = 6°; 5t < 10 years

B(G)

10-5 104 10-3 102 10-1 100 10! 102 10-5 104 10-3 10-2 10-! 100 10! 102 10-5 104 10-3 10-2 10-1 100 10! 102
A (Mpc)

Figure 12.13: Possible constraints on the IGMF field strength (B) and coherence length
(A) for three different assumptions on the true IGMF (green markers). Colours and contour
lines give the significance with which IGMF parameters can be rejected in units of the
standard deviation (o). The constraints are derived from a combined likelihood analysis
of simulated CTA spectra of four UHBLs using the non-observation of a pair echo. Only
cascade photons that arrive within the 80% containment radius and a time delay of less
than 10 years are included in the analysis. For more information, see Ref. [551].

Expected results of searches for pair echos with CTA are shown in
Figure 12.13 for three different assumptions on the magnetic field strength
and coherence length of the IGMF. These results are derived for the
observation of several known blazars with hard spectra in the TeV band
([551]).

CTA might also identify the sources of UHECRs, through indirect
signatures of protons or nuclei in the gamma-ray spectra. The long-standing
question of UHECR origin has been difficult to tackle using data from
UHECR particle detectors alone. Apart from neutrino detectors, gamma-
ray telescopes seem to provide the only other means of attacking this
open problem. A possibility to investigate physics beyond the Standard
Model is given by the search for ALPs, the discovery of which would have
profound implications for particle physics. The existence of such particles
would also imply that the “gamma-ray horizon” for TeV detection is far less
constraining than what is currently assumed. On the other hand, if no ALP
signatures are found, strong constraints on their parameters are possible that
could rule out certain ALP dark-matter scenarios.

The search for LIV will lead either to the verification of the theory of
general relativity at a new level of sensitivity or possibly to the discovery
of new physics, again with profound implications for fundamental physics.
With data from this KSP, we will match the Fermi-LAT sensitivity at the
Planck scale on the linear term with a different type of astrophysical object.
We will also improve the sensitivity on the quadratic term by a factor of two
compared to current results, i.e., at a scale of a few times 10" GeV. These
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results will be largely independent of the source physics since they will be
based on data from sources at different redshifts and in different states. While
transient events will still provide the best constraints, the observations in the
AGN KSP will be capable of providing competitive sensitivity independent
of flaring events, through a mixture of routine observations of many sources
and deeper exposures of a few suitable hard-spectrum sources.
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13
KSP: Clusters of Galaxies

Galaxy clusters are expected to be reservoirs of cosmic rays accelerated by
structure formation processes, galaxies, and active galactic nuclei (AGN).
The detection of diffuse synchrotron radio emission in several clusters
confirms the presence of cosmic-ray electrons and magnetic fields permeating
the intra-cluster medium (ICM). While there is no direct proof for proton
acceleration yet, gamma rays can prove it as cosmic-ray protons can
yield high-energy (HE) gammarray emission through neutral pion decay.
Additionally, some of the galaxies hosted in clusters could be detected in
gamma rays individually, if harbouring AGN, or via their summed output,
e.g., in the case of star-forming galaxies. Finally, about 80% of the mass
of clusters is in the form of dark matter, and therefore they are considered
prime targets for indirect dark matter searches.

Focusing on the diffuse gamma-ray emission in clusters coming from
proton—proton interactions, and based on both theoretical studies and hydro-
dynamical simulations, Perseus should be the brightest cluster of galaxies in
gamma rays. Perseus also hosts two gamma-ray-bright AGN: NGC 1275, one
of the few radio galaxies known to emit gamma rays, and IC 310, potentially
one of the closest known blazars. These two objects prevent Fermi-LAT from
studying the ICM itself in Perseus because of its modest angular resolution
(especially at low energies). At very high energies, MAGIC performed
a deep observation campaign and put constraints on the cosmic-ray-to-
thermal pressure in the cluster at the few percent level [554]. Currently,
the best limits on the proton content in clusters comes from Fermi-LAT
observations [556]. Our simulations for CTA show that a 300 h observation
will potentially allow a detection of the Perseus cluster in gamma rays or,
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Figure 13.1: Theoretical parameter space for the predicted intensity of cosmic-ray-
induced gamma-ray emission in the Perseus cluster integrated within a region of radius
0.15° from the cluster centre. The models refer to centrally peaked (solid line) and extended
(dashed line) cosmic-ray profiles [552-554]. We show them for two different values of the
central magnetic field for which the models fit the radio mini-halo of Perseus assuming it
has an hadronic origin. The grey band shows current upper limits on the diffuse emission
from the MAGIC observations [554]. The dark blue band is an estimate of the 95%
upper limit level reachable with 300 h of observation by CTA-North, while the black
band represents an estimate of the corresponding detectability level. All these three bands
refer to the adopted models, with the upper and lower boundaries corresponding to the
extended and centrally peaked models, respectively. We additionally show, with a light
blue line, the so-called minimum gamma-ray flux, for a cosmic-ray proton spectral index
of 2.3, assuming that the Perseus radio mini-halo is of hadronic origin [554].

alternatively, set unprecedented limits on the cosmic-ray proton content —
potentially triggering a substantial revision of the current paradigm of proton
acceleration and confinement in galaxy clusters (see Figures 13.1 and 13.2).
Additionally, due to the large mass of this cluster, CTA can significantly
improve the constraints on decaying dark matter with respect to those from
Fermi-LAT observations of the Galactic halo (see Section 4.2.4).

The high-risk/high-gain character of this work makes it a worthy Key
Science Project. Additionally, the long observation time needed to achieve
our scientific goals calls for a Consortium effort. Perseus is observable in
optimal conditions, i.e., low zenith angles (<60°), only by the northern
array. Here we refer to the fully complete northern array, as we need the
best achievable sensitivity to aim for a detection of the diffuse gamma-ray
emission. The data products will depend on whether we get a detection or
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Figure 13.2: Upper limits on the cosmic-ray-to-thermal pressure in clusters. We show
the upper limits obtained from GMRT radio observations (black line), which depend on the
assumed magnetic field value [555], together with the latest upper limits from the MAGIC
observations (blue line, [554]) and the Fermi-LAT observations (red line, [556]). The thick
dark blue line is an estimate of the level reachable with the proposed CTA observation
of Perseus. All the gamma-ray limits refer to the case of the centrally peaked cosmic-ray
profile.

not. They will range from maps/datacubes (excess, flux, spectral hardness)
to morphological analysis of the possible diffuse emission and detailed
analysis on point-like sources. Special care will be given to examine the
parameter space of cosmic-ray physics in clusters of galaxies.

The detection of diffuse gamma-ray emission from clusters of galaxies
would establish a new class of gamma-ray sources. Thus, it would constitute
a significant achievement and would be potentially groundbreaking for the
study of cosmic-ray acceleration and its relation to large-scale structure
formation processes, the ICM and magnetic fields.

13.1 Science Targeted

Clusters of galaxies represent the latest stage of structure formation.
They are the most massive gravitationally bound systems in the universe,
characterised by radii of a few Mpc and masses of the order of 10** —10'5 M.
About 80% of their mass is in the form of dark matter, while galaxies and
gas contribute roughly 5% and 15%, respectively [557]. While there has been
no detection of diffuse gamma-ray emission in clusters so far, these objects
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are expected to be gamma-ray emitters for several reasons that are explained
below.

Clusters are being assembled today and are actively developing in this
latest, and most energetic, phase of structure formation [558]. It follows that
they should dissipate energies of the order of the final gas binding energy via
merger and accretion shocks as well as via turbulence (e.g., Ref. [559]). These
processes are also likely to accelerate electrons and protons to high energies
(see Ref. [560] for a review). While the presence of non-thermal electrons
is confirmed by the detection of diffuse synchrotron radio emission from
several clusters (see Ref. [561] for a review), there is no direct proof of proton
acceleration yet. However, cosmic-ray protons in the ICM have a long cooling
time and should accumulate in clusters over cosmological times [26, 562].
Therefore, they are expected to contribute to the relativistic particle content
of clusters. If protons are present in significant amounts, their hadronic
interactions with the ICM will generate gamma-ray emission via neutral
pion decays (see, e.g., Refs. [563, 564]), which should dominate over inverse-
Compton scattering or bremsstrahlung emission [552, 565]. Additionally,
protons can be accelerated to ultra-high energies by high Mach number
shocks, such as accretion shocks around galaxy clusters [566, 567], or they
can be directly injected into the ICM by the clusters’ AGN [568, 569]. The
interaction of these ultra-high energy protons with both the ICM and the
background (cosmic microwave background and infrared) photons [570] could
produce secondary electrons that would also yield significant gamma-ray
emission via inverse-Compton scattering. The production and confinement
of cosmic rays at very high energies is uncertain, as is the contribution
of galaxy clusters to the high energy part of the observed cosmic-ray
spectrum.

Large-scale diffuse synchrotron radio emission is observed in several
galaxy clusters. The existence of these so-called radio halos and relics proves
the presence of relativistic cosmic-ray electrons, as mentioned above, and of
uG magnetic fields permeating the ICM [561]. The short cooling length of
synchrotron-emitting electrons at radio frequencies (~10 kpc) represents a
challenge for theoretical models that aim at explaining diffuse radio emission
extending over several Mpc. In the hadronic model, radio-emitting electrons
are produced by cosmic-ray protons interacting with the protons of the
ICM. Alternatively, in the re-acceleration model, cosmic-ray electrons can
be re-accelerated by merger-induced turbulence and produce the observed
radio emission during cluster mergers. See Ref. [560] for a review of these
processes.
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Peripheral radio relics show irregular morphology and highly polarised
emission, and they appear to trace merger shocks. Radio halos, which are
generally characterised by unpolarised radio emission (or with a low level of
polarisation), are centred on clusters and show a more regular morphology.
The latter can be divided in two classes. Giant radio halos are typically
associated with merging clusters and have large extensions; e.g., the halo
in Coma has an extension of about 2 Mpc. Radio mini-halos are associated
with relaxed clusters that harbour a cool core and typically extend over
a few hundred kpcs, e.g., the Perseus radio mini-halo has an extension of
about 0.3 Mpc. The observed morphological similarities with the thermal
X-ray emission suggests radio halos may be of hadronic origin. In fact, cool-
core clusters are characterised by high thermal X-ray emissivities and ICM
densities that are more peaked in comparison to non cool-core clusters that
often show signatures of cluster mergers (see, e.g., Ref. [571]).

We know now that giant radio halos cannot be purely of hadronic origin
[553, 572]. The challenge is to determine what the exact contribution of
secondaries is to the observed radio emission, if any, and, therefore, the origin
of the observed radio-emitting electrons (e.g., Ref. [573]). On the other hand,
current observations do not allow us to favour any model for radio mini-halos
as both turbulent and hadronic scenarios fit current observations well (e.g.,
Refs. [574, 575]). There is also the problem of the connection between giant
and mini-halos (e.g., Ref. [553]). Understanding the nature of these halos and
their possible connection will allow fundamental constraints on cosmic-ray
acceleration and transport in galaxy clusters to be derived. Only adequately
deep gamma-ray observations of massive nearby systems hosting diffuse radio
emission can ultimately break the degeneracy of radio observations in solving
the problem of the cosmic-ray electron/proton fraction in the ICM.

In addition to cosmic-ray protons accelerated by structure formation
shocks in the ICM, galaxies and AGN activity can also inject and accelerate
protons into the cluster environment. Based on the current theoretical
paradigm, these contributions are thought to be about an order of magnitude
lower compared to those from structure formation shocks [560]. However,
as clusters host hundreds of galaxies, gamma-ray observations could detect
their combined emission as a sum of discrete sources, as, e.g. in the
case of star-forming galaxies in clusters [576, 577]. From estimates of the
star-forming galaxy population, it is possible to determine the minimum
pion-decay-induced gamma-ray emission expected from galaxy clusters.
Rough estimates [576] give integral flux lower limits above 1 TeV of the
order of 107 ¢cm™2 s7! for Virgo and 10716 ¢cm=2 s~! for Perseus for
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typical radii of several degrees (about 7.6° for Virgo and 1.3° for Perseus).
However, such an extended signal strongly challenges detection possibilities
for CTA. Additionally, AGN (both aligned and misaligned) in clusters can
be individually studied as in the case of NGC 1275 and IC 310 in Perseus
[477, 578-581]. For all these reasons, CTA observations of clusters of galaxies
are imperative; they will pave the road to VHE studies of member galaxies
and open up a completely new window on clusters.

Galaxy clusters are also interesting environments in which to study
axion-like particles (ALPs) [582]. For example, the strong magnetic field in
the centre of the Perseus cluster (see Ref. [578] for a discussion) would offer
an ideal environment for photon-ALP conversion. Therefore, NGC 1275 is
an optimal target to search for irregular features in the gamma-ray spectrum
possibly connected to this phenomenon [536] (see also Chapter 12). Finally,
galaxy clusters present very high mass-to-light ratio environments and should
also be considered as targets for indirect dark matter searches, in particular
for dark matter decay (see Chapter 4).

13.1.1 Scientific Objectives
The scientific goals of this Key Science Project are to:

1. detect, for the first time, diffuse gamma-ray emission from clusters of
galaxies,

2. determine the cosmic-ray proton content of clusters and its dynamical
impact on the cluster environment,

3. study the clusters’ cosmic-ray proton acceleration, propagation, and
confinement properties,

4. study the origin of the radio-emitting relativistic electrons and the
connected particle acceleration mechanisms in galaxy clusters, and

5. study the magnetic field distribution in clusters, in synergy with radio
and X-ray observations.

13.1.2 Context/Advance beyond State of the Art

There have been many gamma-ray observations of clusters over the last
20 years from EGRET, WHIPPLE, CANGAROO, VERITAS, H.E.S.S.,
MAGIC, and Fermi-LAT [554, 556, 578, 583-607]. The MAGIC observations
of Perseus [554, 578, 605] and the Fermi-LAT results on Coma as well as the
combined-likelihood analysis of 50 clusters [556, 590, 596] represent some of
the key accomplishments in this area. These observations limit the cosmic-
ray-to-thermal pressure in galaxy clusters to be less than a few percent,
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assuming that the spatial distribution of cosmic-ray protons follows that of
the ICM. They also constrain several models for the production of gamma
rays from structure formation processes in clusters. However, a large amount
of parameter space is still available and many fundamental quantities, such
as the cosmic-ray spectral and spatial distributions, acceleration efficiency,
and transport properties, remain to be clearly determined.

Detection of gamma rays from galaxy clusters will be of high importance,
if realised. Even a null detection will result in exclusion limits significantly
more constraining than those currently available. In turn, they will produce
a significant change in our view of cosmic-ray proton acceleration and
transport in the ICM, and will provide fundamental constraints on the
contribution to the proton population in clusters by galaxies and AGN. A
precise assessment of the total proton content is of paramount importance
also for cosmological studies done using the cluster mass function, as the
presence of cosmic rays induces a bias on the hydrostatic mass estimates
[554, 608]. To determine whether CTA observations will be able to bring
a major breakthrough in this field, below we compare CTA prospects with
the results of Fermi-LAT which is now in its ninth year of observations and
which will likely continue to operate for a few more years.

As explained in the next section, the best target for this program is the
Perseus cluster of galaxies. The presence in the cluster field of two gamma-
ray bright AGN, NGC 1275 and IC 310, prevents Fermi-LAT from studying
the cluster environment itself. This is due to the poor angular resolution
of Fermi-LAT at low energies and to its limited sensitivity at very high
energies. Therefore, in the case of Perseus, CTA has a clear advantage over
Fermi-LAT thanks to its excellent angular resolution. Perseus is the best
studied cool-core cluster [609] and it hosts the archetypal radio mini-halo
that is the brightest known to date [610, 611]. The high ICM density in
the centre of the cluster implies a very high density of target protons for
hadronic interactions. CTA is in a unique position to unravel the high-energy
properties of the Perseus cluster and its member galaxies. In Figure 13.3,
we show the gamma-ray skymap of the Perseus cluster as observed by
MAGIC [554].

The CTA observations of the Perseus galaxy cluster will dramatically
improve upon the current MAGIC results. We discuss this in detail in
Section 13.4, where we explain how the proposed observations will improve
the current limits by about a factor of six.

Perseus is the most promising target for this program and the proposed
CTA observations will represent a major leap forward in our understanding
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Figure 13.3: Skymap of the Perseus cluster as observed by MAGIC above 250 GeV
(253 h of observation; figure adapted from Ref. [554]). The colour scale shows the relative
flux in signal-to-background ratio. Both NGC 1275, at the centre of the cluster, and IC 310
can be clearly seen.

of this cluster and its non-thermal activity. The observation of a second
target and its selection is a more complex matter and will be re-evaluated
over the next few years, particularly taking into account the final results of
Fermi-LAT [612] and advances in radio astronomy.

13.2 Strategy

The first step of the target selection is based upon the cluster’s distance and
mass as measured in X-rays [613]. Due to the cosmic-ray proton confinement
and accumulation over cosmological times, gamma-ray emission should scale
with the cluster’s mass [552, 560], although this scaling may have a significant
scatter depending on the merging history of a given target [614]. Here,
we consider different predictions for gamma rays generated by structure
formation processes in clusters [156, 552, 572, 615], and we obtain a first
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selection of candidates, in order of preference, as follows: Perseus, Ophiuchus,
Coma, Norma, and Centaurus, where the first three targets host well-
known radio halos. The Virgo cluster is also an excellent candidate, but its
large angular size, more than 10° across, represents a serious observational
challenge [597]. Perseus is expected to be the brightest cluster in gamma
rays due to a combination of distance, mass, and high ICM density in
the cluster’s centre, implying a high density of target protons for hadronic
interactions.

It is hard to provide precise predictions of the gamma-ray emission
in clusters due to the uncertainties on cosmic-ray acceleration efficiencies
and transport properties in these unique environments. Here, we follow
two complementary strategies by considering: (i) expectations based on
radio constraints assuming an hadronic origin for the observed diffuse radio
emission, where present, and (ii) expectations based on hydrodynamical
simulations that provide predictions for the cosmic-ray spatial and spectral
distributions. In particular, we base our simulations on the hadronic model
predictions given in Refs. [552, 553, 590].

The gamma-ray flux induced by secondaries from hadronic interactions
must respect the measured radio synchrotron emission, as electrons are also
produced from charged pion decays. Therefore, the magnetic field strength
and distribution in clusters is also an important ingredient and is usually
parametrised as B = By (n/ng)*2, where n is the ICM gas density. Generally
we have limited knowledge of cluster magnetic fields, apart from very detailed
work on Faraday rotation measurements of the Coma cluster [616, 617],
which provide good estimates for the Coma magnetic field (By ~ 5 uG,
ap ~ 0.5). In this sense, the synergy with radio observations of clusters by
the Low-Frequency Array (LOFAR; [618]) and other Square Kilometre Array
(SKA) precursors will be crucial. By the same token, SKA itself is expected to
shed new light on the magnetic field in clusters of galaxies and will therefore
significantly narrow down the available parameter space [619, 620].

While Ophiuchus seems a priori to be a good target, the extremely low-
surface-brightness radio emission of its central region lowers significantly the
prediction for gamma rays, independent of the exact value of the magnetic
field strength [553]. The same is true for Norma, Centaurus, and Virgo,
where the absence of bright diffuse radio emission also suggests a low level
of gamma-ray emission. On the contrary, both Perseus and Coma host
very bright diffuse radio emission allowing for higher hadronically induced
gamma-ray emission. Therefore, in the following, we consider only these last
two objects for CTA observations.
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Figure 13.4: (a) Predicted surface brightness of the hadronic-induced gamma-ray
emission (above 500 GeV) from the Perseus and Coma galaxy clusters for two models with
centrally peaked and extended cosmic-ray profiles, as described in the text [552-554, 590].
The luminosity distance and radius of Perseus are 78 and 1.9 Mpc, respectively, while for
Coma they are 101 and 2.3 Mpc, respectively [613]. In both cases, the angular radius is
approximately 1.3°. (b) Differential spectra for the two models adopted for the hadronic-
induced diffuse gamma-ray emission of Perseus integrated within a radius of 0.15° from
the centre. The effect of the EBL absorption is clear above 10 TeV. Additionally shown is
the spectrum of NGC 1275, the central radio galaxy of Perseus, as measured by MAGIC
[554]. Note that the higher energy data point of the NGC 1275 spectrum is only marginally
significant and is in agreement with the current upper limits on the diffuse emission [554].

In Figure 13.4(a), we show the surface brightness of the predicted
hadronically induced gamma-ray emission from the Perseus and Coma
clusters. For each cluster, two sets of models are shown. The difference in
the models comes from the assumption on how the cosmic-ray protons are
distributed in the cluster, varying from a centrally peaked [552] to a more
radially extended distribution in order to account for possible variations in
the cosmic-ray transport properties [553, 621, 622]. In the case of Coma,
the flat cosmic-ray profile is the maximum allowed hadronic contribution
that still respects the Fermi-LAT constraints [590]. The peaked one is
the maximum possible emission for which the radio counterpart does not
overshoot the measured radio flux at the cluster centre (under the above-
mentioned assumption for the Coma magnetic field) [590]. In the case of
the Perseus cluster, both models fit well the radio data of the mini-halo
at 1.4 GHz [610] assuming a central magnetic field of By = 10 uG and
ap = 0.3 and 0.5 for the centrally peaked and extended models, respectively.
Note that, in the case of mini-halos that are in cool-core clusters, current
observations favour relatively high values of magnetic fields [623—-626]. These
two models for Perseus are the same that have been explored in the latest
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MAGIC publication [554] (the centrally peaked model is referred to there as
the semi-analytical model [552]).

The total gamma-ray flux above 500 GeV within the virial radius®
predicted for Perseus is 0.2—1.0x 1072 ecm™2 s—!, while, for comparison, for
Coma it is 1.3—6.3 x 10~ cm™2 s~!. We emphasise that these models adopt
a cosmic-ray spectral index (equal to the photon spectral index) of about
2.2 in the energy range of interest for Cherenkov telescopes, as suggested
by simulations [552]. A harder cosmic-ray component would dramatically
increase our detection chances, while a softer one would obviously worsen
them. In the case of Coma, where we know that the hadronic contribution
represents at most only a part of the observed radio emission, both cases
could be realistic. However, in the case of Perseus, we assume that the
observed radio emission is of hadronic origin and the adopted spectral
distribution matches well the observed radio spectral shape [610] (see also
the discussion in Ref. [605]). Note that, following Ref. [627], we apply the
correction due to the attenuation by the extragalactic background light
(EBL) on our spectra. As a consequence, for example, our Perseus spectrum
appears as a power law with an index of 2.33 above 300 GeV and a cutoff
above 10 TeV [554], as shown in Figure 13.4(b) for the two adopted models.

Our simulations suggest that the models adopted for Coma would need
more than a thousand hours of observation to be detectable by CTA, while
the models adopted for Perseus are within reach in a few tens of hours.P
In particular, we search for the integral energy range, starting with energies
above 100 GeV, and the angular region size, from 0.05° to 1°, that minimise
the number of hours needed to reach a detection. Not surprisingly, the
minimum is typically reached using the full energy range, which maximises
the total flux, and the smallest angular region size, which minimises the
background event counts. In this case, the models predict that Perseus would
be detectable with 40 and 50 h of observation by the northern CTA array
for the extended and centrally peaked cases, respectively. However, these
numbers are based on the assumption that we can perfectly model the two
bright point-sources in the Perseus field of view, NGC 1275 and IC 310. The
presence of IC 310 will not be a major obstacle in the search for the diffuse
emission as it is located about 0.6° away from the centre of the cluster from

#The cluster virial radius is defined here with respect to an average density that is 200
times the critical density of the universe. Values are taken from Ref. [613].

PThe detection criteria is a statistical significance greater than five standard deviations,
the number of excess events >10 and a signal/background ratio >0.03.
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where we expect the bulk of the diffuse emission (see Figure 13.3). However,
NGC 1275 is located right in the centre and it dominates the gamma-ray
emission up to a few hundred GeV as shown in Figure 13.4(b). In order to
account for this, we use the conservative strategy of excluding the lowest
energies from the detection criteria and find that, considering only energies
above 780 GeV where the contribution of NGC 1275 should be negligible,
the extended and centrally peaked models should be detectable in 60 and
100 h, respectively.

We can foresee three ways to disentangle the possible diffuse emission
from that of NGC 1275:

e The first method relies on the spectral characteristics of the two emissions.
The NGC 1275 spectrum at the energies of interest has a very soft index
of about 4 [581], and the corresponding gamma-ray emission becomes
undetectable above a few hundred GeV. On the contrary, the spectrum
of the possible hadronic-induced diffuse emission should be much harder
and should show no cutoff except at the highest energies (due to EBL
absorption). The predicted spectrum is shown in Figure 13.4(b).

e The second method relies on the extension of the emission. NCG 1275
is a point-like source while the predicted hadronic-induced emission is
expected to be quite extended, as can be seen in Figure 13.4(a). The
excellent angular resolution of CTA should permit a clean disentangling
of the two. Figure 13.5 shows the simulated gamma-ray flux skymaps
above 780 GeV for 100 h of observations for the two considered models of
cosmic-ray-induced emission in the Perseus cluster. The 68% containment
radius for the CTA-North array at 780 GeV is about 0.06°. For both
models considered, the detected diffuse emission extends beyond the 68%
containment radius.

e The third potential discriminator is variability as the diffuse emission is
not expected to exhibit any.

In conclusion, if diffuse gamma-ray emission is present at a level suggested
by the adopted models, we will have the means to disentangle it from
the point-like emission. A more complex matter will be to disentangle it
from a possible dark matter induced component. While the discrimination
strategy would be based on the difference in the emission morphology and
the shape of the energy spectrum, how well the discrimination could be done
would critically depend on the significance of the detection. We leave a more
detailed study of all the gamma-ray components possibly observable by CTA
in the Perseus cluster for future work.
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Figure 13.5: Simulated gamma-ray flux (cm™2 s™') skymaps above 780 GeV for 100 h
of observation of a region of 1.55° x 1.55° around the Perseus cluster centre. (a) Shows
the result for the extended cosmic-ray profile, while (b) shows the result for the centrally
peaked cosmic-ray profile. The white circles indicate the expected CTA 68% containment
radius at 780 GeV (of about 0.06°). We simulated the signal and background event counts
in the region with a pixel size of 0.05°. The maps were obtained by calculating the
corresponding flux and subtracting the background from the signal (resulting in some
areas having negative flux values) and then smoothing the final map with a Gaussian
function with o = 0.06°.

We eventually plan to observe the Perseus cluster region for 300 h with
CTA-North. This amount of observation time is necessary for two reasons:
(i) to ensure enough event counts, in the case of detection of the adopted
models, for a detailed morphology study that will be mandatory, e.g., to
enable disentangling the point-like and diffuse emissions, and (ii) to allow
a deeper reach in the parameter space of theoretical models, in the context
of relaxing the strongest assumption made in this section, i.e., the hadronic
origin of the Perseus radio mini-halo (see further discussion in Section 13.4).

Note that we used the 1.4 GHz observations of the radio mini-halo
of the Perseus cluster [610] to calibrate our models. However, results at
327 MHz [611, 628] suggest that the high-frequency observations may be
missing some of the flux. Depending on the exact value of the magnetic field
at the radii where the bulk of the emission is coming from, this could boost
the corresponding allowed gamma-ray emission. This boost factor can range
from about 1.1, for the magnetic field model adopted here, to more than 1.2,
for magnetic field models considering the effect of ICM compression in the
cooling-flow region [611]. Such boosts would imply that CTA would need
about 20%-30% less observation time to report a detection of the adopted
models.
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Table 13.1: Galaxy cluster selected for this key science project along with the
basic requirements.

Target Time [h] Hemisphere Array configuration Special requirements

Perseus 300 North Full array Low zenith angles

13.2.1 Targets

Table 13.1 shows the selected cluster target. We expect the Perseus cluster
to host the brightest gamma-ray emission coming from proton-proton
interactions. Additionally, Perseus hosts two extremely interesting gamma-
ray point-sources: NGC 1275, one of the few radio galaxies known to emit
gamma rays and the galaxy IC 310. As mentioned earlier, the Perseus
field of view is observable in optimal conditions, i.e. at zenith angles <60°,
only by the northern array. Note that while in Table 13.1 we ask for low
zenith angle observations to maximise sensitivity, medium and large zenith
angle observations could provide a larger effective area at high energies,
increasing the corresponding event counts and, therefore, possibly improving
morphological studies. We leave the detailed study of this latter possibility
for future work.

13.3 Data Products

The data products produced will clearly depend on whether a significant
detection of the diffuse gamma-ray emission in Perseus is made or not. In
the case of a detection, the data products will include maps/data-cubes
(excess, flux, and spectral hardness) for the whole cluster, morphological
analysis of the diffuse emission, spectra and light curves of NGC 1275 and
IC 310, and a model for their subtraction from the whole cluster emission.
We will additionally provide a detailed analysis of the cosmic-ray physics
parameter space matching the observed emission and other possible diffuse
contributions from, e.g., dark matter. In the case where no diffuse gamma-
ray emission is detected, the analysis will be focused on the constraints that
can be made on the cosmic-ray physics in clusters.

We plan to release the data products related to the diffuse emission in
two steps: the first after 100 h of observation have been performed and the
second at the end of the programme after 300 h of observation. We note that
the results on the point sources, including possible serendipitous discoveries,
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will be released before the completion of the cluster campaign following the
strategy outlined for the AGN KSP (see Section 12.4).

13.4 Expected Performance/Return

We estimate here the parameter space accessible to the proposed CTA obser-
vations for the Perseus cluster. In Figure 13.1, we show the predicted gamma-
ray integral spectrum from hadronic-induced emission for the adopted
models, including the effect of EBL absorption. In particular, we show
the centrally peaked and extended models corresponding to By = 10 uG
which, according to our estimates, should be detectable in 100 and 60 h
of observations, respectively. We also show the cases corresponding to By =
20 uG. We estimate the detection level reachable in 300 h of observation for
these two models simply by scaling by the square root of the time that is
obtained with our detection criteria. The detection level is shown with a black
band in Figure 13.1 and while it suggests that we could be able to detect also
the cases corresponding to By = 20 uG, we recall that this optimistically
assumes no contribution from the central radio galaxy NGC 1275, which will
become larger for longer observation times. Nevertheless, if the Perseus mini-
halo is (mostly) of hadronic origin and the adopted models are correct, CTA
observations will achieve a detection in about 100 h of observation. In this
case, with the proposed 300 h of observation, we will be able to determine
critical cosmic-ray parameters such as the spectral and spatial distributions
(connected to cosmic-ray transport properties) and to study the acceleration
efficiency. Taking into account currently available radio data, and future
data from LOFAR and SKA precursors, we will also be able to provide a
complementary measure of the magnetic field strength and distribution in
the cluster.

Figure 13.1 also shows, with a grey band, the current constraints on
the parameter space for the centrally peaked and extended models obtained
from MAGIC observations [554]. We stress that the figure does not mean
to show the real gamma-ray flux excluded by observations but rather the
theoretical parameter space for the diffuse emission models. In fact, the low
energies will always be dominated by the emission from NGC 1275, as shown
in Figure 13.4(b). For comparison with current upper limits by MAGIC,
we show, with a dark blue band, an estimate of the 95% upper limit level
reachable with 300 h of observations by CTA, assuming zero excess events, for
the two adopted models. This shows that CTA observations could improve
by about a factor of six on the current MAGIC constraints.
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We additionally estimate the so-called minimum gamma-ray emission
expected from Perseus in the hadronic scenario (taking the radio flux at
1.4 GHz as a reference value [610]). This lower-limit is obtained by assuming
that the observed radio emission is of hadronic origin and that the magnetic
field is much higher than the equivalent magnetic field strength of the cosmic
microwave background throughout the radio-emitting region (see [554, 605]
for details). A non-detection at this level would rule out the secondary origin
of the Perseus diffuse radio emission, independent of the exact value of the
cluster’s magnetic field. Figure 13.1 shows, with a light blue line, the case for
a proton spectral index of o, = 2.3. The comparison with the upper limit
level reachable with 300 h of observations suggests that a hadronic origin of
the Perseus radio mini-halo for a, < 2.3 could be excluded independently of
magnetic field values.

The proposed 300 h of observation are motivated by the goal of making
scientific statements which go beyond the assumption of the hadronic origin
of the observed non-thermal emission in Perseus and, instead, aim to measure
the cosmic-ray proton spectrum and energy density in the ICM. Although
the cosmic-ray proton spectrum in clusters is uncertain, indications from
hydrodynamical simulations and observations of discrete sources in clusters
(i.e., AGN, whose ejecta also contribute to the cosmic-ray proton population
in the ICM) suggest reasonable values between 2.0 and 2.5 [560]. Assuming
that the cosmic-ray pressure scales as the thermal ICM pressure in the
cluster — as a result of cosmic-ray proton advection on cosmic times and
as suggested by several simulations — and recalling the MAGIC results
on Perseus [554], the proposed CTA observation will push the cosmic-ray-
to-thermal pressure limits down to 0.1-2.5% for proton spectral indices
of 2.1-2.5, respectively. We show the case for the model with a centrally
peaked cosmic-ray profile in Figure 13.2, together with current limits from
both gamma-ray and radio observations, noting that the latter constraints
depend on the adopted magnetic field values. CTA observations will not only
provide unprecedented constraints on the cosmic-ray acceleration efficiency
at structure formation shocks, potentially below 10% according to Refs. [552,
556], but they will also strongly constrain the contribution to the cluster
proton population from galaxies and AGN. In fact, such low values of
the cosmic-ray-to-thermal pressure can potentially put constraints on the
cosmic-ray electron/proton fraction in the cluster’'s AGN (NGC 1275 in
this case) or, alternatively, on how these protons are transported from
the central AGN to the cluster periphery (an issue also connected to the
confinement of such protons in AGN bubbles [560]). Last but not least,
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CTA observations will eventually constrain the cosmic-ray bias on the
hydrostatic mass estimates [554, 608] down to the <5% level, independent of
assumptions on cosmic-ray spectral and spatial distributions. Models with
extended cosmic-ray profiles imply a growing cosmic-ray-to-thermal pressure
in cluster outskirts. While the current constraints from MAGIC are only
below ~15%, the proposed CTA observations could potentially constrain
these models to <3%.

To summarise, the observation campaign on Perseus proposed in this
Key Science Project will lead to a major step forward in our understanding
of cosmic rays and non-thermal phenomena in clusters. Additionally, as
mentioned above, we will be studying the emission from the galaxies
NGC 1275 and IC 310 and exploring the nature of dark matter (see
Chapter 4) and the existence of ALPs (see Chapter 12). The proposed
programme represents a major opportunity for CTA to make a significant
contribution to galaxy cluster science and it will be a very significant step
forward compared to the results from Fermi-LAT and current atmospheric
Cherenkov telescopes. Therefore, this KSP will lead to a long-lived legacy in
the study of non-thermal phenomena in clusters of galaxies.
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14
Capabilities beyond Gamma Rays

Although designed as a gamma-ray observatory, CTA is a powerful tool for
a range of other astrophysics and astroparticle physics. For example, CTA
can make precision studies of charged cosmic rays in the energy range from
~100 GeV up to PeV energies, and it can be used as an instrument for optical
intensity interferometry, to provide unprecedented angular resolution in the
optical for bright sources. Below, we briefly summarise these possibilities.
Most of the topics we discuss can be explored in parallel with gamma-
ray data-taking, without interfering with the major science operations
of CTA. Those studies (such as intensity interferometry) which require
specific observations can likely make use of bright moonlight time, thus
enhancing the CTA science return without negative impact on the key science
goals.

14.1 Cosmic-Ray Nuclei

The origin of cosmic rays remains one of the most important questions
in astrophysics. Over the past few decades, a consensus has emerged that
supernova remnants (SNRs) are likely to be the main sources of cosmic
rays up to energies of the cosmic-ray knee (~3 PeV). Finding out if SNRs
are indeed the dominant accelerators of cosmic rays is a major science goal
of CTA. While gamma-ray observations provide a view of the accelerators
themselves, CTA will also address this question by directly detecting cosmic
rays which reach the Earth.
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The elemental composition and energy spectrum of cosmic rays provide
important clues about their acceleration and diffusion through the Galaxy.
For example, composition measurements at lower energies (<100 GeV)
indicate that the cosmic-ray spectrum observed at the Earth is significantly
steeper than in the sources [629] and that cosmic rays spend most of their
lifetime in the Galactic halo [630]. Particularly interesting is the elemental
composition around the knee of the energy spectrum. The steepening of the
cosmic-ray spectrum at this point is still not understood; it is expected to be
related to the maximum energy to which particles can be accelerated inside
Galactic cosmic-ray accelerators. This maximum energy should increase
with increasing rigidity of the particle (rigidity = momentum/charge) and
therefore lead to an enhancement of heavier nuclei with increasing energy
at the knee. Experimental evidence for this has been reported by the
KASCADE collaboration [631], although the analysis is challenging due
to its dependence upon hadronic interaction models, leading to significant
systematic uncertainties.

Cosmic-ray composition measurements above 100 TeV will give us
further insights into this question. Balloon and space-born measurements
have measured the composition of cosmic rays up to =100 TeV. It is difficult
to extend these measurements to higher energies because of the limited
collection area and observation time of these instruments, although the
CALET and ISS-CREAM instruments should significantly extend the reach
of the satellite technique. At energies of a few PeV, detection of the secondary
shower particles from the ground becomes possible, allowing for larger
collection areas and composition measurements at these energies. These
measurements are, however, affected by severe systematic uncertainties
related to the simulation of hadronic showers.

CTA will be able to perform composition measurements in the TeV to
PeV domain by measuring the Cherenkov light emitted by cosmic-ray nuclei
prior to their first interaction [632]. As was shown by the H.E.S.S. [633] and
VERITAS [634] collaborations, this emission can be detected by atmospheric
Cherenkov telescopes, enabling the reconstruction of the charge of the
primary. Using this technique, CTA is expected to measure the iron spectrum
of cosmic rays up to, and beyond, 1 PeV. For lighter nuclei down to oxygen,
the measurement of the spectrum is expected to extend up to a few hundred
TeV. Techniques based on shower properties rather than direct Cherenkov
emission of the primary will provide further capability for composition
measurements, in particular for light nuclei. Such studies will also be carried
out by the LHAASO instrument (see Section 2.5).
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14.2 Cosmic-Ray Electrons

Electrons form only a small fraction of the cosmic rays — at GeV energies
the fraction is around 1% — yet they are important for a wide range of
scientific questions. In the VHE regime, the lifetime of cosmic-ray electrons is
severely limited by radiative losses due to synchrotron emission in interstellar
magnetic fields and inverse-Compton scattering on star light, IR light, and
the cosmic microwave background. The lifetime of a cosmic-ray electron with
energy F can be expressed as

t~5x 10%(E/1TeV) ™ ((B/5uG)? + 1.6(w/1eVem ™)) ! years,

where w is the energy density in low frequency photons in the interstellar
medium and B is the mean interstellar magnetic field [375]. This restricts
the distances that VHE cosmic-ray electrons can propagate and implies
a local origin of TeV electrons (<1 kpc distance) as discussed in, e.g.,
Refs. [635, 636]. In the TeV range, therefore, only a few local sources are
able to contribute and the spectrum can differ dramatically from the power-
law form seen at lower energies, revealing the imprint of nearby sources.
Thus, VHE cosmic-ray electrons offer a unique tool to study our local
neighbourhood in terms of single electron accelerators, rather than testing
the averaged contribution of the whole population of sources in the Galaxy,
as visible in cosmic-ray protons.

In addition to the limited propagation distance, the cooling of cosmic-
ray electrons also leads to a steepening of the electron spectrum far
from acceleration sites, i.e., as observed at the Earth. This steepening,
from a ~E~27 to ~E~3 power-law form, is not observed in the cosmic-
ray protons, and has the effect of further reducing the flux and poses a
severe challenge for direct balloon or satellite measurements. While balloon
measurements generally suffer from short exposures, a new generation of
satellite experiments recently provided high-statistics electron measurements
up to several hundred GeV [637-640]. Still, the energy regime above ~2 TeV
is not yet accessible to these instruments due to either limited detector area
or the lack of sufficient detector depth for energy measurement at higher
energies.

The multi-TeV energy regime is of particular interest because it has
the unique feature of reflecting the situation in our local neighbourhood.
Exploring this energy range would provide a new perspective on local
particle accelerators. Another frequently discussed possibility is the potential
signature of dark matter annihilation in the electron spectrum (see, e.g.,
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Ref. [641] and references therein), which was fueled by the observation of a
rise in the positron fraction by PAMELA [642] and AMS-02 [643].

Imaging atmospheric Cherenkov telescopes (IACTs), such as CTA,
detect VHE cosmic-ray electrons through the same air shower technique that
they detect VHE gamma rays. Electrons initiate air showers very similar to
those originating from gamma rays, and so special data-taking conditions
are not required. Furthermore, due to the isotropic nature of cosmic-ray
electrons, their measurement does not need targeted observations but can be
performed with any data set where significant gamma-ray emission regions
can be readily excluded (i.e., away from the Galactic Plane). This makes a
cosmic-ray electron measurement at TeV energies an excellent by-product of
regular observations made by CTA.

A proof-of-principle measurement of cosmic-ray electrons with TACTs
was made by H.E.S.S. [375] and later confirmed by MAGIC [644] and
VERITAS [645]. The H.E.S.S. data extended the measured energy range
of cosmic-ray electrons up to 6 TeV and revealed a break in the spectrum
at around 1 TeV, with a ~E~% spectrum at higher energies. As there are
almost certainly no regions of the sky from which cosmic ray electrons do not
arrive, the contamination of IACT measurements by the residual background
of hadronic cosmic rays must be estimated with the aid of simulations rather
than control regions within the field of view. Limitations of the measurement
therefore arise due to our limited understanding of hadronic physics in air
showers, introducing systematic uncertainties into the estimation of the level
of hadronic contamination. Additionally, to obtain a sufficiently large data
set, long observations are required by the current generation of instruments,
which introduces significant systematic uncertainties to account for the wide
variety of observing conditions. At the highest energies, electron statistics
become the limiting factor, due to the steeply declining spectrum at TeV
energies.

Significant improvements can be expected from a CTA measurement of
the electron spectrum, compared to the results from present instruments.
With the CTA design optimised for a broad energy coverage and high
sensitivity at TeV energies, an electron measurement will cover a similarly
broad energy range, starting at ~100 GeV. At high energies, a measurement
of the spectrum is possible up to 20 TeV in the case that there is
no contribution from a local source and that the spectrum continues
with an index of —4.1. In the case of a local source contribution (see
Figure 14.1), the electron spectrum may be measurable with CTA up
to ~100 TeV.
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Figure 14.1: Predictions for the measurement of the high-energy electron spectrum
using 1000 h of CTA-South data: (a) without any local source and (b) with an injection
of 5 x 10" ergs in cosmic-ray electrons at 500 parsec distance 5000 years ago, plausibly
comparable to the case of the Vela PWN. The differential energy spectrum multiplied by
a factor of E® is plotted as a function of energy. Note that these studies were done with
no Galactic diffuse component present. Reproduced from Ref. [646].

In addition to the greatly increased sensitivity and effective area of
CTA, the energy resolution will also be significantly enhanced, aiding the
identification of local source signatures in the spectrum. Furthermore, with
the expected level of systematic uncertainties, the measurement of anisotropy
in the electron arrival directions may be possible with CTA and would
provide, together with spectral features at TeV energies, a probe of cosmic-
ray electron source characteristics and propagation. A proper understanding
of atmospheric variations is the key to such an anisotropy measurement, and
again CTA will improve dramatically on the situation for current IACTs.
A complete monitoring and correction scheme is under development for
CTA [647], aiming to greatly reduce systematic variations in measured flux.
Once cosmic-ray electron anisotropy is measured or constrained, cosmic-
ray electrons are expected to play an important role in the calibration and
monitoring of CTA [648].

Current ground-based measurements are dominated by the systematic
errors arising from uncertainties in the simulations of hadronic air showers
(necessary for the discrimination between electrons and the hadronic back-
ground) and from atmospheric conditions. For the case of the simulations,
differences between hadronic interaction models are currently a leading
source of uncertainty. CTA will be able to reduce these uncertainties by
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exploiting a new and (especially at TeV energies) improved generation of
hadronic models. The increase in the centre-of-mass energy of hadronic
collisions to ~14 TeV for proton—proton collisions at the LHC is clearly
a significant step towards a better understanding of this energy regime.
Furthermore, the experiments LHCf and TOTEM are dedicated specifically
to the measurement of cross-sections in the forward direction, thus providing
key input to models and hopefully leading to a significant reduction in the
uncertainties of the hadronic models used in air showers [649].

The measurement of the electron spectrum with CTA will be complemen-
tary to observations by the CALET instrument, which was recently mounted
on the International Space Station and is able to measure cosmic-ray
electrons up to 10 TeV [650]. In combination, these instruments will provide
detailed observations of the electron spectrum at never before seen energies,
potentially discovering and characterising powerful cosmic-ray accelerators
in the local Galactic neighbourhood.

14.3 Optical Measurements with CTA

CTA will provide unprecedented telescopic light-collecting area — of the
order of 10,000 m? distributed over a few square kilometres — far exceeding
the mirror area of all of the world’s large (>3 m) optical telescopes combined.
Although mainly devoted to detecting Cherenkov light, other applications
can be envisioned. These include searching for very rapid events from
compact astrophysical sources, observing occultations of stars by distant
Kuiper-belt objects, searching for optical signals from nearby civilisations
(OSETTI), or serving as a terrestrial ground station for optical communication
with distant spacecraft. Since most such operations could be carried out
during nights with bright moonlight which would not normally be used for
regular gamma-ray observations, such additional applications would enable
a more efficient use of CTA, enhance scientific contacts with other fields,
and yield unique science not achievable at any other observatory. One area
which has been explored in detail for CTA is operation as an optical intensity
interferometer.

Diffraction-limited optical aperture synthesis over kilometre baselines,
operating optical telescopes in a similar way as radio interferometers,
is a long-held astronomical vision. This would enable imaging of stellar
surfaces and their environments, explore their evolution over time, and
reveal interactions of stellar winds and gas flows in binary star systems.
The current best resolution in optical astronomy is offered by amplitude
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(phase-) interferometers which combine light from telescopes separated by
up to a few hundred metres. Several concepts have been proposed to extend
such facilities to scales of a kilometre or more, but their realisation remains
challenging either on the ground or in space. Limiting parameters include
the requirement of optical and atmospheric stability to a small fraction of
an optical wavelength and the need to cover many interferometric baselines,
given that optical light (as opposed to radio) cannot be copied with retained
phase but has to be split up by beam-splitters to achieve interference among
multiple telescope pairs.

The atmospheric and optical stability requirements of amplitude inter-
ferometers can be circumvented by intensity interferometry, a technique
once developed for measuring stellar sizes (originally using an instrument
at Narrabri in Australia [651, 652]). What is observed is the second-order
coherence of light (i.e., that of intensity, not of amplitude or phase), by
measuring temporal correlations of arrival times between photons recorded
in different telescopes. The variation of that correlation with increasing
telescopic distance provides the second-order spatial coherence of starlight,
corresponding to the square of the visibility observed in any classical
amplitude interferometer. Thus, one obtains [the square of] the Fourier
transform of the brightness distribution of the source, from which its spatial
properties and its two-dimensional image can be retrieved.

The great observational advantage is that the method is practically
insensitive to either atmospheric turbulence or to telescope optical imper-
fections, enabling very long baselines, as well as observing at short optical
wavelengths. Since telescopes are connected only electronically, error budgets
and required precisions relate to electronic timescales of nanoseconds and
to light-travel distances of tens of centimetres or meters rather than small
fractions of an optical wavelength. However, the method requires very good
photon statistics and therefore large telescopes, even in observing bright
stars. These requirements for large and widely distributed optical flux
collectors, equipped with fast detectors and high-speed electronics, have
caused intensity interferometry not to be further pursued in a significant
way since the early attempts.

The technical specifications for atmospheric Cherenkov telescopes are
remarkably similar to the requirements for intensity interferometry (and
conversely, the original telescopes at Narrabri were once used for pioneering
experiments in observing Cherenkov light flashes). In the original Narrabri
instrument, the telescopes were moved during observations to maintain
their projected baseline; however, electronic time delays can now be used
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instead to compensate for different arrival times of the wavefront to various
telescopes, removing the need for mechanical mobility. The potential of
using modern Cherenkov telescope arrays for optical intensity interferometry
has been explored recently [22, 653]. Pairs of 12 m Cherenkov telescopes
of the VERITAS array in Arizona were connected to test electronics for
intensity interferometry [654]; theoretically simulated observations, including
subsequent reconstruction of source images, have been carried out [655];
laboratory measurements with arrays of small telescopes mimicking the CTA
array have been made [656].

The “easiest” targets for interferometry are bright and hot, single or
binary stars of spectral types O and B or Wolf-Rayet stars with their
various circumstellar emission-line structures. The stellar disk diametres
of the brightest such objects in the sky are typically 0.2-0.5 mas and
thus lie (somewhat) beyond what can be resolved with existing amplitude
interferometres. In addition, rapidly rotating oblate stars, circumstellar
disks, winds from hot stars, blue super-giants and extreme objects such as
n Carinae, interacting binaries, the hotter parts of (super)nova explosions,
and pulsating Cepheids are clear candidates [22].

While initial experiments will likely use only a subset of the telescopes
in the CTA array, best performance will be reached if the full CTA is
equipped for interferometry at the shortest optical wavelengths. In the violet
(A ~350 nm), the spatial resolution of CTA would then approach ~30 pas.
Such resolutions have hitherto been reached only in the radio and open
up significant discovery space in the most well-established waveband of
astronomy.

In addition to this interferometry possibility, CTA’s huge collection area
and extremely fast photo-detection and processing results in significant
potential for the detection of transient optical phenomena, especially on
relatively short timescales (of seconds or less). Examples include detecting
counterparts to gamma-ray transients such as GRBs, radio transients, and
gravitational wave events, studying outer Solar System bodies [657], and the
search for optical SETT signals [658, 659]. These capabilities will be explored
in detail in the near future.
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Appendix: Simulating CTA

The expectations for the scientific capabilities of CTA presented in this
document are based on sensitivity and response functions derived from
detailed Monte Carlo simulations of the CTA observatory. The simulations
model extensive air showers initiated by high-energy (HE) primary particles
(gamma rays or background cosmic-ray nuclei and electrons), the Cherenkov
light production by the shower particles, and the measurement processes of
imaging atmospheric Cherenkov telescopes.

The air shower simulations are based on the CORSIKA code [660]
and include realistic assumptions of the atmospheric conditions at the
two CTA sites in the southern and northern hemispheres. The absorption
and scattering of the Cherenkov photons due to atmospheric aerosols and
molecules and the response of the telescopes are simulated with the tool
sim_telarray [661]. The telescope simulations include the ray-tracing of the
photons through the optical structure and a detailed simulation of the focal
plane detector, trigger system, and detector readout. The simulations also
include the noise photons coming from the expected night-sky background
light at each site, with a level equivalent to dark-sky observations towards an
extragalactic field. The telescope array assumed for the southern site consists
of four large-sized telescopes (LST), 25 medium-sized telescopes (MST) and
70 small-sized telescopes (SST), with an area covered by the array of ~4 km?.
The northern array consists of four LSTs and 15 MSTs, with area covered
by the array of ~ 0.4km?. For a more detailed description of the simulation
parameters see Ref. [662].

For all performance estimations, a gamma-ray source with a power-law
shaped energy spectrum with a differential spectral index of 2.57 is assumed.
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The sensitivity calculations require a large number of simulated events from
cosmic-ray protons and electrons/positrons, due to the excellent gamma-
hadron separation capabilities of CTA. The simulation set for each CTA site
comprises about one billion simulated gamma-ray and electron showers and
about 100 billion proton showers.

Two independent analyses of the Monte Carlo samples have been carried
out, yielding consistent results. The analysis codes used are derived from
tools developed in the MAGIC and the VERITAS collaborations. These
analyses apply imaging cleaning algorithms to remove channels with signals
dominated by background light, a geometrical image parametrisation, and
stereoscopic methods. Most events observed by CTA will have shower cores
that lie inside the area of the array. Compared to presently operating
observatories, these so-called contained events will lead to much better
sampled showers by CTA with a larger number of telescopes and will result in
significantly improved reconstruction accuracy for the gamma-ray direction
and energy. The gamma-hadron separation will also be much more powerful
in CTA, resulting in improved sensitivity in the background-limited energy
range of CTA. The gamma-hadron separation methods applied are based
on multivariate methods (random forests and boosted decision trees) and
separation cuts are optimised for the given observation time that is typically
50 h, 5 h, or 30 min. All analyses are optimised for the best point-source
sensitivity per differential energy bin (five logarithmic bins per decade of
energy); better energy and angular resolution can be expected for dedicated
high-resolution selection criteria.
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