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Abstract

Star forming galaxies (SFGs) are expected to be the sources responsible for reionising

the Universe, but detailed study of these within the Epoch of Reionisation (EoR,

z > 6), will only become possible with the long-wavelength coverage and sensitivity

of the James Webb Space Telescope (JWST). One approach to understanding these

systems is to study lower-redshift galaxies which share similar properties and are

potential analogues to galaxies in the reionisation era. In this Thesis I study star

forming galaxies that exhibit large nebular emission line equivalent widths (EW),

consistent with what has been inferred at high redshifts, using HST/WFC3 slitless

spectroscopy to select galaxies at z ∼ 1− 3 directly on their emission line strength.

VLT/FORS2 spectroscopic follow-up on z ∼ 1 emission line selected galaxies from

the WFC3WISPS survey confirms the slitless spectroscopic redshift of 95% of galaxies

with emission line detections, and those galaxies with large rest-frame Hα EWs not

only have high specific star formation rates but also high [OIII]/Hβ and [OIII]/[OII]

ratios, suggesting lower metallicities or higher ionisation parameters than low-EW

SFGs. I measure a strong EW evolution with redshift from WISPS, which I also

confirm with a spectroscopic study of z ∼ 2 SFGs from the 3D-HST survey where I

determine the distribution of [OIII]λ5007 rest-frame EWs. The abundance of extreme

emission line galaxies (EELGs) increases rapidly with redshift, and while abundance

of these EELGs and their contribution to the ionising background at intermediate

redshifts is minimal (only 3.6% of z ∼ 2 SFGs have [OIII]λ5007 EWs above 750Å),

EELGs may dominate the ionising output of the SFG population during the EoR.

I am a member of the JWST Advanced Deep Extra-galactic Survey (JADES), a

joint NIRSpec and NIRCam instrument science team GTO programme whose main

science goals are to trace galaxy evolution from z ∼ 1 to within the EoR by measuring

star formation rates, metallicities and stellar masses of a large sample of galaxies.

As part of JADES, I re-analysed multi-band imaging in the GOODS fields to draw

up a list of robust high redshift candidates and a prioritisation of these targets, in

particular SFGs in the EoR, for NIRSpec spectroscopic follow-up. I confirm through

simulations of JADES NIRSpec deep spectroscopy that our key science goals can be

met with the achieved signal-to-noise from our observational strategy (in particular

redshift confirmation, and metallicity measurements from line ratio diagnostics).
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Chapter 1

Introduction

In this thesis, I study the emission line properties of star-forming galaxies at inter-

mediate redshifts (0.4 < z < 2.4) and I study the target selection strategy for an

upcoming extra-galactic survey using the Near Infrared Spectrograph (NIRSpec) on

the James Webb Space Telescope (JWST) to explore star-forming emission line galax-

ies in the high redshift universe (4 < z < 12+). The forthcoming extra-galactic survey

will provide a quality and quantity of data previously unobtainable for star-forming

galaxies during the epoch of reionisation and will build upon my intermediate red-

shift work using similar observational and analysis techniques. In this introduction, I

summarise the observational techniques and the inferred galaxy properties that have

shaped our understanding of star-forming galaxies across cosmic time. I will discuss

the current state of our understanding of the role star-forming galaxies play in the

reionisation of the universe.

1.1 Observational astronomy

We have known for over 100 years that there exist galaxies outside of our own Milky

Way (Hubble, 1926). We have seen in the 20th century that our universe is expand-

ing (Hubble, 1929) and contains not only the everyday (baryonic) matter we see

around us but also dark matter (identified initially from rotation curves of galaxies,

Rubin et al. 1978, and studies of clusters, Zwicky 1933). More recently, it has been

discovered that the expansion of the Universe is currently accelerating, a discovery

initially based on observations using supernovae type-Ia (SN-Ia) as standard candles

(Riess et al., 1998; Perlmutter et al., 1999). This current acceleration is driven by

dark energy which might correspond to a cosmological constant vacuum energy den-

sity (or could be something more complicated associated with a scalar field, such as

quintessence, Caldwell et al. 1998). From various studies, including using supernovae
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as lighthouses to mark cosmic distances, the large-scale structure of the Universe (from

galaxy surveys) and observations of the Cosmic Microwave Background1 (CMB), we

today have reasonable constraints on the cosmological parameters that govern the

expansion history of our Universe. In this thesis I will adopt a Λ-dominated, flat

universe with dark energy and matter density parameters of ΩΛ = 0.7 and ΩM = 0.3,

and a Hubble constant of H0 = 70 km s−1 Mpc−1 from WMAP (Hinshaw et al., 2013).

The observed expansion of the Universe means that in the past it was more dense

and hotter than today, and the current paradigm is the Hot Big Bang model, where

the Universe formed ∼13.8 Gyrs ago and has expanded ever since. The expansion

has meant that as light travels through the Universe it is being stretched, and the

scale of the wavelength stretch of observed light tells us the redshift of the source

(1 + z = λobs/λemit, where λobs and λemit are the observed and emitted wavelength).

From the measured redshift, various cosmological distance measures to the source

and the age of the Universe when the light was emitted can be determined, given the

expansion history (dictated by the cosmology, see e.g., Hogg 1999).

It is believed that initial density fluctuations (perhaps Gaussian in nature and

observed through temperature fluctuations in the CMB, Smoot et al. 1992) grow

with time through gravitational collapse, seeding the formation of the first galaxies.

Within galaxies, stars form, again through gravitational collapse and heating (the

virial theorem) until the density and temperature are sufficient for nuclear processes

to be triggered to achieve hydrostatic equilibrium. As stellar populations emerge, the

pristine gas left over from the Big Bang (nearly completely comprised of hydrogen

and helium, at ∼ 75% and ∼ 25% by mass) becomes chemically enriched with heavier

elements, largely formed in stars and stellar deaths. Through the use of next gener-

ation observatories such as JWST, we may be able to find the “Population III” stars

which are the first generation of metal-free stars to form at high redshift. The “Metal-

licity” (mass-fraction of elements heavier than He) is expected to evolve with time,

with later generations of stars forming from an Interstellar Medium (ISM) which is

“enriched” in heavier elements due to ejecta from stars and supernovae. Line ratios of

different ionisation species of elements (from absorption and emission lines in stellar

photospheres or the Interstellar Medium) give an indication of the abundances, and

1the CMB corresponds to the surface of last scattering at a redshift of z ∼ 1100, where matter and
radiation last interacted (on average) and the universe became optically thin following the formation
of the atoms and capture of free electrons (which previously scattered photons)
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also the ionisation state of the gas. Star formation is a complex process, depending

on fragmentation and cooling of the gas (which in turn depends on the spectrum

and the elements present), and stars are formed with a range of stellar masses. The

Initial Mass Function (IMF) of stellar populations may not be constant, and it is

expected that the Population III IMF is top-heavy (e.g., Abel et al., 2002; Bromm &

Larson, 2004; Hirano et al., 2014), whereas many IMFs for later generations of stars

favour many more low-mass stars than massive stars (Salpeter, 1955; Chabrier, 2003).

1.1.1 Development of extra-galactic observational astronomy

The driving force behind the expansion of our knowledge has come through larger

telescopes (including observatories in space) and the technological development of

sensitive detectors such as CCDs and Infrared (IR) Arrays. Unlike ground-based ob-

servatories, which are limited by atmospheric absorption across many wavelengths

including parts of the infrared and the ultra-violet (UV), space-based observatories

can access the full electromagnetic spectrum. Space telescopes can also achieve greater

sensitivity as the “background” (light from non-astronomical sources which adds noise

to the observations) is typically much lower because there is no emission or scattered

light from the sky. The greater sensitivity and access to wavelengths further into the

IR has allowed fainter galaxies to be detected out to greater distances, particularly

with the Hubble Space Telescope (HST).

Another significant technological development in recent years has been multi-

object spectroscopy, enabling the redshift determination and detailed study of large

populations of objects. From the ground, a slit or fibre is needed to disperse the light

from a galaxy of interest and avoid adding noise due to the sky background around it,

which has led to many multi-object spectrographs (e.g. the SDSS survey, York et al.

2000, and the 2dF on AAT, Colless 1999, which are fibre-fed, and slitmasks such as

on Keck/DEIMOS giving surveys such as DEEP2, Davis et al. 2003). From space,

the low background means that light from an entire field of view can be dispersed

and still achieve reasonable sensitivity, and this “slitless spectroscopy” approach has

been used to build large samples of galaxy spectra with HST (e.g. WISPS, Atek et al.

2010, 3DHST, Brammer et al. 2012) and will be used in future on JWST, Euclid and

Nancy Grace Roman Space Telescope. Another approach has been the use of inte-

gral field spectroscopy (IFS) where each spatial pixel generates a spectrum, and the
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latest IFS instruments such as MUSE on VLT (Bacon et al., 2010) now cover suffi-

cient area on the sky to do multi-object surveys (rather than just individual galaxies).

1.2 Observational properties of galaxies

Observational extra-galactic astronomy is the study of light from galaxies, and this

is predominantly star light at UV to near-infrared wavelengths (although emission

from an Active Galactic Nucleus can dominate the flux in rare cases); at longer wave-

lengths (the far-infrared) thermal re-emission from dust can dominate the emissivity.

The total spectrum of all the stars in a galaxy will depend on the current stellar pop-

ulation, and dust obscuration and emission from the Interstellar Medium will modify

the observed spectrum. Depending on the observations available, there can be de-

generacies between the inferred properties (for example, a spectrum can be red either

through having an old stellar population, or large dust obscuration which greatly

affects short wavelengths) although many of these degeneracies may be broken with

sufficiently good spectroscopy (of appropriate signal-to-noise ratio, spectral resolu-

tion and wavelength coverage), even in the case of the pernicious “age-metallicity

degeneracy” (Worthey, 1994). Stars are formed with a range of masses, and the

most massive stars have the shortest lifetimes of <10Myr on the “main sequence”

(the core-hydrogen burning phase, where stars occupy a narrow track of surface tem-

peratures and luminosities on the Hertzsprung-Russell diagram), and these luminous

OB stars with masses >∼10M⊙ have extremely hot photospheres (>30,000K) whose

black-body radiation makes these stars very bright at blue and UV wavelengths. A

significant number of these photons are produced at wavelengths shorter than 912Å

which are capable of photo-ionising atomic hydrogen (energies > 13.6eV). Conversely,

low-mass stars live a long time, are cooler and redder, and do not produce significant

ionising flux. Hence, if a stellar population forms instantaneously (a “single stellar

population”), then as time goes on it will become redder with different spectral fea-

tures becoming prominent as a function of time (e.g. early on recombination emission

lines of hydrogen from OB stars; later on the Balmer break absorption strongest in

A-stars of ∼2M⊙ after the OB stars have died; and later still the metal and molec-

ular absorption lines in the cooler photospheres of low-mass stars). We expect most

galaxies to have a more complicated star formation history than a single stellar pop-

ulation, with multiple star formation episodes due to secular processes. However, the

instantaneous star formation rate (SFR) is traced by the ionising photons produced

4



by the short-lived OB stars.

1.2.0.1 Measuring the star formation rate in galaxies

Since the instantaneous star formation rate is related to the production of ionising

photons, observable properties that are sensitive to these ionising photons can be

used to infer the SFR, and hydrogen recombination emission lines provide such a

star formation rate tracer. The high-energy UV emission (< 912Å) photo-ionises the

surrounding neutral hydrogen in the ISM, which re-emits photons as the electrons

recombine and cascade back to the ground state. The transition from n = 3 → 2

excitation states produces the rest-frame optical Hα emission line, and from measure-

ments of the Hα line flux we can infer the ionizing-photon output from the stellar

population, since from atomic physics about 60% of the ionising photons will result in

Hα emission (Osterbrock, 1989). Stellar population models can be used to infer the

number of massive stars producing the ionising flux, and from this the rate at which

these short-lived stars must be forming can be derived. Given an assumed IMF, this

can be converted to the total stellar mass formed per year (the star formation rate).

The Lyα hydrogen recombination line (n = 2 → 1 transition) was originally believed

to be the strongest signature of star formation at high redshift (e.g., Partridge & Pee-

bles, 1967), but early searches over many decades showed this line was either absent

or much weaker than predicted by simple models (e.g., Thompson & Djorgovski,

1995; Thompson et al., 1995; Steidel et al., 1996b). The explanation for this is that

the Lyα line is resonantly-scattered by neutral hydrogen, meaning that the photons

have a very short mean-free-path as their frequency is tuned to excite hydrogen atoms

in the ground state (which applies to most of the atoms in moderately cold atomic

gas), unlike photons with slightly different frequencies which will not excite the n=1-2

transition and hence will travel further before interacting. These repeated scatters of

Lyα photons will randomise the direction each time, and will produce longer escape

paths than those for non-resonant photons (which have a much higher probability of

travelling directly out of a gas cloud). The long escape path lengths of the resonant

Lyman-alpha means that this line is often absorbed2. Hence Lyα is not as good a

2It has been argued that for certain geometries of multiphase media, where a dust cloud is
embedded within an intercloud medium of negligible absorption, Lyα photons may actually suffer
less attenuation than radiation which is not resonantly scattered because such photons spend most
of their time in the intercloud medium Neufeld (1991). In any case it is clear that the effects of
resonant scattering and dust make the Lyα line hard to interpret, and a poor tracer of the rest-UV
ionising continuum which powers it.
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SFR indicator as Hα, which in contrast is non-resonant and at longer wavelengths,

so is less affected by dust absorption than Lyα (where the effect of dust absorption

can led to SFRs being underestimated).

Measurements of the line flux ratios between multiple recombination lines places

constraints the the level of dust extinction (with lines at shorter wavelengths experi-

encing greater reddening), and hence line luminosities can be corrected for absorption

using an extinction law and the intrinsic line ratios set by atomic physics (e.g., the

Balmer decrement, which has a Case B - density bounded recombination ratio between

Hα and Hβ of 2.86, Osterbrock 1989, see discussion in Section 2.3.3.2). In addition

to recombination lines, the sensitivity of other observable properties of young stellar

populations means the we can also make use of less-direct indicators of the SFR,

including: the non-ionising UV stellar continuum (which is predominately dominated

by the blackbody radiation of young massive stars, subject to dust attenuation); the

strength of rest-optical nebular emission lines from the ISM (such as [OII], Hβ and

[OIII], which are sensitive to the SFR and ISM conditions); the far-infrared emission

(which characterises the UV-light emitted by massive stars and reprocessed by dust);

and the observed radio and x-ray emission (generated by non-thermal bremsstrahlung

and synchrotron emission driven by supernovae and the population of high-mass x-ray

binaries in young stellar populations, respectively). Applying calibrations to each of

these measured properties allows them to be used as tracers of the underlying SFR

(see e.g., Hopkins et al., 2003, for a relative comparison of these different SFR tracers).

Another potential source of ionising photons are active galactic nuclei (AGN) -

the accretion disks around supermassive black holes (SMBHs) which probably lie at

the centres of all galaxies can become super-heated through differential rotation, pro-

ducing emission across the electromagnetic spectrum (including ionising photons and

even X-ray emission). While all massive galaxies are thought to host a SMBH, the

bright AGN phase (where emission from the accretion disk rivals or dominates the

stellar light from the galaxy, for example in a quasi-stellar object, QSO) is short lived,

set by the fuelling of the SMBH accretion disk. This conclusion stems from the low

number density of QSOs compared to galaxies. AGN can be sub-divided in differ-

ent categories based on their multi-wavelength broadband, emission line and radio

properties, which may be partly driven by the relative orientation of a dusty torus

obscuring our view of the central engine of the AGN for some sight lines (see e.g.,

Netzer (2015) for a recent review of the unifying theory). Unobscured views show a
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bright central non-stellar point source and broad emission lines generated close to the

nucleus due to the high dispersion velocity field in that region; these are classed as

Type-I/QSOs. Alternatively, obscured views can hide these components with narrow

line emission dominating (arising from gas a greater distance from the nucleus), and

these are classed as Type-II AGN. The presence and strength of radio jets provides

anther classification (radio-loud vs radio-quiet).

In this thesis, I focus on galaxies where the light is likely to be dominated by

stars rather than an AGN. AGN have a harder ionizing spectrum (due to their hot

accretion disks, which exceed the photospheric temperatures of the hottest OB stars),

and this will produce different emission line ratios (with a larger fraction of atoms in

highly-ionised states). Hence line ratios can be used to distinguish AGN from star

forming galaxies, and I look further at such diagnostics (e.g. the BPT) in Section

2.3.5 X-ray and radio emission are also stronger in some AGN than SFGs.

1.2.0.2 The equivalent widths of emission lines in galaxies

In this thesis I pay particular attention to the equivalent width (EW) of the nebular

emission lines in star forming galaxies, which gives the measure of a line’s strength

relative to the stellar continuum at the same wavelength (by definition the ratio of the

flux of the emission line to the stellar continuum flux density per unit wavelength and

I will detail my measurement of EW in Sections 2.3.7 and 3.3.1). Reliable measure-

ments of EWs can be determined straight from spectroscopy if both the line emission

and continuum flux density are significantly detected, however, for sources with a

faint stellar continuum better constraints on the EW are achieved by estimating the

stellar continuum from corresponding broadband photometry. Reasonable measure-

ments can also be made using photometry alone by examining the flux-excess created

between two neighbouring broadband filters due to contamination by an emission line

with a given EW with an underlying set of assumptions on the spectral slope. The

EW of nebular emission lines, such as Hα and [OIII]λ5007, are sensitive to changes in

the stellar population over relatively short timescales. The stellar continuum in the

rest-optical is dominated by older stellar populations and gives an indication of the

star formation history (SFH) over much longer timescales (≫ 100Myr), whilst the

strength of the nebular emission lines is driven by the radiation field of massive short-

lived OB stars, sensitive to timescales < 10Myr (e.g., Sullivan et al., 2001). The EW

therefore gives the measure of how the near-instantaneous SFR compares to the build
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up of stellar mass over longer timescales, with larger EWs identifying upturns and

bursts in SFR, as a young stellar population drives strong line emission but does not

yet dominate the rest-optical stellar continuum. The young stellar populations that

can drive large EWs make these galaxies of particular interest as they may also have

larger specific star formation rates (sSFR, the rate of star formation per unit mass),

higher ionisation parameters3 (the ratio of ionising UV photon flux to the number

density of neutral hydrogen) and lower gas-phase metallicities than SFGs with low

EWs and potentially older stellar populations. The high ionisation parameter asso-

ciated with a young stellar population and inferred for galaxies with large nebular

emission line EWs (which can be inferred from the line ratios of different ionisation

species of the same elements, such as the ratio between [OIII] and [OII]), has been

seen to be a requirement, but not alone sufficient, for large escape fractions of ion-

ising photons (fesc, the fraction of HI ionising photons that reach the inter-galactic

medium, e.g., Nakajima et al. 2013). The presence of bursty star formation, that may

be inferred from large EWs, is seen through simulations (e.g., Trebitsch et al., 2017)

as one path to generating large escape fractions, with supernovae feedback from the

young stellar population creating sight lines for ionising photons to escape.

1.2.1 Galaxy evolution

By comparing samples of galaxies at different redshifts, astronomers are able to learn

about the evolution of galaxies over cosmic time. Two important considerations af-

fect the assembly of galaxies, the star formation in individual galaxies, and mergers of

galaxies. The luminosity function is the distribution of galaxy comoving number den-

sity4 with brightness in a particular rest-frame waveband, and at short wavelengths

this luminosity is related to the star formation rate (since as explained in Section

1.2 the blue/UV light is dominated by short-lived massive OB stars) while at longer

(near-IR) wavelengths it is more related to the stellar mass (since stars of all masses

will contribute to the near-IR emission, which have a wide range of lifetimes). Evo-

lution of the luminosity functions (which may also be affected by dust obscuration)

3The ionisation parameter of a galaxy follows the relative proportion of young to old stars, and
hence is expected to trend with the sSFR, because the hydrogen ionising photons are produced by
the short-lived massive stars (Kaasinen et al., 2018). Likewise, the relative proportion of young to
old stars also sees an increase in the EW, with the Hβ EW commonly used to trace the age of the
stellar population (Kewley et al., 2015; Groves et al., 2012).

4A comoving frame is one which accounts for the expansion of the Universe, (1+z) in each spatial
direction, so a comoving volume conserves the baryonic mass within it.
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provides constraints on the formation and evolution of galaxies (e.g., Bouwens et al.,

2015a).

The redshift and wavelength range available for different SFR tracer methods has

allowed the star formation rate density (SFRD) over cosmic time to be assembled,

typically using nebular emission lines at lower redshifts and the non-ionising UV con-

tinuum at higher redshifts (where these various spectral features are redshifted into

the optical at different redshifts e.g., Lilly et al. 1996; Madau et al. 1996). From

studying the SFRD of different redshift samples, the peak of cosmic star formation

rate density is determined to lie around z ∼ 2 (e.g., Madau & Dickinson, 2014).

Many observable and inferred properties of galaxies also change with redshift. At

local redshifts, spatially resolved images of the light from galaxies reveals that the

luminous morphology is commonly seen to take the form of spirals and smooth ellip-

ticals (e.g., the Hubble tuning fork diagram, Hubble 1926, 1936), whereas at higher

redshifts the luminous profile becomes less structured and more clumpy (e.g., Abra-

ham et al., 1996; Elmegreen et al., 2007), reflecting the growth and evolution of galaxy

structure into what is seen today (e.g., Conselice 2014, note most existing spatially

resolved studies of high-z galaxies observe the rest-frame UV which will trace the

star-forming regions which may not reflect the older underlying stellar population).

Inferred properties of the ISM including the metallicity, ionisation parameter and the

related ionisation photon production efficiency (the measure of the number of ionising

photons produced per unit UV luminosity for a galaxy, e.g., Chevallard et al. 2018;

Tang et al. 2019) are also seen to evolve, as galaxies at higher redshifts are in earlier

episodes of star formation and have younger stellar populations that dominate the

galaxy.

1.2.2 Identifying high-redshift samples of galaxies

It is observationally very expensive to do spectroscopic follow-up on all galaxies iden-

tified in imaging, and many will be low-luminosity galaxies at modest redshifts, while

for studies of galaxy evolution we are more interested in targeting galaxies at high

redshift. We now consider how to find likely high-redshift candidates for spectroscopic

follow-up on the basis of imaging surveys (in particular using the colours across dif-

ferent filters).
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The Intergalactic Medium (IGM) along the line of sight between a distant galaxy

and the observer can change the observed spectral energy distribution due to the

interaction of the light and the IGM. The ionising UV emission of a galaxy at short

wavelengths (< 912Å, the photoionisation edge of hydrogen) will be suppressed due

to absorption by any intervening neutral atomic hydrogen providing a distinctive and

almost total break in the flux at this “Lyman limit”. Depending on the redshift of

the object and the column density of intervening neutral hydrogen, the spectrum

of a galaxy will feature another distinctive break shortward of Lyα (1216Å) in its

rest-frame, as the flux below is suppressed by the Lyα forest absorption by neutral

hydrogen in the intervening IGM. This effect (the Lyα break) is most apparent in

high redshift galaxies (z > 6), where neutral hydrogen was abundant in the IGM

unlike at lower redshifts when the IGM is mostly ionised and the Lyα forest is less

optically thick. Detecting the wavelength of this spectral break can be used as a key

method of identifying candidate galaxies at high-redshift.

The Lyman break can be clearly observed through spectroscopy and also through

comparison of broadband photometry in adjacent filters. Figure 1.1 presents the

characteristic Lyman break feature of a z ∼ 7 galaxy showing the corresponding

photometric drop out between the F814W “Z-band” and F105W “Y-band” filters

on HST. The measured photometry either side of the spectral break shows a clear

contrast and a very red colour as the shorter wavelength flux below the break is

suppressed, with the particular filter in which the galaxy “drops-out” providing an

estimate of the redshift of the source. The approach of comparing the flux in adjacent

broadband filters to identify drop-outs has been a successful method and found the

first star-forming galaxies at z ∼ 3 in the mid-1990s (Steidel et al., 1996a,b) and has

since been pushed to longer wavelength filters and higher redshifts.

Deep surveys have utilised this method over the past decades to identify high-

redshift Lyman-break galaxies (LBGs), many utilising the Hubble Space Telescope

(HST). In 1995 the Hubble Deep Field (HDF, Williams et al. 1996) allowed Lyman-

break galaxies to be detected at z ∼ 3 − 4 (Steidel et al., 1996a). The addition of

the Advanced Camera for Surveys (ACS) to the Hubble Space Telescope allowed the

identification of the Lyman-break to longer wavelengths (e.g., z ∼ 6 in Stanway et al.

2003) and in 2004 the Hubble Ultra Deep Field (HUDF, Bunker et al. 2004; Beckwith

et al. 2006) pushed the detection of galaxies out to z ∼ 6. Subsequent additions to
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Figure 1.1: A synthetic spectrum of a young star-forming redshift z ∼ 7 galaxy
(taken from the JAGUAR catalogue of Williams et al. 2018) showing a clean Lyα
break, corresponding to the suppression of shorter wavelength flux due to absorption
by neutral hydrogen along the line of sight. Top: The spectrum over-plotted with
HST ACS (blue, F435W, F606W, F775W, F850LP), WFC3 (green, F105W, F125W,
F140W, F160W) and spitzer/IRAC channel 1 and 2 filters (red) often used in high
redshift galaxy observations. Bottom: Imaging of an actual z ∼ 7 galaxy from my
Chapter 4 work shown in 6 filters across the Lyman break. The galaxy disappears at
wavelengths below 1µm (the v-, i-, z-bands) due to absorption by the Lyα forest.

the Hubble Space Telescope improved its infrared capabilities, the Wide-Field Cam-

era 3 (WFC3) allowed longer wavelength filters to push detections in the HUDF out

to z ∼ 7 − 8 (Wilkins et al., 2011; Lorenzoni et al., 2011; Bouwens et al., 2010;

Oesch et al., 2010b). The highest redshift candidates currently known were identified

with this technique (sometimes boosted by gravitational lensing) with photometric

candidate redshifts around z ∼ 9 − 11 (e.g., Coe et al., 2013; Oesch et al., 2014;

Zheng et al., 2012). With the launch of JWST, NIRCam filters in the Near-Infrared

should allow detection of the Lyman break to longer wavelengths and are anticipated

to allow LBG samples to be selected out to redshifts > 10.

However, one draw back of identifying the Lyman-break through broadband pho-
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tometric drop-out is that the same characteristic red colour between two adjacent

filters can be mimicked by other spectral features, including the 4000Å and Balmer

spectral breaks in the spectra of galaxies (created by metal-line absorption in older

stellar populations and the Balmer break dominated by A-type stars), and complex

SEDs of local brown dwarf stars due to molecular absorption in their cool photo-

spheres. Cleaner selection of LBGs has been achieved by also considering the colour

from two longer wavelength filters, the addition of the longer wavelength colour dis-

tinguishes high redshift LBGs (typically expected to exhibit a blue colour due to

the intrinsic UV slope) from low redshift interlopers such as red elliptical galaxies

(which would exhibit a redder colour at longer wavelengths). However, spectroscopic

follow-up is still important to unambiguously confirm the redshifts of candidate LBGs,

through the detection of emission lines and the spectrally resolved shape of the SED.

1.2.3 Galaxies within the Epoch of Reionisation

The observed suppression of flux below the Lyα line is greatest in the spectra of

high-redshift galaxies before the end of the epoch of reionisation (EOR, z > 6), the

transition of the atomic hydrogen in the IGM from neutral to a mainly ionised state

(in which it becomes less efficient at absorbing the UV-ionising photons from lower-

redshift galaxies). The prediction of an optically-thick Lyα forest (i.e. near-complete

absorption at wavelengths shortward of Lyα) due to a large IGM neutral fraction was

made by Gunn & Peterson (1965), and this was first seen observationally in the spec-

tra of z ∼ 6 quasi-stellar objects (QSOs) found in the SDSS survey (Fan et al., 2001;

Becker et al., 2001), with temperature-polarisation measurements from the CMB also

providing constraints on the EOR from free electrons (optical depths τ from WMAP,

Hinshaw et al. 2013, and Planck, Planck Collaboration et al. 2020). Before the EOR,

the hydrogen in the Universe had been neutral ever since the expansion of the Uni-

verse had allowed the temperatures to cool sufficiently for the first atoms to form (at

around 370,000 years after the Big Bang during the epoch of recombination, Peebles

1968; Zel’dovich et al. 1969; Seager et al. 2000). The beginning of the transition in

the state of atomic hydrogen was driven by a new ionising radiation field, probably

associated with the formation of the first stars and galaxies in the Universe (z > 15).

The progression and spatial distribution of reionisation is therefore dependent on the

ionising sources. Local bubbles of ionised hydrogen surrounding the ionising sources

may grow and become interconnected, leaving only small “islands” of neutral hydro-

gen by the end of the epoch. By z ∼ 5 − 6 the fraction of neutral atomic hydrogen
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had dropped to < 4%(McGreer et al., 2015), marking the end of the EOR.

At low and intermediate redshifts (z < 3), Active Galactic Nuclei (AGN) are

observed to dominate the production of UV photons, however constraints from ob-

servations and simulations indicate that too few QSOs existed during the epoch of

reionization to match the required UV photon budget (e.g., Haardt & Madau, 2012;

Richards et al., 2006; Faucher-Giguère et al., 2008). The source for the ionizing radia-

tion field currently favours a population of star forming galaxies (Bunker et al., 2008,

2010; Stark, 2016; Boylan-Kolchin, 2018) with hot young massive stars providing the

high energy UV photons, although debate remains as to whether the bright and faint

QSO populations provide a non-negligible contribution (e.g., Giallongo et al. 2015;

Grazian et al. 2018; Sulentic et al. 2014; c.f., Dijkstra et al. 2004). However, there

remains uncertainty in the underlying assumptions associated with whether SFGs are

the dominant ionizing sources, which depends on the initial mass function (affecting

the ionising photon production efficiency), escape fraction (fesc, the fraction of HI

ionising photons that reach the inter-galactic medium) and the galaxy UV luminosity

function (the integral of which is related to the production rate of ionising photons,

and which in particular depends on the faint-end slope, of the Schechter luminosity

function).

1.2.4 Low-redshift analogues of potential EOR ionising sources

One current approach for exploring the nature of galaxies during the EOR is the

study of low-redshift analogues with similar properties. This provides larger samples

for population analysis, and cover a broader range of luminosities and masses, than

the small number of known high-redshift galaxies. At local and moderate redshifts,

the current state of observatory facilities allows sensitive study of the properties of

these low-redshift analogues, which will not be possible at higher redshifts until the

longer-wavelength coverage and sensitivity of JWST is available.

Over the last decade, considerable effort has focused on the study of extreme

emission line galaxies (EELGs) as low-redshift analogues of the galaxies that may

have reionised the Universe, exhibiting nebular emission line equivalent widths con-

sistent with what has been inferred at high redshifts. These systems are identified

through their large [OIII], Hβ or Hα equivalent widths and have been studied in detail

both locally z ∼ 0 (Cardamone et al., 2009; Amoŕın et al., 2010; Izotov et al., 2011;
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Brunker et al., 2020) and in comparable populations at redshifts z ∼ 1− 2 (e.g., van

der Wel et al., 2011; Atek et al., 2011; Amoŕın et al., 2015; Maseda et al., 2018; Tang

et al., 2019). Although rare at the current epoch, EELGs are thought to represent a

significant fraction of the SFG population at z > 6 ( e.g., Smit et al., 2015; De Barros

et al., 2019; Endsley et al., 2021). They are characterised by a combination of strong

nebular line emission and weak rest-optical continuum (i.e. high equivalent width),

as expected for a galaxy powered by a very young stellar population with moderately

low metallicity.

SFGs are expected to contribute the bulk of the ionising photon budget during

the reionisation epoch (e.g., Bunker et al. 2004, 2010; Bouwens et al. 2015b; Robert-

son et al. 2015; Stanway et al. 2016; Stark 2016; Boylan-Kolchin 2018; Naidu et al.

2020; Finkelstein et al. 2019; c.f., Madau & Haardt 2015) and with a large fraction of

early galaxies exhibiting extreme [OIII]+Hβ EWs, it is likely that a significant pro-

portion of the ionising output responsible for reionising the IGM comes from SFGs in

an EELG or burst phase. Galaxies may also be very effective at producing globular

clusters during these intense star formation episodes (Vanzella et al., 2020; Endsley

et al., 2021). It is clear that EELGs are likely to play an important role in galaxy

growth and reionisation. While existing data hints at the EELG phase becoming more

common toward higher redshifts, we currently do not have quantitative constraints

on how the prevalence of this population evolves with redshift or varies with galaxy

luminosity. This not only hinders our ability to track the contribution of galaxies to

reionisation, but it also impedes our understanding of how bursty star formation may

be changing in the galaxy population.

In this thesis, I will start by studying galaxies selected directly on their emission

lines, using HST/WFC3 slitless spectroscopy from two projects: in Chapter 2 I follow-

up a sample of emission line galaxies at z ∼ 0.5 − 2 from the parallel-time WISPS

survey (Atek et al., 2010) with ground-based optical spectroscopy, with the goal of

confirming their redshifts and studying the physical conditions (such as metallicity,

dust reddening and ionisation) as a function of the emission line equivalent width.

In Chapter 3 I use another slitless survey (3DHST, Brammer et al. 2012) in the

well-studied CANDELS fields (Grogin et al., 2011) to select a sample of star-forming

galaxies at z ∼ 2 to measure the distribution of emission-line EWs and to study if

there are any evolutionary changes with redshift.
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In the second half of this thesis, I look to expand on this work on star-forming

galaxies (in particular EELGs) to higher redshifts, including in the Epoch of Reion-

ization. This will be made possible by the forthcoming James Webb Space Telescope,

in particular the near-infrared spectrograph (NIRSpec) and camera (NIRCam) which

will identify LBGs at z ≫ 6 down to low luminosities, and study their rest-frame

optical spectra. I am a member of the JWST Advanced Deep Extra-galactic Sur-

vey (JADES, a GTO project between the NIRSpec and NIRCam Instrument Science

Teams), and in Chapter 4 I describe how a list of potential targets for NIRSpec spec-

troscopy has been drawn up from LBGs in the JADES fields (including the HUDF,

and the wider GOODS fields, Giavalisco et al. 2004). In Chapter 5 I simulate the

NIRSpec spectra for typical high redshift targets which we will observe, to determine

whether the signal to noise is sufficient to achieve some key science goals (in particular

redshift confirmation, and metallicity measurements from line ratio diagnostics).
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Chapter 2

Emission-line galaxies at z ∼ 1 from
near-IR HST Slitless Spectroscopy:
metallicities, star formation rates
and redshift confirmations from
VLT/FORS2 spectroscopy

2.1 Introduction

In this Chapter I study galaxies seen in Hα emission across “cosmic noon” (z ∼
0.5 − 2), the era when the SFR comoving density peaks. In recent years there has

been significant effort in slitless spectroscopic surveys from HST, such as the WFC3

Infrared Spectroscopic Parallel Survey (WISPS) in the near-IR (Atek et al., 2010),

and in future this will greatly expand with space-based slitless spectroscopy such as

JWST-NIRISS and Euclid.

Slitless spectroscopy disperses all the light across a 2-dimensional field on the

sky, usually at a low spectral resolution, to provide short spectra. Since each pixel

will receive a background flux from all the wavelengths covered (unlike in a long-slit

spectrum or fibre spectroscopy, where the light is highly apodised). This method

is most suited to a low-background environment, such as space-based observatories

(e.g. HST). The advantage of slitless spectroscopy is the large volume surveyed (a

2-dimensional area on the sky, and a significant depth in redshift space due to the

wavelength coverage), and the fact that all objects in the field have a spectrum with-

out the need to pre-select targets for a slit mask or a fibre configuration. The field

of view of slitless spectroscopy is also typically much larger than that for integral
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field spectroscopy (where each spatial pixel/resolution element has a separate spec-

trum). The main disadvantage of slitless spectroscopy is the higher background flux

than slit/fibre spectroscopy, meaning reduced sensitivity, as well as potential overlap

of spectra from different targets causing confusion. One advantage of slitless spec-

troscopy is that it selects directly on emission line strength (which is often a good

proxy for the star formation rate), and is sensitive to high equivalent width sources.

These extreme emission line objects, with potentially high specific star formation

rates, may well be missed in traditional multi-object spectroscopic surveys which are

based on broad-band photometric selections.

However, many WISPS spectra contain only single emission lines or are low signal

to noise (S/N) where line designation may be in error. To address this concern, I

analyse VLT/FORS2 spectroscopic optical follow up on selected WISPS galaxies. A

key goal is redshift confirmation, affirming WISPS line identifications and improving

redshift measurements with higher spectral resolution. The optical spectroscopy also

enables the study of line ratio diagnostics, to measure the gas-phase metallicity of

the WISPS galaxies and to identify potential AGN.

In this work I describe the reduction and analysis of the VLT/FORS2 spectroscopy,

and combine this with the WFC3 spectra and photometry across a wide wavelength

range (including Spitzer 3.6µm imaging) to study the nature and evolution of emission

line galaxies at high redshift.

2.2 Observations

The initial results of the WFC3 Infrared Spectroscopic Parallel Survey (WISPS, see

Section 2.2.1) are reported in Atek et al. (2010) with subsequent data releases being

made available through MAST1 as the survey expanded. In this section, I report

the optical spectroscopy follow-up performed at the VLT on selected WISPS fields,

providing complementary 0.5 to 0.9µm wavelength coverage, ideal for rest-optical

emission lines (e.g., [OII], Hβ and [OIII]) in our anticipated redshift range, and offer-

ing up to an order of magnitude greater spectral resolution that the WFC3 grisms.

First I will briefly discuss the WISPS HST/WFC3 slitless spectroscopy, then I will

discuss follow-up target selection, observing strategy and observation data reduction.

1https://archive.stsci.edu/prepds/wisp/
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Finally, I will discuss the complimentary broadband photometry.

2.2.1 HST/WFC3 slitless spectroscopy

WISPS is a purely parallel field program on the Hubble Space Telescope, using the

HST/WFC3 G102 and G141 infrared grisms to detect emission line galaxies through

slitless spectroscopy from 0.7 to 1.8µm in ∼ 1500 arcminutes2 of blank fields. Sen-

sitive to Hα emission across a broad redshift range, 0.5 < z < 1.6, WISPS detects

emission line galaxies whose continuum may otherwise be too faint to appear in stan-

dard broadband wide field photometric surveys. Selecting on emission line strength

rather than broadband luminosity is ideal for targeting low mass systems exhibiting

high specific star formation rates (sSFR) which are expected to be abundant above

z > 1 (e.g., van der Wel et al., 2011) but are below the broadband photometric

threshold for standard spectroscopic surveys. Slitless spectroscopy offers the advan-

tage over broad-band pre-selection for spectroscopic follow-up in that we are selecting

directly on the quantity of interest (the star formation rate, indicated by the Hα flux),

hence reducing any observational biases in a survey of star forming galaxies. Atek

et al. (2010) provide the data reduction method and detail the identification and flux

measurements of the observed emission lines ([OII]λ3727, 29, Hβ, [OIII]λ4959, 5007,

Hα, [SII]) from the WISPS HST/WFC3 slitless spectra, with accompanying redshift

estimates. I make use of the latest data release.

2.2.2 FORS2 Observation and Target Selection

Follow-up optical spectroscopic observations were conducted for a sub-sample of

WISPS galaxies using the Focal Reducer/low dispersion Spectrograph 2 (FORS2,

Appenzeller et al. 1998), a multi-object spectrograph on the Very Large Telescope

UT1 (Antu), as part of program 093.A-0893. FORS2 uses two red-sensitive MIT/LL

2k × 4k CCDs, with a native pixel scale of 0.125′′ pixel−1. To reduce the readnoise

the pixels are binned 2× 2 (hereafter I refer to the binned pixels, 0.25”), which still

Nyquist-sampled the seeing and spectral resolution. The observations are detailed

in Table 2.1, and were taken at low airmass (1.0–1.35) and in good seeing (∼0.6”

FWHM). A slit width of 1” is used across all of the masks. To disperse the light

the 600RI grism (with a central wavelength of 6800 Å) and the GG435 order-blocking

filter are used. Each slit mask is observed twice, each with a 1400s exposure. The
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masks are nodded by 3” between the two exposures to place the targets first in the

upper half of their slit and then in the lower (±1.5” from the centre of the slit), in or-

der to perform local background subtraction (discussed in Section 2.2.3). Acquisition

images of the field were taken in the R-band before the slit mask was moved into the

focal plane. The field-of-view of FORS2 is 6.8 × 6.8 arcmin2 and since WISPS fields

are smaller (the HST/WFC3 detector is only 2.2 arcmin across) all the targets are

placed in just one of the two FORS2 detectors.

Four WISPS fields were chosen for observation which were equatorial or in the

Southern hemisphere with RAs appropriate to the observing time. Two of the WISPS

fields (309 and 236) were observed twice with different slit mask designs. The emission

line catalogue from the WISPS HST/WFC3 spectroscopy (Section 2.2.1) has between

24 and 48 candidate galaxies per HST field with detected line emission. However,

all the candidates in each field could not be accommodated on a single FORS2 slit

mask, since a minimum slitlet length of 8” was desired to facilitate sky subtraction

by nodding at two positions along the slit. Over the 2’ HST/WFC3 field up to ∼ 15

targets could be allocated to the slit mask, and each galaxy was given a score based on

the WISPS line emission (typically Hα, unless unreported then [OIII]2), considering

the equivalent width, S/N of the WISPS line and the redshift. The EW was mea-

sured as the ratio of the line flux to the continuum flux density (measured from the

HST/WFC3 broadband reference image for the grism containing the emission line,

after appropriate subtraction of the line flux contribution). Specifically, the scores

favour:

• high signal to noise ratio in the WISPS WFC3 spectroscopy, with S/N > 10

scoring 3, 5 < S/N < 10 scoring 2, and S/N < 5 scoring 1;

• high observed-frame equivalent width emission line sources, with EW> 300 Å

scoring 3, 100 <EW< 300 Å scoring 2, and EW< 100 Å scoring 1.

The scores for equivalent width and S/N were multiplied together to obtain an overall

score between 1 and 9, and if the redshift based on the WISPS/WFC3 grism spec-

troscopy lay beyond z = 1.25 the overall score was down-weighted by a factor of 4,

since few bright emission lines would fall in our FORS2 wavelength range at higher

redshifts. In the WISPS catalogues about 20-30% of galaxies per field lie at these

higher redshifts. 15 galaxies beyond this redshift are selected for follow-up to check if

2such as when Hα was out of grism coverage due to location or redshift
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Observation RA Dec Date Airmass Seeing
mask (Deg) (Deg)

309 1 324.79799 -38.419686 2014-08-03 1.0655 0.55”
309 2 324.79799 -38.419686 2014-08-03 1.0615 0.6”
64 2 219.36889 -1.8316702 2014-07-18 1.2465 0.6”
62 1 195.318858 -0.03223 2014-07-18 1.374 0.575”
236 1 231.20360 0.41788568 2014-07-01 1.129 0.675”
236 2 231.20360 0.41788568 2014-07-29 1.3515 0.625”
std star 28.710728 -27.47780 2014-07-25 1.33 0.625”

Table 2.1: Observation conditions for the 6 FORS2 masks and the standard star.

conflicting emission lines appear, this can provide confirmation on whether or not the

HST/WFC3 grism detected lines were identified correctly. The UCSC-LRIS mask

design software, developed by D. Phillips and collaborators for LRIS on the Keck

telescope, is used to maximise the sum of the overall scores of the objects placed

on the slit mask, optimising the centre and position angle for this. Of 138 galax-

ies in the WISPS emission line catalogue in these 4 fields, 85 have slits placed over

them (a completeness of 62%). I will discuss the redshift distribution in section 2.3.2

with the distribution of spectroscopic redshifts presented in Figure 2.3. In Figure

2.2 I show the distribution of the rest-frame V-band Absolute magnitudes3 (∼5500Å)

for the WISPS galaxies within the sample that have observed photometric coverage

(observed-frame F110W-F160W), and I note the wide range of galaxy luminosities in

our emission line selected sample.

Two slit mask configurations were created for fields 236 and 309 to accommodate

the larger number of targets. As part of these masks design three targets appeared

on both masks (and these are indicated in our tables of targets). Two observations

allowing longer exposure times to be achieved and I will discuss this further in the

next section.

2.2.3 FORS2 data reduction

The European Southern Observatory (ESO) provide a reduction pipeline for the

FORS2 instrument - EsoReflex (Freudling et al., 2013), however this pipeline reduces

individual exposures and does not combine the nodded observations at the different

3In this thesis all magnitudes in the AB system (Oke & Gunn, 1983).
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positions that were taken. Hence I do my own data reduction, using standard tech-

niques in the Image Reduction and Analysis Facility (IRAF). I now briefly outline

the process.

Each exposure first had the bias removed using the overscan regions using the

linebias package. For each slit mask I averaged several spectroscopic flat fields

taken during the day with the same instrumental configuration. Then I normalised

the flat field for each slitlet by dividing by the spectral shape of the flat field lamp

(obtained by collapsing the 2D spectrum spatially, along the long axis of the slit),

leaving the pixel-to-pixel sensitivity variations. I then flat fielded the science integra-

tions for each 2D slitlet through division by the appropriate flat field.

I performed cosmic ray rejection through two methods. I first used LACOSMIC

(van Dokkum, 2001) on the individual 2D science spectra for each slitlet. I also used

crreject within the IRAF imcombine package, rejecting outliers at the 4σ level when

the two spatially-offset spectra were aligned (I used the CCD gain of 1.43e/DN and

detector read noise of 2.9 electrons so that the Poisson noise was correctly calculated).

The cosmic rays found were added to a mask, which also included bad pixels and re-

gions not illuminated by the slitlet.

Finally, I subtracted one nod position from the other, and this “A−B” spectrum

had the sky emission subtracted out although residuals due to time variation were still

present. I combined the 2D “A − B” spectrum with the inverted “B − A” applying

a spatial offset to reverse the effect of the nod along the slit, so that the spectrum of

the target galaxy added at the same location. Bad pixels, unilluminated areas and

cosmic rays were excluded in this combination.

The resulting 2D combined spectra for each slitlet (i.e. targeted galaxy) had not

yet been corrected for spatial curvature, or wavelength and flux calibrated. However,

at this point each pixel was independent (no interpolation had yet been applied), so

the noise could be measured directly and was found to agree well with the expected

Poisson noise (with the readout noise added in quadrature) derived from the spec-

trum of the sky emission.

I then extracted the spectra of each object using the apextract.apall package

in IRAF. For the brighter objects, where the spectral continuum was easily seen, I
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traced how the position of the spectrum varied with wavelength across the detector.

For fainter objects, where no continuum or just individual emission lines were vis-

ible, I used the edge of the slit (which was readily seen in the flat field exposures)

to map the spatial distortion. I use a 1” extraction width, corresponding to 4 pixels

centred on the target, in combination with the 1”-width slits this creates a 1”×1”

extraction aperture. Some sources were spatially extended, so I also performed a

second extraction over a wider 10-pixel (2.5”) height along the slit. In both cases I

applied background subtraction using the IRAF.Background package to remove any

residual sky emission which remained after the differencing of the offset exposures,

by subtracting the clipped average counts in pixels between 6 and 10 pixels from the

object position (which avoided self-subtracting the object flux, and also avoided the

ends of the slitlets). For each extraction width I also generated a 1D noise spectrum

from the Poisson noise model of the object and sky counts (taking into account the

gain of the detector).

Wavelength calibration for each slit mask was done using NeArHgHe arc lamps

observed during the day with the same instrument configuration. I extracted the

arc spectrum for each slitlet using the same trace as the object, but without the

background subtraction. I fit a cubic mapping of pixel to wavelength using about 50

arc lines with a scatter of 0.3 Å, and calculated the average scale to be 1.62 Å pix−1.

The wavelength calibration was checked against sky emission lines in our spectra to

confirm there had been no shift in the grism central wavelength. I then produced

two versions of the wavelength-calibrated spectrum, the first involving interpolation

onto a uniform wavelength scale of 1 Å pix−1, and the other preserving the original

pixels but allocating a wavelength to each pixel on a non-linear scale (so that the

pixels are independent). For slitlets close to the centre of the CCD, the wavelength

coverage was 5150− 8470 Å, although slits placed on targets towards the edge of the

field (offset along the wavelength axis) can have the wavelength coverage shifted by

up to ±300 Å. I computed the spectral resolution from the FWHM of arclines and

unblended sky lines, and found this to be 5.6Å, equivalent to a resolving power of

R = λ/∆λFWHM = 1200 at our central wavelength. However, I note that for ob-

jects which do not fill the 1” slit the spectral resolution will be better. This spectral

resolution is far greater than the R = 210 and R = 130 that the G102 and G141

HST/WFC3 grism achieve at ∼1.1 and ∼1.4µm respectively.
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As part of the FORS2 observing program, four standard stars were obtained to

flux calibrate the science images, however these were not necessarily observed on the

same nights as their target masks. Only one of the standard stars (LTT1020) was

taken in similar seeing to our slit mask observations, so I used this to determine the

flux calibration. The extraction and wavelength calibration were performed as de-

scribed above. I determined the conversion of counts to flux density by comparison

with the reference values for the standard star (Hamuy et al., 1992, 1994). For each

slit mask about 4 additional brighter compact/point sources were added as a check

of the spectro-photometry. These objects have photometry from Sloan Digital Sky

Survey (SDSS DR12) (Fukugita et al., 1996) or the VLT Survey Telescope ATLAS

(VHS-ATLAS DR3) (Shanks et al., 2015). The literature flux in the r and i bands

(within our FORS2 wavelength coverage) was compared to the FORS2 spectrum con-

tinuum flux (convolved with the r- or i-band filter transmission function) averaged

across the same wavelength range. The FORS2 observed flux consistently falls short

of the anticipated flux based on the flux calibration from the single standard star.

The discrepancy is seen to be 30% in the r-band and 15% in the i-band4. The origin

of this flux discrepancy may be due to a number of factors: different seeing (which

may be wavelength-dependent); some slight mis-alignment in the mask acquisition;

telescope tracking drift or changes in atmospheric transparency. I apply the appro-

priate scaling factor (for the mask and wavelength) to correct the emission line fluxes

in the FORS2 spectroscopy. Finally, for the three galaxies that were each assigned to

two masks, allowing them to be observed twice, the 1D wavelength and flux calibrated

spectrum from each mask are averaged together to achieve greater S/N.

2.2.4 Multi-band photometry

In addition to the HST WFC3 grism slitless and VLT/FORS2 spectroscopy, these

four WISPS fields (62, 64, 236 & 309) have been observed with ground- and space-

based telescopes to provide complimentary imaging ( described below). However, not

all fields have coverage in all filters and the imaging available to each WISPS field is

4The factor of 2 difference (15% vs 30%) in correction factors between the r-band and the i-
band regions of the spectra does not have a significant impact on the spectral diagnostics I wish to
explore: for example a difference of 15% in the [OII]/Hβ would result in an offset of log101.15 = 0.06
in the x-axis Figure 2.14 (which shows the metallicity tracks in [OIII]/Hβ vs. [OII]/Hβ), which is
comparable to the error bars and also the bin size of the SDSS comparison dataset. The [OIII]/Hβ
ratio is unaffected by the correction factor since these lines are close in wavelength to each other. A
larger potential impact is on the Hβ flux, and hence the Balmer decrement - perturbing the Balmer
decrement Hα/Hβ by 15% changes the reddening of A(Hα) by 0.04mag
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given in Table 2.2. I will briefly describe the imaging and photometric analysis.

As part of the WISPS Survey (Atek et al., 2010) HST/WFC3 grism slitless spec-

troscopy was obtained in combination with direct imaging in typically two HST/WFC3

broadband filters, F110W and one of either F140W or F160W (apart from field 236

which only had F140W obtained). The near-infrared bands are observed to provide

reference images for wavelength calibration of the grism slitless spectroscopy. As part

of the WISPS program, HST/UVIS direct imaging was observed for certain WISPS

fields, this include F475X and F600LP for field 64 and F814W for field 309. Here

multiple exposures of the reduced imaging were drizzled into a final science image

that retains the HST/WFC3 native 0.128” pixel scale. Due to the variable number of

HST orbits that each WISPS field was observed for, the exposure times for each direct

imaging observation vary and I measure 5σ limit depth in a 0.4” radius aperture in

the range 26.05 to 24.74, full details given in Table 2.2.

To compliment the HST imaging, the WISPS program obtained follow up ground-

based Palomar/WIYN Sloan u, g, r, i and Spitzer/IRAC 3.6µm observations for

WISPS fields 62, 64 and 309. The IRAC imaging is drizzled to a 0.6” pixel scale

(1.2” pixel native scale) and has 5σ 1.2” radius aperture depths in the range 23.35 to

23.58. The AB magnitude distribution for the F160W “H-band” (F140W “JH-band”

for WISPS field 236) is given in Figure 2.1.

From the available imaging, I determine the photometry using IRAF.phot using

apertures fixed at the location of the emission line galaxies for each WISPS target

to provide complimentary analysis to existing SExtractor Bertin & Arnouts (1996)

derived photometry (see Atek et al. 2010 for discussion of SExtractor parameter de-

tails). The SExtractor photometry was measured by training on each filter image

separately (i.e., without a reference image), which meant galaxies would not have a

flux measurement in a particular band if they were too faint to be detected in that

image. In these cases our application of fixed-position apertures allows targets with

faint continuum emission to have photometric measurements obtained when they

were undetected above the SExtractor specified thresholds. Across the HST direct

imaging, 0.4” radius apertures are laid on the coordinates determine from the F160W

or F140W reference image of each WISPS target. For our aperture photometry, I

apply an aperture correction determined from point sources to account for the flux

falling outside of the aperture and to return an approximate total magnitude (which
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is appropriate for compact sources, but will underestimate the total flux if the source

is significantly extended). Due to the lower resolution of the Spitzer/IRAC imaging

I measure total fluxes using 1.2” radius apertures with an infinite aperture zeropoint

and a corresponding 0.7 magnitude aperture correction from Eyles et al. (2005) ap-

propriate for a compact source. The lower resolution of Spitzer/IRAC additionally

means that for a small number of WISPS targets the measured flux within an aperture

is confused with the contribution of close neighbours. In each of these cases, I utilise

the WISPS photometry which models the contribution of multiple sources to reduce

the confusion and will be presented in a future paper by the WISPS collaboration.

For the majority of objects, consistency is found between the photometry derived

from both the SExtractor and fixed-aperture photometric analysis methods. However,

disparity in the measured photometry is found in extended sources, when the target

extends beyond the fixed aperture. For extended sources the variable radius em-

ployed by SExtractor recovers a more reliable total flux estimate. For faint sources,

which were not necessarily detected above the required SExtractor thresholds (see

Atek et al. 2010 for details), fixed aperture photometry provides reliable measure-

ments using coordinates matched to the HST/WFC3 reference images. Therefore,

upon inspection of each galaxy, the preferred choice of photometric method is depen-

dent on whether the galaxy is considered to be extended in comparison to the PSF

of the images and the size of the fixed aperture (these are given in Table 2.3 and are

available in electronic form5).

2.3 Results

The combination of HST/WFC3 slitless grism and VLT/FORS2 provides spectro-

scopic coverage over a broad observed-optical to near-infrared range, with compli-

mentary multi-band photometry constraining the broadband continuum from the

observed-optical into the near-infrared. This breadth of data provides coverage of

key rest-optical emission lines over our redshift range (e.g., Hα, [OIII]λ4959 + 5007,

Hβ and [OII]λ3727, 29) which I will use to assess the validity of HST/WFC3 grism

WISPS line identifications and redshifts, correct WISPS Hα derived star formation

rates (SFRs) by estimating the dust extinction, and utilising line diagnostics and

photometry-derived stellar masses to assess the gas-phase metallicity and Interstellar

5https://github.com/Kitboyett/Supplementary-Thesis-material

25



Filter λcentral (µm) Galaxy field
Par-309 Par-236 Par-62 Par-64

U 0.383 ∼ 26.0a - - ∼ 26.0a

G 0.487 ∼ 26.0a - - ∼ 26.0a

F475X 0.490 - - - 25.39c

R 0.625 ∼ 25.3a - - -
F600LP 0.719 - - - 24.88c

I 0.768 - - - ∼ 25.3b

F814W 0.806 25.17c - - -
F110W 1.152 26.05c - 25.38c 25.95c

F140W 1.392 - 25.29c 24.74c -
F160W 1.540 25.13c - - 24.97c

IRAC 3.6µm 3.557 23.58d - 23.58d 23.35d

Table 2.2: HST UVIS2, WFC3 and ground-based Sloan-like ancillary photometric
data available for each of the four WISPS fields observed. The 5σ 0.4” radius-aperture
depths are given for each, with the IRAC given for a larger 1.2” radius-aperture due
to the lower resolution. Depths in the Sloan bands was provided by the WISPS
collaboration. HST and IRAC depths were measured by myself. Imaging from: a)
Magellan-Megacam; b) WIYN-MiniMosaic; c) HST; d) Spitzer/IRAC
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Figure 2.1: The H-band and JH-band AB magnitude distribution for the 85 objects
in our sample. JH-band is given instead of the H-band in WISPS field 236 due to the
availability of imaging, see Table 2.2. 51% of galaxies have magnitude fainter than
AB=24mag.
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Figure 2.2: The distribution of the rest-frame V-band absolute magnitudes (∼5500Å)
for the sub-set of targeted WISPS galaxies with observed photometric broad-band
coverage (observed-frame F110W-F160W).

medium (ISM) conditions for our galaxies.

2.3.1 Emission line identification and flux measurement

With the 2D and 1D FORS2 spectrum for each galaxy extracted, I visually inspect

each to identify all significant emission. Visual inspection establishes 38 of 85 unique

WISPS targets displayed FORS2 emission lines (the breakdown by field and mask

is given in Table 2.6). I note that this FORS2 emission line detection rate is low

and I emphasise that many of the single line emitters followed-up were low S/N and

FORS2 is being used to test the reality of these (see discussion in Section 2.3.1.1).

As a preliminary check before a more sophisticated redshift determination, a simple

overlay is created to mark the locations of expected [OII], Hβ and [OIII] emission

lines on the FORS2 2D spectra based on the WISPS spectroscopic redshift estimates

for each galaxy. This provides immediate visual confirmation that 36 out of these 38

galaxies have observed emission lines consistent with the expected redshift, whereas

2 show emission lines inconsistent with the WISPS redshift. I will discuss redshift

validation further in Section 2.3.2. The FORS2 observed emission lines are typically
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the [OII]λ3727, 29 doublet and often Hβ+ [OIII]λ4959 + 5007.

The remaining 47 targets without obvious emission lines in the FORS2 spectrum

can be further separated into two categories. First, those where no emission lines

were predicted to lie in the FORS2 wavelength range based on the WISPS redshift

estimates (15/85). Here the lack of contradictory line detections in FORS2 sup-

ports the WISPS redshift estimate and line identification by ruling out alternative

redshift/line-identification solutions that would have placed emission in the FORS2

wavelength coverage. Secondly, those where we had expected emission lines to be

coincident with the FORS2 range but no detections were made (32/85), either due

to the emission line flux being too faint to be detected or due to mis-identification of

the WISPS emission line.

The 1D science and noise spectra of the 38 targets with visually identified FORS2

emission line detections is processed through the Penalized Pixel-Fitting (PPXF)

spectral fitting package (Cappellari, 2017) to fit a continuum and emission line model

to the spectra and to obtain emission line flux measurements. Here the galaxy spectra

are brought to the rest-frame using the HST/WFC3 grism WISPS redshift estimate.

The galaxy continuum in these emission line selected targets is usually non-dominant

and a fourth order additive polynomial is used to model the continuum, the individ-

ual emission lines are modelled as either a single gaussian or a pair in the case of the

[OII]λ3727, 29 doublet. The flux ratio between this pair is tied to constraints set from

atomic physics (Osterbrock & Ferland, 2006). Any velocity offset exhibited by the

emission lines allows the HST/WFC3 grism WISPS redshift estimate to be refined

by the FORS2 spectroscopy. The corrected emission line fluxes are given in Table 2.4.

2.3.1.1 Undetected emission lines

Given that a significant fraction of the sample (32/85 galaxies) did not display emis-

sion lines in their FORS2 spectroscopy, despite the sufficient wavelength coverage, I

now consider whether this was expected. In turn I will examine whether the expected

signal to noise of the three strongest rest-optical emission lines ([OII], Hβ and [OIII])

was below a 3σ detection threshold. I will explore whether these non-detections can

be attributed to the line emission being too faint or to the WISPS HST/WFC3 emis-

sion lines being mis-identified.
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To determine the expected observed flux for each undetected emission line, I will

utilise the line ratio between the average detected emission line flux of Hα and the

average detected flux of the line in question, for the sub-sample where both lines were

detected. I remove two sources which were extended compared to the FORS2 slit

width, as these would artificially increase the measured line ratio due to slit losses. I

require detections in both emission lines and a detection in the FORS2 spectroscopy

to confirm the redshift and within the sample there are 34 galaxies that met this

criterion for the Hα and [OII] lines. The Hα and [OII] line ratio of the average ob-

served line fluxes is 3.6 ± 0.7. For Hβ there are 15 galaxies that meet these criteria

with a measured observed line ratio to Hα of 6.0±1.0 (this is consistent with Balmer

decrement presented in Section 2.3.3.2 where we consider the [NII] contribution and

stellar absorption). For [OIII]λ4959 + 5007, 24 galaxies meet these criteria with a

measured observed line ratio to Hα of 1.5± 0.2.

To calculate the expected signal to noise of each line, the WISPS measured Hα

flux for each galaxy is divided by the chosen measured observed emission line flux

ratio above to estimate the corresponding observed flux. Then the associated noise

spectrum for each galaxy is used to estimate the noise over a 500km/s aperture cen-

tred on the expected wavelength, determined from the WISPS grism spectroscopic

redshift.

Out of the 32 galaxies with WFC3 emission line determined redshifts that pre-

dict emission lines to fall in the FORS2 coverage but without FORS2 detections, 29

were expected to exhibit [OII] with a S/N estimate ranging between 4 and 43 (the

remaining 3 galaxies were at redshifts or slit-mask locations where [OII] did not fall

in the spectral coverage). A sub-set of 17 galaxies were expected to exhibit [OIII] in

FORS2 and had estimated S/N ranging between 5 and 57. Finally for Hβ, the same

17 galaxies are estimated to exhibit a S/N in the range of 2 to 21 for the observed line

ratio, or up to a S/N between 5 to 44 for the intrinsic line ratio (1:2.86 Osterbrock

1989). Therefore, I would have expected to observe significant line emission in the

FORS2 spectra for the majority of these objects, following the typical line ratios of

the FORS2 detected objects. I note that all of these 32 galaxies had WISP redshifts

based on single-emission line detection in WFC3. Hence, for these galaxies, I believe

the WFC3 emission line may have either been spurious (e.g., a mistaken artefact

within the grism imaging), have had the emission line mis-identified such that no

lines should have been expected to fall in the FORS2 coverage or were genuine but
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were associated to wrong object in the direct image (hence the FORS2 slit was placed

on the wrong target).

As a check, I stack the FORS2 spectra for the galaxies without FORS2 emission

line detections on the assumption that the single line tentatively observed in WFC3

are Hα (the most conservative assumption). The stacking is performed by averag-

ing the linearised 1D FORS2 spectrum of each object. Due to the lower spectral

resolution of the WFC3 grism the redshift precision means the expected location of

the non-detected emission line may lie over a broad pixel range (rest-frame ∼ 30Å,

the typical uncertainty from the spectral resolution, which improves at higher S/N).

I examine evidence for a flux excess over a ±15Å wavelength range centred on the

expected position, after subtracting a fit to the continuum emission and I find no evi-

dence for a flux excess in the stacked [OII], [OIII] or Hβ spectra. I note that due to the

redshift uncertainty in WFC3 being much larger than that due to the FORS2 spectral

resolution, the undetected emission line may fall over a large wavelength (and pixel)

range and this increases the noise in the stack and can mask the benefits of improving

the S/N of the individual spectra by stacking the data. This stacking result supports

that the WFC3 detected single-line emission of these galaxies may not be genuine

or that line identify or the direct image associated object was mis-identified. Within

our complete sample there are 49 galaxies with only single emission line detections

in WFC3, with 17 (35%) having their redshift confirmed. The inverse of this sets a

maximum false-detection rate of galaxies identified in the WFC3 grism with only a

single emission line to 65%

I note that on further inspection of these 32, one galaxy (FORS2 id:62 1 7) has

an implausibly high Hα EW, i.e., the emission line would produce more than the

total flux observed in the broadband filter (see Section 2.3.7), implying again that

perhaps the wrong object was associated with the source of this emission line or that

the emission line was spurious.

2.3.2 Redshift validation

When a galaxy in a spectroscopic survey only has a single emission line detected,

determination of the line identification and redshift is ambiguous. One goal of the

optical spectroscopy follow up is to validate the WISPS redshifts, especially for the
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49/85 galaxies that only had a single emission line detection in the HST/WFC3 slit-

less spectroscopy.

Visual inspection of the 2D and 1D FORS2 spectra identified 38 of the 85 unique

galaxies with significant line emission (> 3σ). Of these 38, 36 galaxies had FORS2

emission line detections that supported their WISPS designated spectroscopic red-

shift, whilst 2 galaxies had FORS2 significant line emission that was inconsistent with

the expected redshift. Hence, in the sub-set of cases where there was significant line

detection in FORS2 (38/85, 45% of targetted objects) the tentative redshift from

WFC3 was confirmed 95% of the time (36/38). Where FORS2 was able to detected

emission lines, there was a very high success rate in confirming that the WISP red-

shifts are accurate, although due to the low WISP spectral resolution compared to

the FORS2 resolution, the FORS2 redshift is more precise.

Of the 38 galaxies with significant FORS2 line emission, 17 were cases when the

WFC3 redshift was based on only a single WFC3 line detection (attributed to Hα,

although in one case [OIII]). Here, the reliability of the WISPS spectroscopic red-

shift is less robust than cases when multiple emission lines were detected in WFC3

which would further constrained the redshift. The identification of the WFC3 line

was confirmed in 88% of the cases where FORS2 detected other lines (15/17 objects).

With the remaining two single WFC3 line galaxies with FORS2 detections presenting

catastrophic WISPS mis-identification.

These two galaxies had emission lines in FORS2 that were inconsistent with their

WISPS spectroscopic redshift and from the detection of multiple FORS2 emission

lines I determine new line identifications and redshifts. FORS2 id 236 2 12 had a

WISPS spectroscopic redshift of z ∼ 0.36 based on a single emission line assumed

to be Hα. However, FORS2 spectroscopy identified line emission of Hβ, [OIII] and

Hα consistent with z=0.12. With no standard emission line expected at the WISPS

line wavelength (rest-frame 0.89µm based on the FORS2 spectroscopic redshift), the

WISPS line detection (signal to noise = 2.9) is determined to be spurious and may

have been caused by a cosmic ray or some detector artefact coincident with the dis-

persed slitless spectrum of the galaxy. FORS2 id 62 1 13 similarly had a single line

detection attributed to Hα at z ∼ 0.62 however, a clear FORS2 [OII] doublet is

identified which determines a z = 1.13 spectroscopic redshift. The WISPS detec-

tion (signal to noise = 6.1) lies coincident with a rest-frame wavelength of 4990Å
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based on the FORS2 redshift, which I identify as being consistent with the blended

[OIII]λ4959 + 5007 doublet.

Within the WISPS catalogue I note three incidences where indexing errors had

caused individual emission lines to be mis-identified and given redshifts inconsistent

with other detected emission lines. Firstly, FORS2 id 309 1 13 had multiple emission

lines detected by WISPS (Hα at z = 0.35 and [OIII], Hα, [SII] at z = 1.02), but by

error two of these were determined to be Hα at different redshifts. Observation of

a FORS2 [OII] doublet confirms the redshift as z = 1.03 and the first Hα line is

re-identified to be consistent with the [OIII]λ4364 emission line. Secondly, FORS2 id

62 1 14 had three emission lines detected, however, the redshift determined from the

identification of each was inconsistent with the others (Hα at z ∼ 0.6, Hβ at z ∼ 1.8

and another Hα at z ∼ 1.14). No lines were detected in the FORS2 spectroscopy

and re-inspection of the observed wavelengths of each HST/WFC3 WISPS emission

line revealed that they are consistent with [OII], Hβ and [OIII] at z = 1.8. Finally,

FORS2 id 62 1 9 is recorded to have two Hα detections at similar observed wave-

lengths of 1.22 and 1.24 microns. Observation of a FORS2 [OII] doublet confirms

the redshift is consistent with this emission feature being Hα. Inspection of the 2D

slitless spectroscopy and direct imaging reveals two components to the emission line

which I attribute to the extended nature of the galaxy which exhibits two spatially

offset Hα emitting regions along the dispersion axis. The emission line flux from both

components is summed to determine the total Hα emission.

In Figure 2.3 I first present the WISPS spectroscopic redshift distribution (left

panel) for the complete WISPS sample of galaxies in the four target fields and the

sub-sample that were followed up with our optical spectroscopy. In the right panel of

Figure 2.3, I present the redshift distribution updated considering the FORS2 spec-

troscopy, identifying how robustly each sub-group has its redshift validated. In Figure

2.4, I present the Near-IR magnitude distribution, again highlighting how robustly

each sub-group has its redshift validated.

2.3.3 Emission line flux corrections

In this sub-section I will consider the necessary corrections for the observed emission

line fluxes to recover line luminosities. The sub-set of the final emission line fluxes
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Figure 2.3: Left: The HST/WFC3 grism slitless spectroscopic redshift distribution of
the 85 galaxies (red), out of the 138 WISPS emission line detected sources (purple),
that we follow up with optical spectroscopy. Right: The updated redshift distribution
based on the FORS2 follow up (solid red, with updates shown in dashed). 38 galaxies
(green) had FORS2 detected emission lines allowing their spectroscopic redshifts to
be validated or corrected. 32 galaxies (orange) are predicted to exhibit emission
lines within the FORS2 wavelength coverage but at a signal to noise (S/N) below
a 3σ detection threshold, the lack of contradictory lines helps rule out alternative
redshift solutions. 15 galaxies (blue) were not predicted to exhibit emission lines
within the FORS2 wavelength coverage, the lack of contradictory lines help rule out
lower redshift solutions.
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Figure 2.4: Left: The NIR AB magnitude distribution of the 85 galaxies in our sam-
ple (red), using either the H-band or the JH-band depending on available imaging.
Right: The NIR AB magnitude distribution coloured by redshift the same valida-
tion as in Figure 2.3. Galaxies (green) that had FORS2 detected emission lines are
typically brighter than average, but still cover a broad 20< ABmag < 27 range in
F160W/F140W.

35



are presented in Table 2.4, and are available electronically6.

2.3.3.1 [N II] contribution correction for Hα flux

The low spectral resolutions of the WFC3 grisms means the Hα, [NII]λ6548 and

[NII]λ6584 emission lines are blended and the WISPS flux measurement therefore

provides an upper limit to the Hα emission. To obtain an estimate for the con-

tribution from the two [NII] emission lines (which have a theoretical flux ratio of

3:1 between [NII]λ6584 and [NII]λ6548, Osterbrock & Ferland 2006), the [NII]λ6584

over Hα ratio is estimated from the star-forming abundance sequence in the redshift-

dependent BPT diagnostic diagram from Kewley et al. (2013b, equation 5). The

star-forming abundance sequence provides a [NII]λ6584/Hα flux ratio as a function

of the [OIII]λ5007/Hβ flux ratio under the assumption that our sample consist of

star forming galaxies. The mean value for the [NII]λ(6548 + 6584) contribution

to the total Hα + [NII]λ(6548 + 6584) flux is 18 ± 10% for the sub-sample of 19

galaxies which had [OIII]λ5007, Hβ and Hα detections, exhibiting a mean redshift

of z = 0.69 ± 0.34. We also consider a plausible upper limit on the [NII]λ(6548 +

6584) (hereafter [NII]) contribution to Hα + [NII] flux for this sub-sample, which we

determine to be 26 ± 10%, following the upper boundary on the star forming abun-

dance sequence provided by Kewley et al. (2013a). For the remaining galaxies in the

sample, the Hα flux is corrected for the [NII] contribution using the mean from this

sub-sample (where [NII] contributes a fraction 0.18 to the blended flux). This cor-

rection provides an updated estimate to the [NII] contributions adopted in previous

WISPS papers (Atek et al., 2010, 2011; Domı́nguez et al., 2013; Colbert et al., 2013)

which lie in the range 4 − 20%, dependent on the Hα equivalent width and stellar

mass of the galaxy. Our value for the [NII] contribution is marginally larger than some

previous estimates, due to the availability of a redshift-dependent BPT star-forming

abundance sequence. Higher [NII] contributions are found at higher redshifts which

may be due to a larger ionisation parameter, evolution of metallicity or a different

N/O abundance ratio (Faisst et al., 2018), whereas the previous computations were

all reliant on z ∼ 0 galaxy diagnostics.
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field & FORS2 line without FORS2 without FORS2 total
mask detections detections (high-z) detections (< S/N) targets

309 1 11 1 5 17
309 2 3 7 4 14
62 1 6 2 5 13
64 2 5 4 4 13
236 1 8 0 8 16
236 2 5 1 6 12
Totals 38 15 32 85

Table 2.6: FORS2 follow-up detection rate (number of galaxies) split between each
of the six observed mask configurations.
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Figure 2.5: Balmer decrement - Hα luminosity relation, corrected for [NII] con-
tribution and stellar absorption. Purple dashed line shows Hopkins et al. (2001)
SDSS (z ∼ 0) work and purple stars show the results of Domı́nguez et al. (2013)
(0.75 ≤ z ≤ 1.5). Our detections are spilt into low (green, z < 0.7), medium (orange,
0.7 < z < 1.28) and high (red, z > 1.28) redshift bins, with galaxies that have Hβ
detections below 2σ are plotted as 2σ lower limits in grey. Binned data points in
filled blue show the luminosity ranges 41.0-41.5, 41.5-42.0 and 42.0-42.5, while the
open blue in the last bin shows the stack with the two high balmer decrement limits
removed (which showed imaging artefacts around the Hβ emission line).
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2.3.3.2 Extinction correction and the Balmer Decrement

Observation of the Hα emission line in WISPS allows galaxy properties including star

formation rates (SFRs) to be measured. However, measurements of the SFR based

on Hα luminosity alone may be underestimated due to dust attenuation, which I wish

to correct for. For the majority of the sample I have wavelength coverage of the Hα

emission line in the HST/WFC3 grism spectroscopy and also the Hβ emission line,

which falls in the FORS2 wavelength coverage at z ≲ 0.7, and in the G102 WFC3

grism at 0.7 < z < 1.4. The intrinsic flux ratio between the Hα and Hβ emission

lines, known as the Balmer decrement, is set by atomic physics and for Case B re-

combination the flux ratio is f(Hα)/f(Hβ) = 2.86 (Osterbrock & Ferland, 2006).

The flux ratio observed in galaxies is typically larger than this due to wavelength

dependent differential extinction, with the shorter-wavelength Hβ line typically more

attenuated. In this section, I will use the observed Balmer decrement from galaxies

in the sample along with a Calzetti extinction law (Calzetti et al., 2000) to determine

and correct for the dust extinction. Alternative laws include the SMC, LMC and

Milky Way laws and the extinction curves for each are shown in Figure 2.6. However,

these foreground dust screen models are probably less appropriate than the Calzetti

et al. (2000) law for starburst galaxies such as those in our WISP sample, where

the gas and dust are likely intermixed within the star forming region7. I report the

extinction values for different dust laws for key wavelengths in Table 2.78

I note since the Hβ emission line flux is typically more than three times weaker

than Hα it is frequently undetected (see Section 2.3.1.1). This is seen even in the

cases where I confirm the putative WISPS redshift from a single emission line in the

slitless WFC3 WISP spectrum with another line (typically [OII] or [OIII]) in the

follow-up FORS2 spectroscopy.

To determine the Balmer decrement within the sample the measured Hα and Hβ

emission line fluxes must be corrected for two effects. First, the Hα flux is corrected

6https://github.com/Kitboyett/Supplementary-Thesis-material
7the estimates for the star formation rates from the Hα luminosity (discussed in Section 2.3.4)

would change by a maximum of 30% if I used the SMC law. However, the O32 and [OII]/Hβ line
ratios (discussed in Section 2.3.6) would only change by a maximum of 9% and 8% respectively, were
I to swap to a LMC law, and accounts for < 0.04dex in Figures 2.14 and 2.15 which is smaller than
the typical uncertainties or the size of the binned-SDSS regions.

8The extinction at a given wavelength, as adapted from Domı́nguez et al. (2015), is given by

A(λ) = 2.5∗k(λ)
k(Hβ)−k(Hα) log10([Hα/Hβ]obs/[Hα/Hβ]int), where the intrinsic Balmer decrement is taken

to be 2.86 following Case B recombination and k(λ) is given in Table 2.7 for key wavelengths.

38



0.1 0.2 0.5 1 2
wavelength ( m)

0

5

10

15

20

25

A(
)/E

(B
-V

)

SMC
LMC
MilkyWay
Starburst-Nebular emission
Starburst-Stellar continuum

Figure 2.6: The extinction curves of 4 common extinction laws including the SMC
and LMC from Gordon et al. (2003); the Milky Way from Cardelli et al. (1989); the
Calzetti et al. (2000) star burst for both the nebular emission and stellar continuum
(discussed further in Section 2.3.4.3).

Dust law [OII]-3727µm Hβ-4863µm [OIII]-5007µm v-5500µm Hα-6563µm
SMCa 4.549 3.334 3.200 2.741 2.172
LMCa 5.146 3.988 3.858 3.410 3.025
MWb 4.770 3.609 3.475 3.100 2.535

Starburstc

(Gas)
5.846 4.586 4.454 4.038 3.317

Starburstc

(Stars)
2.575 2.020 1.962 1.779 1.461

Table 2.7: Table of magnitude attenuation per E(B-V) colour excess at key wave-
lengths ‘ k(λ)’ for 4 dust extinction curves from Figure 2.6. Extinction curves taken
from a) Gordon et al. (2003), b) Cardelli et al. (1989) or c) Calzetti et al. (2000). I
note for Calzetti et al. (2000) that E(B-V)[gas] = E(B-V)[star]/0.44.

39



for contamination from the [NII] doublet, as described in Section 2.3.3.1. Second, I

correct for stellar absorption, the intrinsic Balmer line absorption that occurs in the

photospheres of stars in these galaxies. The strength of this absorption depends on

the stellar population and we follow Domı́nguez et al. (2013) and adopt correction

values for the emission line equivalent width of 3Å for Hβ and 2Å for Hα, which are

appropriate for systems with stellar masses M∗ ≈ 108.5M⊙ (which is consistent with

the mean stellar mass of our sample, described in Section 2.3.4.3).

The Balmer decrement is measured for the sub-sample of galaxies that have de-

tections > 2σ in both Hα and Hβ emission lines. For galaxies with a robust redshift

(i.e., confirmed through a FORS2 line detection or multiple emission line detections

in WISPS) but with a Hβ signal to noise below our detection threshold, a 2σ lower

limit to the Balmer decrement is derived using the 2σ upper limit to the Hβ flux and

I plot these limits for individual galaxies in Figure 2.5. I also stack the data in bins

of Hα luminosity by adding the measured line fluxes from different galaxies (even if

undetected in individual cases) to get the average Balmer decrement for a sub-sample

of galaxies. I do not consider three galaxies that clearly have extended morphology

beyond the FORS2 1” slit-width, where the slit-losses would lead to an overestimate

of the Balmer decrement (these are noted in Table 2.49). Together the average Balmer

decrement for the sub-sample of galaxies with robust redshifts is 4.08± 0.45. In Fig-

ure 2.5, the Balmer decrement measurements and lower limits are plotted against

their Hα luminosity (corrected for [NII] contribution and stellar absorption). The

individual galaxies are colour coded by redshift and are also binned (closed blue cir-

cles) into three Hα luminosity regimes (log10(LHα, erg/s) = 41.0-41.5, 41.5-42.0 and

42.0-42.5). A second binned measurement is made for 42.0 < log10(LHα) < 42.5

where two galaxies are removed, whose WFC3 spectra exhibit strong negative counts

around Hβ due to data reduction artefacts10. The binned data lie slightly below the

local Balmer decrement - Hα luminosity relation (Hopkins et al., 2001) and are in

broad agreement with the moderate redshift (0.75 < z < 1.5) observations made by

Domı́nguez et al. (2013).

When stacking into bins of Hα luminosity, I note a trend that galaxies with higher

Hα emission line luminosity tend to have higher Balmer ratios and hence more dust

extinction. However, I note that our lowest luminosity bin (log10(Hα) = 41.0− 41.5)

9FORS2 id:236 1 10, 62 1 16 and 309 1 5
10FORS2 id:64 2 15 and 236 2 16
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is almost exclusively comprised of galaxies at z < 0.7 with Hβ falling in the FORS2

spectroscopy, but the higher luminosity bins are mainly the higher redshift galaxies

with Hβ from the slitless WFC3 spectroscopy. Hence the trend may either be due

to line luminosity, or instead a trend with redshift. The former is more likely, since

most models predict that dust extinction should increase with time (i.e. decrease with

redshift). Indeed the Balmer decrement results, binned in Hα luminosity, are slightly

below the z ≈ 0 work of Hopkins et al. (2001) from SDSS, who also fit an extinction

dependence on Hα luminosity.

Although I find tentative evidence for a correlation between Hα luminosity and

extinction, I also note that each luminosity bin is consistent within 1σ with an extinc-

tion AHα = 1mag, consistent with the findings of Sobral et al. (2009), corresponding

to an observed Balmer decrement of 4.27. I note that the average Balmer decrement

stacking our full sample of galaxies with robust redshifts is 4.08 ± 0.45. In order to

correct the emission line fluxes, later used in line diagnostic analysis (Section 2.3.6),

I assume a fixed extinction corresponding to this standard value of A(Hα) = 1. For

a Calzetti et al. (2000) extinction law this corresponds to A([OII]) ∼ 1.77mag and

A(Hβ), A([OIII]) ∼ 1.36mag for the other nebular emission lines. I note that the

continuum might be affected by a different level of attenuation than the nebular lines

(Calzetti et al., 2000), and I consider this further in Section 2.3.4.2.

2.3.4 Star Formation Rates and Stellar Masses of the WISPS
galaxies

The star formation rate and stellar mass are two fundamental galaxy properties that

influence the observational characteristics of a galaxy, including the luminosity, com-

parative broadband colour and nebular emission line strength. Several indicators of

the star formation rate have been used (see for example the review by Kennicutt 1998)

for a range of redshifts and galaxy samples, and these have been combined to trace the

evolution of the star formation rate density in the Universe (e.g., Lilly et al., 1996;

Madau et al., 1996; Hopkins et al., 2003; Madau & Dickinson, 2014). The sample se-

lection from the WISPS HST/WFC3 slitless spectroscopy favours galaxies with high

luminosity emission lines and it is the expectation that these will exhibit high specific

star formation rates (sSFR, star formation rate per unit mass). The reliance of the

sample selection on the detection of strong emission lines without the requirement

for any continuum detection is expected to allow a large range of stellar masses to
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be observed, including low mass systems potentially missed in spectroscopic surveys

following up of broad-band magnitude-limited samples. In this section I compare the

star formation rate estimates derived using three techniques: the measured Hα flux;

the luminosity in the rest-frame UV; and through SED fitting to the full broadband

photometry. I also derived stellar mass estimates from the SED fitting. The derived

properties are shown in Table 2.5 and are available electronically11.

2.3.4.1 Spectroscopic star formation rate analysis

Hα is one of many nebular emission lines whose luminosity is sensitive to the star for-

mation rate of a galaxy. Hα is a recombination line of atomic hydrogen which arises

from the integrated stellar light from photons below the Lyman-limit (λ < 912Å)

which photo-ionise neutral hydrogen in the ISM. The Hα luminosity therefore pro-

vides a probe of the ionising flux and is sensitive to the population of young massive

stars, which have hot photospheres and short lifetimes. Taken with a population

synthesis model and assumptions of the underlying initial mass function, a calibrated

scaling relation can be constructed between the luminosity of the emission line and

the star formation rate.

For the sample I derived star formation rates using the Hα fluxes corrected for

[NII] contribution, stellar absorption and reddening (see Sections 2.3.3.1 and 2.3.3.2).

The Hα fluxes are converted to luminosities using the FORS2 emission line measured

redshift or HST/grism emission line redshift when FORS2 had no detections. I adopt

the Kennicutt (1998) SFR - Hα luminosity relation and apply a correction factor to

account for the different choice in IMF. Kennicutt (1998) assume a Salpeter (1955)

IMF whereas I adopt a Chabrier (2003) IMF throughout this Chapter and in our

stellar mass measurements. I follow Madau & Dickinson (2014) and apply a mul-

tiplicative 0.63 factor to the Kennicutt (1998) relation to adjust the measured star

formation rate to a Chabrier (2003) IMF.

2.3.4.2 Star Formation Rates inferred form the rest-UV

The luminosity of the non-ionising UV continuum is sensitive to the stellar popula-

tion of a galaxy and towards shorter wavelengths it is increasingly dominated by the

11https://github.com/Kitboyett/Supplementary-Thesis-material
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emission from younger stellar populations. The rest-frame UV continuum luminosity

can be used as a probe of the underlying star formation rate (e.g., Kennicutt 1998).

I adopt the rest-frame 2800Å UV continuum luminosity (LUV ) as a probe of the

star formation rate, available across the majority of our redshift range. I utilise the

Kennicutt (1998) LUV - SFR scaling relation, which assumes a constant star forming

history (SFH) and a Salpeter (1955) IMF. I again apply a correction to the SFR

to account for the change in IMF, between Salpeter (1955) and Chabrier (2003). I

note that the non-ionising rest-UV continuum is sensitive to the star formation rate

integrated over longer timescales (∼100Myr) than that probed by the Hα (since the

OB stars which dominate the ionising flux have lifetimes of <10Myr, e.g., Sullivan

et al. 2001). Hence scatter between the LUV - and Hα-derived SFRs (see Figure 2.7)

could be attributable to different recent star formation histories.

Across the sample the rest-frame 2800Å has broadband filter coverage spanning

from the ground-based r-band for the lowest redshift galaxies to the HST/WFC3

F110W band for the highest. To estimate the stellar continuum luminosity (LUV)

from the broadband photometry, I first correct the flux density for any contribu-

tion from measured emission lines (e.g., [OII]λ3727) measured in either the WISPS

HST/WFC3 grism or VLT/FORS2 spectroscopy. The flux from any emission lines is

subtracted from the filter flux density, weighted by the filter transmission profile at

the respective location of each line. For each galaxy in the sample I determine LUV

from the broadband magnitude of the filter that contains the rest-frame 2800Å based

on the spectroscopic redshift. I remove galaxies from this sub-sample if the rest-

frame 2800Å did not fall within an observed filter or if it lies within 100Å of the edge

of the filter where the filter response is minimal. The SFR is then computed using

the Kennicutt (1998) relation for these 41 galaxies out of the 85 observed with FORS2.

The observed LUV measurements will underestimate the intrinsic luminosity due

to attenuation by dust. I correct the 2800Å continuum for dust extinction. In Sec-

tion 2.3.3.2 I corrected the nebular emission line flux for reddening by adopting a 1

magnitude attenuation (AHα = 1) along with a Calzetti et al. (2000) extinction law.

Like Wuyts et al. (2013), I note the need for extra attenuation in nebular emission

lines (e.g., Hα) compared to the continuum and I adopt the Calzetti et al. (2000)

parameterisation E(B − V )star = 0.44E(B − V )gas. This parameterisation accounts

for the young O/B stars responsible for the UV continuum being within their birth
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Figure 2.7: The Hα-derived SFR compared to the LUV (rest-frame 2800Å) -derived
SFR. The black curve shows the 1:1 line. The best fit model has a log slope of
1.15± 0.10.

cloud and generates A2800 = 1.29AHα as given by Equation 14 of Calzetti (2001).

For 39 galaxies, both Hα-derived and LUV-derived star formation rates are avail-

able, and I present their comparison in Figure 2.7. I find good agreement between

the star formation rates derived from each method, with a fitted slope of SFR(LUV)

∝ SFR(Hα) raised to the power of 1.15 ± 0.10, close to a linear relation. A sim-

ilar power law slope is identified in Wuyts et al. (2013) where, as in this work, a

linear relation between Acont and AHα is assumed. The effects of this different dust

obscuration are also reported in the LUV- and Hα-derived SFRs of Reddy et al. (2015).

2.3.4.3 Stellar population fits

The available broadband photometry and emission line flux measurements allows each

target’s spectral energy distribution (SED) to be sampled, from which I can constrain
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galaxy properties including the stellar populations, stellar mass and star formation

rate. The composite spectrum of a galaxy is dictated by several factors including the

galaxy’s star formation history, initial mass function (IMF) and dust extinction law.

In this section I utilise the Bayesian analysis of Galaxy SEDS (BEAGLE, version

0.24.5, Chevallard & Charlot 2016) to model the SED of the subset of our sample

with sufficient broadband coverage. We therefore do not consider WISPS field 236

which only has photometry in the HST/WFC3 F140W filter and is unable to place

constraints on the stellar templates.

I fix the galaxy redshift to the spectroscopic redshift measured from either the

FORS2 or WISPS HST/grism emission lines. I assume a two-component star forma-

tion history that is comprised of a declining exponential component and a 10Myr

constant-SFR burst. The constant-SFR burst component can vary over a large dy-

namic range, −4 < log(SFR/M⊙yr
−1) < 4, and allows a directly sampling of the

SFR independent of the previous SFH unlike in a delayed/exponentially declining

SFH model. This reflects that the emission line galaxies identified through the

WISPS HST/grism slitless spectroscopy are actively star forming galaxies. I assume

a Chabrier (2003) IMF and a Calzetti et al. (2000) dust attenuation law. I input flux

densities and filter transmission curves for each broad-band, along with the emission

line fluxes and wavelengths from our spectroscopy. The flux contribution from emis-

sion lines is not removed from the broadband photometry as this is considered as part

of the modelling.

A total of seven parameters are fitted in BEAGLE: stellar mass, stellar age, char-

acteristic star formation timescale (the exponential component), star formation rate

(the burst), stellar metallicity, effective dust attenuation, and effective galaxy-wide

ionisation parameter. The ionisation parameter is freely-varied so the emission line

fluxes could better constrain the spectral fits. A burst component was included for

physical reasons while also enabling better identification of multi-modal solutions.

Within SED fitting the derived stellar mass acts as free parameter used to constrain

the normalisation of the composite synthetic galaxy stellar population spectrum to

the observations. In Figure 2.8 the BEAGLE SED derived mass distribution for the

56 galaxies with sufficient broadband photometry to constrain the stellar template is

presented (excluding field 236 which only had photometry available in F140W). In

particular, the availability of Spitzer/IRAC channel 1 photometry (3.6µm) for three
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of our four fields gives us the rest-frame continuum at > 1µm, which is more sen-

sitive to the underlying stellar mass than recent star formation (unlike at shorter

wavelengths), and improves our measurement of the stellar mass. This is reflected

through a re-running the BEAGLE SED analysis on our sample without the IRAC

3.6µm photometry. In both analysis, consistent stellar mass estimates are found

(presented in Figure 2.10), albeit with the uncertainty on the estimates more tightly

constrained when the IRAC data is utilised. The average uncertainty on the stellar

mass decreasing from 0.3 to 0.2dex. I note that of the 56 galaxies covered by Spitzer,

14 are undetected down to 2σ limits of AB=24.2-24.5mag, and these are consistent

with being very low mass systems (Mstellar < 108M⊙).

With a median mass of log10(M/M⊙) =8.94 and a dynamic range of 7 < log10(M/M⊙)

< 11, the sample reaches lower masses and is typically fainter on average than

broadband-magnitude-limited spectroscopic surveys e.g., VMOS, DEEP (see Section

2.3.7). I note that due to the requirement for the galaxies to be detected in the

WISPS direct imaging, to calibrate the wavelength of the emission lines, the lowest

mass galaxies may still be missing from our sample.

I additionally use our SED fitting to estimate the SFRs of the sample, and in

Figure 2.9 I present their comparison to our Hα-derived SFRs. I find reasonable

agreement between the two methods, with a fitted power law slope of 1.05±0.08. I

also determine an offset from the 1:1 line of 0.18±0.05dex compared to the Hα-derived

SFRs.

2.3.4.4 Star forming main sequence

There is a relation between the stellar mass - star formation rate, commonly known

as the star forming main sequence, which has been studied in great detail from lo-

cal redshifts out to beyond z > 4 (e.g., Speagle et al., 2014; Renzini & Peng, 2015;

Schreiber et al., 2015). Most commonly the main-sequence is parameterised with a

log-space slope and intercept, with the redshift evolution mainly effecting the nor-

malisation of the relation in line with the increasing star formation rate density with

redshift (e.g., Madau & Dickinson, 2014). I present the stellar mass - Hα derived star

formation rate ‘main-sequence’ in Figure 2.11 for the subset of our sample which have

measured Hα fluxes. I over-plot the main-sequence from three papers over a redshift

range 0 < z < 2.5, Speagle et al. (2014); Schreiber et al. (2015); Santini et al. (2009).
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Figure 2.8: Stellar mass distribution, derived using BEAGLE SED photometric fitting
code.
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Figure 2.9: The Hα-derived SFR compared to the SED-derived SFR. The black curve
shows the 1:1 line. The best fit model has a log slope of 1.04± 0.08 with an offset of
0.18dex. Two galaxies have been removed due to having significantly underestimated
SFRs which may indicate AGN contamination, see section 2.3.5
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Figure 2.10: Comparison of the BEAGLE SED-derived stellar masses with and with-
out the inclusion of IRAC 3.6µm photometry. While consistent masses are found, the
use of IRAC photometry reduces the estimated uncertainty.

Galaxies within the sample lie above the main-sequence of the literature curves at

the corresponding redshift, matching the expectation that the emission line selected

galaxies in the HST/WFC3 slitless spectroscopy exhibit high specific star formation

rates, as one would expect with an increasing star formation rate, such as a burst.

The overall trend in the sample is flatter than the literature main-sequence due to

the Malmquist bias imposed by the selection on strong Hα emitters. At low masses,

only those galaxies with the highest SFR produce sufficient Hα luminosity to make

it into the selection. This selection-driven flattening of the main sequence has been

reported for surveys that select on SFR-sensitive proprieties, such as surveys select-

ing on strong emission lines or UV continuum selections (e.g., Cochrane et al., 2018;

Rodighiero et al., 2014, 2011; Erb et al., 2006).

2.3.5 Identifying potential AGN in the sample

Emission line galaxies can be powered by star formation and/or AGN, and although

I do not have X-ray data by which to select AGN, I can still address the relative

contribution by looking at the line ratios of the emission lines which relate to the
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Figure 2.11: Hα-derived star formation rate - stellar mass main sequence. Hα lumi-
nosity derived star formations rates, adjusted for [NII] contribution, stellar absorption
and reddening corrections. Stellar masses come from BEAGLE SED fitting. Grey
dashed lines indicated lines of constant specific star formation rate. Over a range of
redshifts I over-plot the literature main-sequence from Schreiber et al. (2015) (solid),
Speagle et al. (2014) (dashed) and Santini et al. (2009) (dot-dashed). These emission
line selected galaxies, colour coded by redshift, lie above the main-sequence indicating
they have large specific star formation rates.
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hardness of the ionising spectrum. A BPT diagram (Baldwin et al., 1981; Veilleux

& Osterbrock, 1987) traditionally uses [NII] and [OIII] forbidden lines in ratio with

their counterpart (close in wavelength) recombination lines Hα and Hβ to discrim-

inate between star formation and AGN as the source of photoionisation. However,

for this dataset, [NII] is unusable in the low spectral resolution WFC3 grism as it is

blended with Hα. Hence I use [SII]λ6717, 6731 (hereafter [SII]) as an alternative di-

agnostic to [NII] (e.g., Kewley et al., 2006). A soft ionising spectrum indicating a star

forming radiation field consists of low [OIII]λ5007/Hβ and [SII]λλ6717, 31/Hα line

flux ratios whilst Seyfert galaxies and LINERs with harder ionising spectra occupy

the high ratio region. In Figure 2.12 I present the BPT diagnostic diagram where the

z ∼ 0 AGN/star-formation separation line diagnostic from Kewley et al. (2001, 2006)

is plotted in red with the 0.1dex uncertainty in pink.

There are 35 galaxies with coverage of all the lines in the [SII] BPT diagram. This

breaks down to 11 galaxies with (> 2σ) detections in each of Hα, [OIII], [SII], Hβ.

There are 10 galaxies that have only [SII] undetected and 6 galaxies with only Hβ un-

detected. The remaining 8 are undetected in both [SII] and Hβ. I plot 2σ limits on the

flux ratios in the upper panel of Figure 2.12. In the lower panel of Figure 2.12 I replace

the limits on undetected Hβ with an inferred flux based on the Hα flux, assuming a

case B flux ratio and an assumed dust attenuation of A(Hα) = 1mag with a Calzetti

et al. (2000) extinction law (Section 2.3.3.2), corresponding to f(Hα)/f(Hβ) = 3.573

(where the Hα flux has had the estimated [NII] removed, and both Hα and Hβ have

been corrected for stellar absorption, see sections 2.3.3.1 and 2.3.3.2 respectively).

From this sub-sample, 29 of the 35 galaxies on our [SII]-BPT diagram lie below

the SFG/AGN demarcation line at z ∼ 0, although it should be noted that 10 of these

29 have lower limits on Hβ that mean they are conceivably still consistent with the

AGN region (this falls to 3 if I use Hβ fluxes inferred from the measured Hα emission

line), whilst 19 (54%) are confirmed as inconsistent with being AGN. The remaining 6

galaxies lie above the diagnostic demarcation line in the region consistent with being

dominated by AGN, although 4 are consistent with the star forming region within the

uncertainties. I therefore determine that 33 of the 35 galaxies (94%) are consistent

with being star forming galaxies (either falling below the demarcation line for z ∼ 0,

or with limits consistent with the star forming region). Of the galaxies above the

dividing line, inspection of the F110W and F160W H-band WFC3 images reveals

that the two galaxies inconsistent with being SFGs appear to be spatially unresolved
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(309 1 2 & 309 1 6). I note that 309 1 6 also exhibited [Ne III]λ3869 emission, fur-

ther evidence of a hard radiation field (although I note, 2 additional galaxies that are

consistent with being SFGs also had [Ne III] detected).

In recent years it has been suggested that there is evolution with redshift in the

dividing line between SFG and AGN in the BPT diagram, in the sense that the

demarcation rises with increasing redshift, and this is particularly prominent in the

[NII]-based BPT (e.g., Kewley et al., 2013b, who note that this evolution may also

be due to a larger electron density or a harder ionising radiation field). However,

Shapley et al. (2019) study the [SII]-based BPT diagram for a sample of galaxies

from the MOSDEF survey at z∼1.5-2.3 (slightly higher redshift on average than in

our sample), and find that the evolution is less extreme than when using [NII], which

they argue is attributable to two competing effects: a less significant contribution

from Diffuse Ionised Gas (DIG) leading to a lower [SII]/Hα ratio at higher-redshift;

and an increased ionisation parameter which pushes this line ratio in the opposite

direction (higher [SII]/Hα). Hence the net result is minimal overall evolution in the

[SII]-BPT diagram, and I adopt the z∼ 0 dividing line as our AGN criterion.

The measurements of [SII] from our WISP WFC3 spectroscopy are often low

S/N, and so I want another check on the presence of AGN. I also consider the mass-

excitation (MEx) diagnostic proposed by Juneau et al. (2011), where the [NII]/Hα

ratio of the original BPT diagram is replaced by the stellar mass (on the grounds

that the average stellar mass of a galaxy depends on the metallicity, from the mass-

metallicity relation, see Section 2.3.6.4). This also allows the inspection of the ionising

conditions of the highest redshift galaxies within the sample, where Hα no longer fell

within the HST Grism coverage. Plotting the stellar mass against [OIII]λ5007/Hβ

allows SFG to be separated from AGN, and I show a MEx diagram in Figure 2.13,

where I plot the low-redshift dividing line, along with another division which may be

more appropriate at higher redshift (due to evolution in the mass-metallicity relation

e.g., Newman et al. 2014; Coil et al. 2015). I adopt the AGN/star-formation sepa-

ration in the MEx diagram from Henry et al. (2021) who also consider a sample of

WISP galaxies.

Within the MEx diagram, there are 6 galaxies with Hβ detections (diamonds in

Figure 2.13) that lie in the z ∼ 0 AGN region, although each of these lies either

inside or is consistent within their uncertainties of the modified z ∼ 2 SFG region.
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When undetected Hβ flux limits are replaced with the Hα flux divided by 3.573 (that

consistent with a Hα attenuation of 1 magnitude), 5 further galaxies lie above the

z ∼ 0 AGN/SFG separation line, although 4 are at least consistent with the SFG

region on the modified MEx diagram. Only one galaxy (FORS2 id 309 1 2) is clearly

an AGN considering both MEx diagrams, this galaxy is also identified as an AGN in

the [SII]-based BPT diagram.

In Table 2.8 I present the AGN candidates identified by the [SII]-BPT and MEx

diagnostics, and report that only a sub-set of 2 are identified by both methods. These

2 are also found to be unresolved in the F110W and F160W imaging, and in one we

detect the high ionisation [Ne III] emission line, suggesting that these are indeed AGN

contaminants of the desired star forming sample in this work and I remove them from

the sample. The remaining AGN candidates are identified as being SFG in at least

one of the methods with many also being spatially resolved. I conclude that star for-

mation is the dominant ionising source in most of the emission-line-selected galaxies,

with only 2 out of 41 galaxies (which have sufficient data to be plotted on at least

one of the [SII]-BPT or MEx diagrams) likely being AGN. For the overwhelming ma-

jority of the sample, the Hα emission is most likely dominated SFG rather than AGN.

2.3.6 Determination of Metallicity from Emission Lines

One of the key ISM properties that can be inferred from these observations is the gas-

phase metallicity, and in this section I will derive the gas-phase oxygen abundance

from two different line-ratio diagnostics. Using this, I will investigate the relation be-

tween the metallicity and the stellar mass of the galaxies in the emission-line selected

sample.

The observed metallicity as measured from the gas-phase oxygen abundance is

sensitive to the galaxy’s stellar population, star formation history and history of gas

inflows and outflows. The chemical enrichment of the ISM reflects the star formation

history, with metal-enriched gas returned to the ISM over time through stellar ejecta

and explosions. The degree of enrichment of the ISM can be diluted by the flow of

cold gas (typically of lower metallicity, and perhaps pristine) from the Inter-Galactic

or Circum-Galactic Medium into the galaxy. Outflows of chemically-enriched gas

being ejected from the galaxy driven by supernovae or black hole feedback may also

alter the ISM metallicity (e.g., Lilly et al., 2013)
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FORS2 [SII]-BPT MEx MEx [Ne III] imaging
id z ∼ 0 z ∼ 0 Modified detection inspection

309 1 2a AGN AGN AGN No Compact
309 1 6a AGN AGN AGN* Yes Compact
309 1 13 AGN SFG SFG No Resolved
309 2 13 AGN* SFG SFG No Resolved
309 2 1 AGN* SFG SFG No Compact
64 2 10 AGN* SFG SFG No Resolved
236 1 14 AGN - - No Resolved
309 1 3 SFG AGN* SFG No Resolved
309 2 4 - AGN AGN* No Compact
309 2 5 - AGN AGN* No Resolved
309 2 7 - AGN* AGN* No Resolved
64 2 5 SFG AGN SFG No Resolved
64 2 9 - AGN* SFG No Compact
64 2 15 SFG AGN SFG No Resolved
64 2 16 - AGN* AGN* No Compact
62 1 14 - AGN SFG No Resolved

Table 2.8: A table of potential AGN candidates meeting various selection criteria. I
consider the BPT diagram using the [SII] line rather than [NII], and also the mass-
excitation (MEx) diagram (where I indicate if it meets the AGN threshold at z∼ 0
and also a modified threshold which may be more appropriate at high redshifts). I
also indicate those sources which have [NeIII] emission and the z ∼ 0 and modified
MEx diagram. AGN candidates marked with (∗) were consistent with the SFG region
within their uncertainties or had limited consistent with the SFG region due to non-
detections in the [SII] emission line. Two galaxies, marked by (a), are consistent with
being AGN in both diagnostics and are removed from the sample.
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Figure 2.12: The [SII]-modified BPT diagram to identify AGN candidates (which lie in the
region above the curve), using the Kewley et al. (2006) separation z ∼ 0 curve. The pink
lines show the typical demarcation curve uncertainties of 0.1 dex. Top: Galaxies without
Hβ detections (≥ 2σ) are treated as 2σ lower limits on the flux ratios. Bottom: Galaxies
without Hβ detections are plotted using Hα/3.573. Galaxies with Hβ detections are shown
in diamonds (green or orange), whilst galaxies without detections in Hβ are shown in circles
(blue or purple). Unlike Hβ, those galaxies without [SII] detections are always shown as a
2σ upper limit (blue or orange).
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Figure 2.13: The mass excitation (MEx) diagnostic diagram, which divides the
AGN dominated region (above the curves) and the SFG dominated region (below
the curves), shows that the ionising radiation field in the majority of our sample is
consistent with star formation, rather than AGN activity. Top: Galaxies without Hβ
detections (≥ 2σ, circles) are treated as 2σ low limits on the line flux ratios. Bottom:
Galaxies without Hβ detections are plotted using Hα/3.573.
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2.3.6.1 Metallicity Determinations using the R23 and O32 Diagnostics

The wavelength range available from the combined WFC3 and FORS2 spectroscopy

provides coverage of metallicity-sensitive nebular emission lines, in particular the

[OII]λ3727 and [OIII]λ4959, 5007 doublets. In this section I will utilise these strong

oxygen emission lines along with empirical calibrations of the gas-phase oxygen abun-

dance in star-forming galaxies to derive the metallicity of the sample. Alternative

approaches include the measurement of stellar metallicity rather than the gas-phase

(often using absorption lines, e.g., Cullen et al. 2019) or “direct methods” to deter-

mine gas-phase metallicity based on electron temperature measurements using auro-

ral emission lines (e.g., Sanders et al., 2016). However, the spectra from WFC3 and

FORS2 are insufficiently deep to achieve good detections of absorption lines or weak

auroral emission lines, and hence I can only use strong-line metallicity diagnostics for

the sample.

The flux ratio of recombination emission lines (e.g., Hα, Hβ) to forbidden colli-

sional emission lines (e.g., [OIII]λ5007, [OII]λ3727, [NII]) is sensitive to the gas-phase

metallicity and ionisation conditions of the ISM. Standard nebular line flux ratios R2

= f([OII]λ3727, 3729)/f(Hβ) and R3 = f([OIII]λ5007)/f(Hβ) and the combination of

these by Pagel et al. (1979) into R23 = f([OII]λ3727, 3729 + [OIII]λ5007, 4959)/f(Hβ)

are frequently used as strong-line metallicity indicators. However, these empirically

show non-monotonic behaviour (i.e., multiple metallicities can exhibit the same di-

agnostic value) and traditionally a second line diagnostic is introduced to break the

degeneracy (e.g., Alloin et al. 1979; Pagel et al. 1979; Kewley & Dopita 2002; Maiolino

et al. 2008; Sanders et al. 2016; Strom et al. 2017). Many works have noted that the

excitation conditions in high redshift galaxies are very different from galaxies and

H II regions at z ≈ 0 (e.g., Masters et al., 2014; Strom et al., 2017), and the strong-

line metallicity calibrations depend on the ionisation conditions (e.g., Kewley et al.,

2013b). Typically, the metallicity indicator O32 = f([OIII]λ5007)/ f([OII]λ3727, 3729)

or the f(Hα)/f([NII]λ6583) line flux ratios are used as they are sensitive to the ioni-

sation conditions of the ISM. Since [NII] is blended into the Hα emission line at the

spectral resolution of the HST/WFC3 grism, and the nearby [SII]λ6717, 6731 doublet

is often at very low signal to noise in our WFC3 spectra, I use the O32 diagnostic

(rather than [NII]) to break any degeneracy of the R23 metallicity indicator.

I utilise the Curti et al. (2017) empirically-calibrated metallicity diagnostics for

R23 and O32 to derive the Oxygen abundance for galaxies in our sample. I use
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this recent calibration in preference to older once because their sample combines

individual low-metallicity galaxies with binned-stacks of SDSS galaxies to achieve

the sensitivity in the [O III] λ4363 and [O II]λλ7320, 7330 auroral lines required to

calibrate the strong-line diagnostics using the direct-temperature method (based on

the electron temperatures of the different ionisation zones) over a large metallicity

dynamic range. The calibration of traditional strong-line diagnostics to the direct-

temperature method establishes robust metallicities since the electron temperature,

which can be determined from the line ratios of auroral to strong-lines, is known to

be strongly correlated with metallicity. Where higher Oxygen abundances trend with

lower electron temperatures, because forbidden emission lines from metals are the

primary coolants in HII regions (Curti et al., 2017).

The metallicities for the galaxies in the sample are presented in Table 2.5. I

present the line diagnostic R2-R3 in Figure 2.14 and R23-O32 in Figure 2.15 for the

individual galaxies within the sample (colour coded by redshift), and compare these

with the low redshift results from SDSS, and the empirical metallicity calibration

from Curti et al. (2017). Henry et al. (2013, 2021) also analysed the metallicity of a

different sub-sample of galaxies from the WISPS survey, based on the WFC3 spectra

alone and focusing on higher redshifts than in this Chapter where all the lines [OII],

Hβ and [OIII] are covered by the HST grism(s). This current work can explore the

metallicities of WISPS galaxies down to lower redshift thanks to our VLT/FORS

spectroscopic follow-up at shorter wavelengths.

The diagnostics diagrams in Figures 2.14 & 2.15 show measurements from individ-

ual galaxies where the [OII], [OIII] and Hβ emission lines are all detected at S/N > 2.

I note that I have removed one galaxy (FORS2 id:309 2 18) which has a large spatial

extent and where the FORS2 slit spectrum would not capture the full flux from the

[OII] emission line, and after removing this one object I have 23 galaxies with individ-

ual measurements, of which 18 also have Hα flux measurements. These individual

data points largely agree within 2σ of the region occupied by SDSS galaxies, with

few lying much further away than this. Each individual galaxy presented in these fig-

ures has corrections based on the general properties of the sample (e.g., average dust

attenuation and Hb absorption corrections) which may show variation on a galaxy-by-

galaxy basis and be responsible for some of the data points lying away from the SDSS

region. The uncertainties presented represent the random errors on the emission lines

but do not include the potential systematic errors from the correction terms, such as
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Figure 2.14: Line diagnostic plot of [OII] vs [OIII] normalised by Hβ, where the
sub-sample of 23 galaxies that have detections in all of [OII], [OIII] and Hβ are split
into three redshift bins. The over-plotted Curti et al. (2017) metallicity curve (colour
coded by the colour-bar to the right of the plot) indicates that the WISPS galaxies
generally lie at sub-solar metallicities, with a trend of decreasing metallicity with
increasing galaxy redshift. A heat map of SDSS SFG density at z ∼ 0 is under-
plotted, taken form Curti et al. (2017).
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Figure 2.15: Line diagnostic plot of O32 vs R23, where the sub-sample of 23 galaxies
that have detections in all of [OII], [OIII] and Hβ, are split into three redshift bins.
The over-plotted Curti et al. (2017) metallicity curve (colour coded by the colour-bar
to the right of the plot) indicates most lie at sub-solar metallicities, with a trend of
decreasing metallicity with increasing galaxy redshift.
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for the slit losses, and I will place greater emphasis on stacking data points which

should average over the scatter of the individual galaxies. This additionally means I

also consider galaxies where individual lines are undetected (< 2σ) by combining the

emission line fluxes from several galaxies together in a stacking analysis. I generate

several sub-samples and scaling schemes for the stacking, and these are shown in Fig-

ures 2.16 & 2.17. First, I perform a straight average of the emission line fluxes (which

would typically minimise the noise, but would give equal weight to low-luminosity

galaxies at lower redshift and higher luminosity galaxies at greater redshift with the

same observed line flux). Secondly, I perform a straight average of the emission line

luminosity, so as not to penalise higher redshift sources. Next, I considered a stack

where I normalise the line luminosities by the stellar mass before averaging (requiring

mass measurements and reducing some of the sample sizes for this stack). Finally, to

ensure that the stacks are not dominated by a small number of very bright sources,

I normalise the individual line luminosities before averaging such that the integrated

line luminosity from Hα was the same (where the Hα luminosity is a proxy for the star

formation rate, and has been corrected for [NII], reddening and stellar absorption, as

described in Section 2.3.3.2).

In this stacking, I only include galaxies with faint emission line measurements

(< 2σ) if an accurate redshift is available from the higher-spectral-resolution FORS2

spectrum, which enables the wavelength of the emission line to be accurately located

in the extracted spectra. For each emission line of interest, I sum the line fluxes,

luminosities or the luminosities after normalising by the stellar mass or Hα lumi-

nosity, and take the ratios of the summed fluxes for different samples to plot on the

diagnostic diagrams. For inclusion in the Hα luminosity-normalised stacked spectrum

I require each galaxy to have Hα, Hβ, [OII] and [OIII] coverage across our FORS2

or WFC3 spectroscopy, which results in a sample of 30 galaxies, 15 of which have

S/N < 2 in one or more of these emission lines (typically Hβ). The other 15 galaxies

entering the sample for the stacking analysis are a sub-set of the 23 individual objects

plotted in Figures 2.14 and 2.15 with five galaxies excluded as Hα was not covered

by the slitless spectroscopy at their redshift and three excluded as they were spatially

extended and the [OIII], Hβ & [OII] line fluxes determined from FORS2 will be sub-

ject to slit losses compared to the Hα line measured from the WFC3 slitless grism

(see Section 2.3.3.2). The sample covers a broad redshift range and to study any

evolutionary trend I consider sub-samples of objects binned by redshift (low z < 0.7

and medium 0.7 < z < 1.28). I note that there are only two galaxies in the sample at
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z > 1.28 that meet our criteria for the stacked sub-samples and so I do not consider

this range. I additionally split the stacking sub-samples by Hα rest-frame equivalent

width, which is sensitive to the presence of bursty star formation and young stellar

populations. I wish to test if the ISM conditions depend on the Hα rest-frame equiv-

alent width, EW0(Hα), and I create sub-samples12of galaxies with EW0(Hα)< 100Å

and EW0(Hα)> 100Å(corrected for [NII] and stellar absorption, with further details

given in Section 2.3.7). I note that the high-equivalent-width galaxies identified in the

WISPS slitless spectroscopy may have been missed in traditional broad-band selected

spectroscopic galaxy surveys, which I will discuss further in Section 2.3.7.

The medium redshift - low Hα equivalent width sub-sample of 8 galaxies exhibited

no Hβ detections, even in the stack, so I plot instead 2σ limits for Hβ. The stacks of

these sub-samples are shown in Figures 2.16 and 2.17, with the results of Curti et al.

(2017) at low redshift shown for comparison. The stacks of the galaxies in each of

these various sub-samples all lie on or near the locus of SDSS z ∼ 0 galaxies. I note

that each of these sub-samples is consistent with being sub-solar metallicity.

In recent years concern has been raised over the contribution of line emission from

the Diffuse Ionised Gas (DIG) affecting the metallicity inferred from the strong-line

diagnostic ratios (e.g., Sanders et al. 2017; Vale Asari et al. 2019). In local galaxies

the DIG may be responsible for 30-60% of the Hα line emission (e.g., Zurita et al.,

2000) and from the observation available, I am unable to measure the DIG contri-

bution in our WISPS galaxies. However, at the high redshifts of our WISP galaxies

(z∼ 1) Sanders et al. (2017) measure that the contamination from the DIG drops

to <20% and it is likely to only be a small contribution to the Hα fluxes in this

work. Sanders et al. (2017) present a correction for DIG contamination involving the

[NII] emission line but since I do not recover the [NII] line emission flux in either the

HST/WFC3 or FORS2 observations, I do not apply this comparatively small DIG

correction. Additionally, the recent study by Mannucci et al. 2021, who consider the

influence of aperture effects in spectroscopic studies, report that the effect of DIG on

the spectra of SFGs could be even less significant than previously thought.

12There are 7 galaxies in the low-redshift low-Hα EW stack, 2 galaxies in the low-redshift high-Hα
EW stack, 8 galaxies in the medium-redshift low-Hα EW stack, and 11 galaxies in the medium-
redshift high-Hα EW stack
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Figure 2.16: As in Figure 2.14, the line diagnostic [OII] vs [OIII] normalised by
Hβ plot for sub-samples of galaxies binned by redshift and Hα rest-frame EW. Four
different weighting schemes are plotted, as in the legend. Since the medium-z low-EW
sample of 8 objects had no Hβ detections, even in the stack, we present the Hβ 2σ
limit.
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Figure 2.17: As in Figure 2.15, the line diagnostic O32 vs R23 plot for sub-samples
of redshift and Hα rest-frame EW (as in Figure 2.16).
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2.3.6.2 Metallicity trend with redshift

As apparent from Figures 2.14-2.17, I find a trend that metallicity, as measured from

the Curti et al. (2017) calibration, decreases with increasing redshift. This redshift

evolution reflects changes in the conditions of HII regions, although a changing contri-

bution of the DIG at different redshifts may also contribute to apparent evolution of

the diagnostic ratios. This trend with redshift is supported by previous surveys: the

low redshift sample lies consistently within the R23 and O32 region occupied by the

0.5 < z < 1 sample of Lilly et al. (2003) and the medium and high redshift galaxies

are consistent with the higher redshift z ∼ 2 − 3 sample from Cullen et al. (2014),

which exhibit a higher ionisation parameter (higher O32 and R23 values) indicative of

a harder ionising radiation field than local galaxies. This supports the conclusions of

Cullen et al. (2014), Hainline et al. (2009) and Nakajima et al. (2013) whose higher-

redshift samples (z∼ 2) are systematically offset to higher O32 than low-redshift

SDSS galaxies. Strom et al. (2017) and Maiolino et al. (2008) at even higher redshift

z ∼ 3 show offsets to still larger values of R23 and O32. These results at higher

redshift are in broad agreement with the highest redshift WISPS galaxies. The rise

of [OIII]/Hβ with redshift is often attributed to a rise in the ionisation parameter,

which could be driven by the changing metallicity, age and geometry of the stellar

population in HII regions with redshift (e.g., Kewley et al., 2015; Jaskot et al., 2019).

2.3.6.3 Metallicity trends with Hα Equivalent Width

I find that galaxies exhibiting a high rest-frame equivalent width of Hα (> 100Å)

typically have higher O32 values (and hence lower metallicities on the Curti et al.

2017 calibration) than the low-EW galaxies at similar redshifts, which agrees with

previous studies who find a positive trend between the equivalent width of Balmer

lines and the O32 line ratio (e.g., Kewley et al. 2015 at 0.2 < z < 0.6 and Reddy et al.

2018 at 1.6 < z < 2.5). As can be seen in Figure 2.16, there is a dramatic difference in

the [OIII]/Hβ line flux ratio (and similarly in both the O32 and R23 ratios in Figure

2.17) going from low-EW of Hα to high-EW in the low redshift sub-samples, with

the higher-ionisation [OIII] line becoming more dominant compared to [OII] for the

galaxies with high EW Hα. This trend is driven by a higher ionisation parameter at

higher EWs, indicative of young stellar population and high sSFR due to the relative

abundance of young ionising stars to older non-ionising stars (Mingozzi et al., 2020;
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Kaasinen et al., 2018; Kewley et al., 2015)

2.3.6.4 Metallicity trends with stellar mass

The metallicity of star forming galaxies is found to increase with their stellar mass.

This trend with mass, the “mass-metallicity relation”, has been well studied over a

broad redshift range (e.g., Tremonti et al. 2004 at z∼ 0.1; Yabe et al. 2014 at z∼ 1.4;

Henry et al. 2013 at z∼ 2; Sanders et al. 2018 at z∼ 2.3; Maiolino et al. 2008 at

z∼ 3.5). The mass-metallicity relation may reflect different levels of star forming

chemical enrichment and regulation driven by secular processes including gas inflows

and outflows, such as in the bathtub model of Lilly et al. (2013), with outflows more

efficiently removing material at lower galaxy stellar masses. At a fixed mass, galaxies

at higher redshifts are typically observed to exhibit lower metallicities (see for ex-

ample the review by Maiolino & Mannucci 2019). Within this redshift evolution the

observed shape of the mass-metallicity relation remains roughly constant.

Here I compare the derived stellar masses (see Section 2.3.4.3) to the metallicity

of the galaxies within our sample. I present the mass-metallicity relation for the two

gas-phase metallicities derived using the R23 and O32 line diagnostics, shown in Fig-

ure 2.18 colour coded by the derived star formation rate, and in Figure 2.19 colour

coded by the redshift. I over-plot three local observed relations derived from SDSS

samples, first by Tremonti et al. (2004) who derived metallicities using strong-line

ratios, Curti et al. (2020) who derived metallicities using direct temperature methods

and Sanders et al. (2017) who also use a direct temperature method and adjust their

relation to correct for DIG. In this work the metallicities come from the O32 and

R23 strong-line method which are calibrated against the direct temperature method

by Curti et al. (2017, 2020). Additionally I over-plot two higher redshift samples; Ly

et al. (2016) at 0.5 < z < 1.0 who use direct temperature methods to derive their

metallicities, and the binned data of Henry et al. (2021) at z ∼ 1.9 who use strong-

line derived metallicities (who themselves find consistency with Sanders et al. 2018

at z∼ 2.3 who use direct temperatures methods).

The mass-metallicity relation in the sample becomes very apparent when I bin

the galaxies by stellar mass (Figures 2.18 and 2.19), and individually I find that the

galaxies lie typically in between the z ∼ 0.1 and z ∼ 1.9 mass-metallicity trends from

Tremonti et al. (2004) and the WISPS sample of Henry et al. (2021). Within the
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mass–metallicity scatter I find a trend that higher redshift galaxies exhibit a lower

metallicity at a given mass, as shown by the colour-coding of the individual data

points in Figure 2.19. This trend is found in both the O32 and R23 diagnostic de-

rived metallicity values.

Many studies have probed dependencies on the scatter within the mass–metallicty

relation, which led to the development of the Fundamental Metallicity Relation (FMR,

Mannucci et al. 2010) where the scatter was seen to correlate primarily with the star

formation rate of the galaxies (see also, Tremonti et al. 2004, Lara-López et al. 2010,

Hunt et al. 2012). At a constant mass, galaxies with larger SFRs show lower metal-

licities and vice versa. This correlation is thought to be driven by the reserves of

pristine gas for each galaxy, where a greater abundance of pristine gas lowers the

metallicity of ISM and provides fuel for star formation. Whereas after a period of

star formation has ended the metallicity has increased due to chemical enrichment

from the stellar population and the depletion of the pristine gas, which in turn also

decreases the SFR. In Figure 2.18 I colour code the data by the derived SFR (similar

to Maiolino & Mannucci 2019 figure 22), using the Hα-derived SFRs for galaxies with

detected Hα and the LUV-derived SFR for those at higher redshifts where Hα was

not available (which we have shown to be comparable methods in Figure 2.7).

In the mass-metallicity diagram based on the O32 diagnostic, colour-coded by

SFR in Figure 2.19, I find a clear trend in the mass-metallicity relation, in that low-

SFR galaxies have higher metallicities than high-SFR galaxies of the same stellar

mass. The trend is less obvious when I use R23-based metallicities, because many of

the Hβ detections (which go into the R23 diagnostic) are often low S/N.

The FMR defines a surface that galaxies occupy in the 3D space of stellar mass,

metallicity and SFR. Hence the scatter in the mass-metallicity relation can be reduced

by scaling the mass as a function the star formation rate. I adopt the Mannucci et al.

(2010) modified mass-metallicity scaling parameter µ = log10(M) − α log10(SFR)

where α = 0.32 to inspect whether the mass-metallicity scatter decreases. I determine

the scatter by considering the RMS of the residuals after fitting the data with a

standard mass-metal relation parameterisation (e.g., Sanders et al., 2017)

12 + log10(O/H) = 12 + log10(O/H)asym − log10(1 +
MTO

M

γ

). (2.1)
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Diagnostic asyma Mb
TO γ

Mass-metallicity (O32) 8.55±0.06 8.19±0.26 0.69±0.29
Mass-metallicity (R23) 8.72±0.06 8.31±0.19 1.14±0.24
µ0.32-metallicity (O32) 8.55±0.07 8.19±0.30 0.69±0.29
µ0.32-metallicity (R23) 8.74±0.07 8.67±0.24 1.02±0.26

Table 2.9: The best fit parameters (a. asymptotic metallicity, b. turnover log10 mass)
for the mass-metallicity and modified µ0.32-metallicity diagnostics.

Where each term defines the asymptotic gas-phase metallicity, the turn-over mass

(MTO) and a power slope (γ). Plotting metallicity against µ0.32 in Figure 2.20 shows

a slightly tighter relation than seen when plotted against mass, with an RMS scatter

of 0.145 compared to 0.155 when plotted against mass for the O32 metallicity (and

0.165 and 0.190 for µ0.32 and mass using R23). This effect is subtle, but I do note

that I find α = 0.32 tightens the scatter to a greater extent than the best fit α = 0.17

measured by Henry et al. (2021). The best fit asymptotic metallicity, turn over mass

and γ are given in Table 2.9

2.3.7 High equivalent width Hα sample

The slitless spectroscopy from the WISP survey selects galaxies on the basis of their

line emission. This is in contrast to the usual broad-band magnitude-limited surveys,

which select on the continuum emission. Hence, while WISPS may miss galaxies

which have very low star formation rates (and hence weak line emission), it is more

sensitive to galaxies with high equivalent width emission lines and weak stellar con-

tinuum - these low-mass but actively star-forming systems would typically not enter

a broad-band selection. To examine this I consider deep spectroscopic surveys target-

ing z ∼ 1 galaxies. These typically extend to optical magnitudes of AB = 22.5mag

over wide fields and AB = 24mag over smaller regions, for example: VVDS-wide

with IAB < 22.5 (Garilli et al., 2008), VVDS deep with IAB < 24.0 (Le Fèvre et al.,

2005); DEEP2 with RAB < 24.1(Newman et al., 2013); zCOSMOS-wide IAB < 22.5,

zCOSMOS deep with IAB < 24.0 (Lilly et al., 2007); VUDS IAB < 25.0 (Le Fèvre

et al., 2015). Many of our WISPS sources with reliable detections of emission lines

have HAB ∼ 24 − 25 (see Figure 2.1). A typical star forming galaxy with moderate

extinction E(B − V ) = 1 at z ≈ 1 has a colour of (I − H)AB ≈ 1mag (e.g., figure

1 of Doherty et al. 2005, where (I − H)AB ≈ (I − H)Vega − 0.9). About half (51%)

of the WISPS emission line galaxies that are followed-up with FORS2 spectroscop-
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Figure 2.18: Mass metallicity relation for R23 and O32 derived metallicities, colour
coded by star formation rate (Hα, unless unavailable then SFR-UV is used, these are
shown as triangles). circles are the locations of galaxies with undetected Hβ where
I instead infer the Hβ flux from the measured Hα flux, as in Figures 2.12 and 2.13.
Black circles show the data binned by mass for log10(M) = 7.5-8.5, 8.5-9.5 and 9.5-
10.5.
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Figure 2.19: Mass metallicity relation for R23 and O32 derived metallicities, colour
coded by redshift. circles are the locations of galaxies with undetected Hβ where I
instead infer the Hβ flux from the measured Hα flux, as in Figures 2.12 and 2.13.
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Figure 2.20: modified mass-metallicity diagram, with µ=log10(M)-αlog10(SFR) and
α = 0.32 from Mannucci et al. (2010). The best fit parameterisation is given by the
blue curve.
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ically in this work, are fainter than HAB = 24mag (IAB ∼ 25mag) and will have

escaped previous spectroscopic surveys, with 30% of our WISPS galaxies fainter still

(HAB > 25mag).

I determine the Hα equivalent width of the galaxies in the sample through the

ratio of the Hα emission line flux, corrected for [NII] contribution and stellar absorp-

tion (see Sections 2.3.3.1 and 2.3.3.2), and the continuum flux density determined

from the broadband magnitude of the photometric filter the line fell in. I remove the

contribution of the emission line to the flux in the broad-band filter when calculat-

ing the stellar continuum, using the transmission profile of the filter and assuming a

spectral slope of fλ ∝ λβ with β = −2 (a slope flat in fν appropriate for ongoing star

formation in the absence of significant reddening, e.g., Wilkins et al. 2011, and I note

that in Section 3.3.1 I test how an EW estimate would change if I instead assumed

a reddened slope with E(B-V)=0.2 with a Calzetti et al. (2000) extinction law and

find a less than 1% change). I convert all the observed-frame equivalent widths to the

rest-frame values (EW0) using EW0 = EWobs/(1+ z). A distribution of the Hα rest-

frame equivalent widths is shown in Figure 2.21, and I also compare our distribution

of Hα rest-frame equivalent widths with that determined from a broad-band-selected

survey from Mouhcine et al. (2005). I note that a tail of high-EW0 galaxies is picked

up in the slitless spectroscopy that is missing from the broad-band selection. The

high-EW0 tail will also be enhanced compared to the z∼ 0.06 Mouhcine et al. (2005)

sample due to the evolution of Hα EW with redshift.

I examine the distribution of rest-frame Hα equivalent widths across our three

redshift bins. The median (and mean) rest-frame Hα equivalent widths for the low

(z < 0.7), medium (0.7 ≤ z < 1.28) and high (z ≥ 1.28) redshift bins are 78Å (mean

115± 23Å), 112Å (mean 211± 47Å) and 126Å (mean 265± 101Å) respectively, from

bins of 27, 36 and 6 galaxies with Hα observations, where I quote the standard error

on the mean. I show this data binned by redshift in Figure 2.22, and parameterise

the growth of rest-frame EW with redshift as

EW0 ∝ (1 + z)P (2.2)

where I determine the best-fit value of P to be 1.88 ± 0.32. One important ques-

tion is whether this strong evolution in rest-frame equivalent width is real, or is a

product of the way these galaxies have been selected (potentially introducing biases).

The WFC3 slitless spectroscopy selects on emission line flux, and in terms of placing

69



galaxies on the FORS2 slit masks for follow-up spectroscopy we prioritised those with

higher S/N in the WFC3 emission line, and also those galaxies with emission lines

showing observed frame EWs >100Å with those above 300Å as top priority. I note

that the sensitivity to lines vs. continuum (i.e. EW) is boosted at high redshift due

to a fixed observed-frame EW limit dropping in rest-frame EW0 by EWobs/(1 + z),

but most of the sources are well above the EW threshold for line identification in

slitless spectroscopy, and the main selection effect is the Hα S/N. Hence it seems

that the strong evolution in the equivalent width of galaxies with redshift is real (the

large power law, P, in Equation 2.2), with any biases introduced by the observational

selection likely to underestimate the true evolution (P ) since we would be including

progressively lower EW galaxies at higher redshifts.

The sample shows a trend of increasing Hα restframe EW with redshift , in line

with the picture of increasing specific star formation rate (e.g., Mármol-Queraltó

et al. 2016). Similar results on the redshift evolution of the Hα equivalent width are

obtained by the 3D-HST survey (Fumagalli et al., 2012), who also use WFC3 slitless

spectroscopy. For their 10 < log10(M/M⊙) < 10.5 sample, Fumagalli et al. (2012)

determine an evolution of rest-frame Hα EW13 over the range 0 < z < 2.2, charac-

terised by P = 1.79±0.18 for their sub-sample of Hα detected sources using the same

parameterisation as Equation 2.2, which agrees with the determination of P = 1.88

from the typically lower mass sample in this work. I note that the galaxy selection

used to create the sample in this Chapter is different to that used by Fumagalli et al.

(2012) in their complete galaxy sample, who select a sample based on multi-colour

imaging in the well-studied CANDELS fields and hence also include galaxies with

undetected Hα line emission (i.e. low star formation rates, below the sensitivity of

WFC3). Such galaxies are not included in the emission-line-selected sample in this

Chapter, where I prioritise spectroscopic follow-up of high equivalent width sources.

The specific star formation rates in my emission line selected sample are higher than

the reported stacked average sSFRs in the Fumagalli et al. (2012) complete sample,

due the bias against low-SFR systems in emission-line selected samples such as in this

Chapter, and that the broadband selection from Fumagalli et al. (2012) limits their

sensitivity to low stellar masses systems.

13In the HST Grism the Hα emission line is blended with the [NII] doublet and Fumagalli et al.
(2012) do not correct for the contribution from [NII]. The value of the power law evolution will remain
comparable to the results of this Chapter unless there is significant evolution in the [NII]/Hα ratio.
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In Section 2.3.6.1 I compared two stacks of high and low Hα EW and found that

galaxies with EW0 > 100Å, which may be missed by broadband selected spectroscopic

surveys (e.g., Mouhcine et al., 2005), had higher [OIII]/Hβ and O32 line ratios than

EW0 < 100Å galaxies. This indicates that these more extreme emission line galaxies

have lower metallicity and/or higher ionisation parameters than galaxies with lower

EW (see Figures 2.16 & 2.17). This supports the contention that the population of

galaxies captured by broadband photometric selection criteria may not represent the

full variety of star forming galaxy properties, and may miss low stellar mass galaxies

with high specific star formation rates.

2.4 Conclusions

In this Chapter I have followed-up galaxies identified through line emission in the

near-infrared in the slitless HST/WFC3 WISPS survey, using VLT/FORS2 optical

spectroscopy to confirm the redshifts and to study the reddening and metallicity of

this emission line population. Half of the WISPS galaxies in our sample are fainter

than HAB = 24mag, and would not have been included in many well known surveys

based on broad-band magnitude selection. Over 4 WISPS fields, 85 out of 138 line

emission objects were targeted, identified in the WFC3 slitless spectra over a redshift

range 0.4 < z < 2. I confirm 95% of the initial WFC3 grism redshifts in the 38 cases

where I detect lines in the FORS2 spectra. Spectroscopic confirmation from FORS2

is important because in many cases the WFC3 detected only a single emission line,

usually assumed to be Hα. For these single-line WFC3 sources, I confirmed the red-

shifts of 15 out of 17 galaxies (88%).

I measure the Balmer decrement (the Hα/Hβ flux ratio, after correcting for stellar

absorption and for [NII] emission blended with Hα at the resolution of WFC3 grism),

and find that the extinction of the WISPS galaxies is consistent with A(Hα) = 1mag

with some evidence for an increase in reddening with Hα luminosity, and less red-

dening than seen in z ∼ 0 samples. After correction for reddening, I find good

agreement between star formation rates derived from the Hα emission line and those

from the rest-frame UV continuum (LUV ) with a near-linear relation of SFR(LUV ) =

[SFR(Hα)]1.15±0.10. I obtain comparable star formation rates to those from the dust-

corrected rest-UV when doing SED-fitting of the stellar population with BEAGLE on

multi-band photometry including Spitzer 3.6µm. I find that stellar masses derived
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Figure 2.21: Upper panel: Hα restframe equivalent width distribution of the WISP
selected galaxies with follow up FORS2 observations. Corrected for [NII] contribution
and stellar absorption, two AGN candidates have been removed (see Section 2.3.5).
Lower panel: I compare our EW distribution (blue histogram) with that determined
from the broad-band selected survey of Mouhcine et al. (2005) in red, and note the
tail of high-EW galaxies which is missed in the broad-band selection (the Mouhcine
et al. 2005 sample has selected on EW0(Hβ) > 0 Å , which results in the sharp decline
in the red histogram at EW0(Hα) < 40,Å).
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Figure 2.22: Mean Hα rest-frame equivalent width against mean redshift of the low,
medium and high redshift samples. A power law trend of the form EW ∝ (1 + z)p

is fit with a best fit power law of p = 1.88 ± 0.32, consistent with the findings of
Fumagalli et al. (2012) at higher masses (log10(M/M⊙) = 10-11.5).

from this fitting have a median mass of log10(M/M⊙) = 8.94, and the emission-line-

selected galaxies tend to lie above the star-forming main sequence when plotting star

formation rate against stellar mass (i.e. they have higher specific star formation rates

than the comparison samples at similar redshifts).

I use emission line ratios to identify two likely AGN (∼5% of the sample) from

the BPT diagram (modified to use [SII] rather than [NII]) and the mass-excitation

(MEx) diagnostic. For the star-forming galaxies, I use the [OIII], [OII] and Hβ lines

to derive gas-phase metallicities using the strong-line O32 and R23 diagnostics and

the calibrations from Curti et al. (2017). Individual galaxies detected in these lines lie

within the region of the diagrams occupied by the low-z SDSS galaxies and typically

have sub-solar metallicity, with a trend of metallicity decreasing with redshift. The

WISPS galaxies exhibit a mass–metalicity relation, and lie below the z = 0 relation

(i.e. the WISPS galaxies have lower metallicity) and these results are consistent with

the evolution seen in other high redshift studies. I find a trend that for galaxies of the

same mass, those with higher star formation rates have lower metallicity, consistent

with the existence of a Fundamental Metallicity Relation between SFR, stellar mass
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and metallicity.

Finally, I consider the evolution of the Hα rest-frame equivalent width of galaxies

in the sample, and find a strong dependence on redshift of EW0(Hα) ∝ (1+z)1.88±0.32.

When I split our sample by Hα equivalent width at EW0(Hα) = 100 Å, I find that

higher EW galaxies have a larger [OIII]/Hβ and O32 ratio on average, suggesting

a lower metallicity or higher ionisation parameter in these extreme emission line

galaxies.
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Chapter 3

The [OIII]λ5007 equivalent width
distribution at z ∼ 2: The redshift
evolution of the extreme emission
line galaxies

3.1 Introduction

In the last few years, spectroscopic studies at z ∼ 0 − 2 have shown that extreme

emission line galaxies (EELGs, identified by large nebular emission line equivalent

widths1) are more efficient ionising agents than typical star forming galaxies at these

epochs. The photon production efficiency of ionising radiation increases with an in-

creasing [OIII]λ5007 EW, reaching its largest values in the most extreme systems

within the EELG population (e.g., Chevallard et al. 2018; Tang et al. 2019). Many

EELGs also show evidence of large ionising photon escape fractions (e.g., Izotov et al.

2016; Fletcher et al. 2019), making them potentially good analogues of the galaxies

that may have reionised the Universe at higher redshifts. Nebular gas under very

high ionisation conditions has been proposed as a necessary but not sufficient cri-

terion for large fesc (Nakajima et al., 2020; Jaskot et al., 2019; Izotov et al., 2018).

This is commonly parameterised using the O32 index (the flux ratio of [OIII]λ5007

and [OII]λ3727,3729), a quantity that will soon be measurable at z > 6 with JWST.

The O32 values that appear required for large fesc (O32>6) are uniquely found in

1As I will discuss later in Section 3.3.2, there is no set definition for what EW threshold (or even
which emission line, e.g., Hα or [OIII]λ5007) is required for a galaxy to be termed an EELG, and
in this study I will investigate EELG sub-samples of galaxies with [OIII]λ5007 EWs above 200, 500,
750 and 1000Å. Special focus will be given to EELGs above 750Å, as these have the potential for
large fesc of ionising photons in addition to having higher ionisation photon production efficiencies
that typical galaxies at z ∼ 2.
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EELGs, in particular those systems with [OIII]λ5007 EW > 750Å. At z ∼ 3, Pahl

et al. (2021) measure an average fesc for SFGs to be ∼ 6%. In contrast, individual

EELGs with [OIII]λ5007 EW well above 1000Å have been observed to exhibit escape

fractions up to an order of magnitude greater than these typical systems (Vanzella

et al., 2016; Rivera-Thorsen et al., 2017; Izotov et al., 2018; Fletcher et al., 2019).

These observations suggest that when galaxies are in an EELG (or burst) phase, they

are likely to contribute more to the ionising background than a typical SFG at z

≃ 2 − 3. However the fraction of EELGs in the star forming population is not well

constrained at these redshifts. As a result, it is not clear that these systems make a

significant contribution to the z ≃ 2− 3 ionising background.

At higher redshifts (z > 5), broadband spectral energy distributions (SEDs) sug-

gest that EELGs may be fairly ubiquitous within the SFG population. This inference

comes from the presence of strong Spitzer/IRAC flux excesses in filters that are

contaminated by [OIII]+Hβ emission lines. (e.g., Labbé et al., 2013). The flux ex-

cesses imply substantial equivalent widths, often placing galaxies in the EELG regime.

While for some of these z > 5 galaxies the flux excess may also have a contribution

from a Balmer break (e.g., Eyles et al., 2005, 2007; Roberts-Borsani et al., 2020), over

some redshift ranges (e.g., 6.6 < z < 6.9, Endsley et al. 2021; Smit et al. 2014, 2015)

the flux excess can unambiguously be linked to rest-optical emission lines. This has

enabled the first glimpse at the [OIII]+Hβ EW distribution in the reionization era.

At z > 6, typical [OIII]+Hβ rest-frame EWs are ∼ 600− 700Å (Endsley et al., 2021;

De Barros et al., 2019; Labbé et al., 2013). Endsley et al. (2021) find that 20% of

the SFG population at z ∼ 7 exhibits yet more extreme EWs with [OIII]+Hβ EW

> 1200Å (see also Smit et al., 2014, 2015; Roberts-Borsani et al., 2016; Castellano

et al., 2017). Like EELGs at lower redshifts, these large EWs imply the presence

of extreme radiation fields, which is further supported by observations of strong line

emission from high-ionisation rest-UV metal lines, such as CIII]λ1909Å, CIVλ1549Å

and HeIIλ1640Å (Stark et al., 2017, 2015a,b; Mainali et al., 2017; Laporte et al.,

2017; Schmidt et al., 2017; Mainali et al., 2018; Hutchison et al., 2019).

EELGs at high redshift may play a key role in the reionisation of the Universe.

During the epoch of reionisation, the once neutral hydrogen in the inter-galactic

medium (IGM) is ionised by a new source of ionising UV photons (the Lyman con-

tinuum photons, λ ≤ 912Å). The source of this Lyman continuum emission origi-

nates within galaxies in hot young stars and the super-heated accretion disks around
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SMBHs, with the observed abundance of QSOs at high redshifts favouring that SFGs

are the more dominant source (as discussed in Chapter 1.2.3). If, as seems likely,

EELGs are very common at high redshift and have large escape fractions of ionis-

ing photons, then they may be a key population in achieving reionisation. When

Lyman continuum photons are able to escape from the galaxies the photons can

begin to ionise the neutral hydrogen in the IGM, with the galaxies sitting at the

centre of newly created ionised bubbles. As time progresses the size of the ionised

regions around galaxies expands and the bubbles from multiple sources join up to

create large regions of ionised hydrogen. By the end of the EOR, the abundance

of neutral hydrogen has diminished, with only small pockets remaining between the

interconnected-ionised bubbles.

In this Chapter, I seek to provide a robust measurement of the [OIII]λ5007 EW

distribution in SFGs at z ≃ 2. By selecting systems in the same manner as those at

higher redshifts (i.e., UV-selected dropouts), I aim to provide a baseline measurement

which allows the evolution of the EELG population (and its implied duty cycle) to

be established as a function of redshift into the epoch of reionization. For this study

I require a robust photometric redshift (to ensure the [OIII] line is within the Grism

G141 wavelength coverage), a large enough sample to perform the Bayesian statistical

analysis (to reduce the effect of small number statistics on the results and to allow

the fitting of sub-sets of the sample to test for evolution – e.g., high vs low redshift)

and sensitivity to both high and low EWs. However, the WISP survey, used in Chap-

ter 2, whilst being an effective slitless spectroscopic survey is limited by only certain

fields having multi-wavelength broadband photometry available for constraining the

photometric redshift, and was designed to study the properties of the strongest line

emitters with a selection based on their line flux, and hence the WISP survey isn’t

sensitive to low EW systems which typically have faint line fluxes and which are cru-

cial for constraining the EW distribution. Instead I select galaxies in the GOODS

North and South field at z ∼ 1.7− 2.3 using the HDUV photometric catalogues and

redshifts (Oesch et al., 2018), creating a sample sensitive to a broad EW range, and

I characterise the [OIII]λ5007 emission line properties using 3D-HST slitless spectra

(Momcheva et al., 2016) (described in Section 3.2). I determine whether the fraction

of the strongest line emitters increases with redshift by comparing these results at

z ∼ 2 with existing measurements at higher redshifts (described in Section 3.3). I

discuss implications of these results for reionisation (in Section 3.4).
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3.2 Sample Selection

3.2.1 A photometric sample of z ≃ 1.7− 2.3 galaxies

This work is motivated by recent studies z ∼ 7 that have revealed intense rest-optical

nebular emission (e.g., median [OIII]+Hβ EW ∼ 600−700Å, see Endsley et al. 2021;

De Barros et al. 2019; Labbé et al. 2013). Whilst examples of such objects have been

identified at lower redshifts (z ∼ 1−3 Fumagalli et al., 2012; Atek et al., 2010; Maseda

et al., 2018), the fraction of star forming galaxies with extreme line emission at these

redshifts has yet to be quantified. In this Chapter I combine the HST/WFC3 G141

grism slitless spectroscopy from 3D-HST (Momcheva et al., 2016) with the Hubble

Deep UV legacy survey photometry (HDUV; Oesch et al., 2018) to measure the EW

distribution of [OIII]λ5007 of 672 galaxies at redshift ∼ 2 (1.700 < z < 2.274). I

describe the selection criteria that leads to this sample below.

To facilitate comparison to higher redshift [OIII]+Hβ EW distributions (e.g., De

Barros et al. 2019; Endsley et al. 2021), I select a parent sample from the HDUV

catalogue (Oesch et al., 2018) using their photometric redshifts which mimic a rest-

UV Lyman break dropout colour selection that is similar in nature to those used at

z > 4. The HDUV catalogue adds UV photometry in the F275W and F336W filters

over ∼ 100 arcmin2 of the CANDELS GOODS North and South fields. The addition

of UV photometry to existing optical and near infrared (NIR) data in these fields

allows selection of z∼2 galaxies using their characteristic Lyman break (Steidel et al.,

1996b,a) which provides robust photometric redshifts. The two UV filters have aver-

age 5σ magnitude depths (in 0.4” diameter aperture) of 27.4(27.6) and 27.8(28.0) for

F275W and F336W across GOODS North(South) (Oesch et al., 2018). These two UV

filters are combined with the high quality HST ACS optical and WFC3 near-infrared

photometry as well as the Spitzer/IRAC and ground-based filters. Oesch et al. (2018)

use this photometry to generate photometric redshifts for the 30,561 galaxies in the

HDUV catalogue using EAZY (Brammer et al., 2008). As I describe below, I con-

struct a sample using these photometric redshifts as my initial selection, similar to

that often used to identify z > 4 galaxies (e.g., Finkelstein et al. 2015; McLure et al.

2011). At the redshifts I am interested in for this analysis, the photometric redshifts

are primarily driven by the Lyman break probed by the HDUV photometry. I

note that at high redshifts the high abundance of neutral hydrogen along the line of

sight creates complete suppression of the Lyman continuum below the Lyman break.

Whereas, at more moderate redshifts (z ∼ 2), the abundance of neutral hydrogen
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along the line of sight is lower and potentially more patchy, creating less complete

suppression (this is seen for example in the Lyman forest region of QSO spectra).

The level of suppression, however, does remain sufficient to create a distinctive break

at Lyα at z=2, even if the Lyα forest does not produce completely suppression, and

there is still near-complete absorption below the Lyman limit (912Å), the ionisation

edge of hydrogen. The Lyman break technique for selecting galaxies has been used at

this redshift for many years (e.g., Oesch et al. 2010a has a colour selection for z ∼ 2

drop-outs in the F275W/F336W-band) as the level of neutral hydrogen along the line

of sight is still sufficiently prominent to secure a continuum break.

Since the goal is to characterise the strength of the [OIII]λ5007 emission in these

galaxies, I must pick objects that have photometric redshifts which place the [OIII]

doublet confidently within the G141 grism spectral window (∼1.0755 to 1.6999 µm).

This translates into a redshift range of 1.148 < z < 2.395. However there is an ad-

ditional constraint that limits the selection further. Below z ∼ 1.7, the Lyman limit

begins to shift blueward of the F275W and F336W filters, making dropout identifica-

tion somewhat less reliable without bluer filters (i.e., F225W). I thus adopt z = 1.700

as my lower redshift bound. At the high redshift end, I need to choose objects that are

confidently within the redshift range (z < 2.395) where I can measure [OIII] doublet

with the G141 grism. Accounting for the typical photometric redshift uncertainty in

this sample, I conservatively adopt an upper redshift bound of z = 2.274 for pho-

tometric selection, minimising the inclusion of sources with true redshifts above the

z = 2.395 threshold. I select all galaxies in the HDUV catalogues with photometric

redshifts between 1.700 and 2.274. As I will show below, sources in this redshift range

have SEDs that show strong breaks associated with IGM attenuation, driving the so-

lution of the photometric redshifts in HDUV catalogue. This redshift cut results in a

sample of 4026 galaxies, with the photometric redshift distribution of the final sample

shown in Figure 3.1.

I next apply a brightness cut on the rest-UV magnitudes of the photometric sam-

ple. This serves two purposes. First, it ensures consistency with higher redshift

dropout samples which are traditionally selected in the rest-frame UV. Second, the

magnitude threshold guarantees that this sample is well-matched to the sensitivity

of the grism spectra, enabling useful constraints (or upper limits) on the [OIII]λ5007

EW. I adopt a fixed cut on MUV, the absolute magnitude measured near rest-frame

1500Å. To calculate MUV for this sample, I adopt the apparent magnitude in the
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filter closest to rest-frame 1500Å. I use either the observed F435W (B-band) magni-

tude below a redshift of z = 2.2 or the observed F606W (V-band) magnitude above

z = 2.2. To convert apparent to absolute magnitude, I use the grism-based redshift if

the [OIII] doublet is detected at S/N>5 and the photometric redshift otherwise. I will

show below that the grism redshifts and photometric redshifts are highly-consistent.

I choose MUV = −19 as the magnitude cut, ensuring that galaxies are detected at

significantly greater than 5σ in both F435W and F606W filters. This reduces the

sample to 766 galaxies. The exact choice of the MUV threshold is arbitrary and does

not significantly change the best fit parameters for the best fit EW distribution, as

discussed further in section 3.3.4. The MUV distribution for my final sample is shown

in Figure 3.2.

I use the latest grism catalogue (V4.1.5) from 3D-HST (Momcheva et al., 2016;

Brammer et al., 2012). This catalogue contains spectra extracted for all galaxies

within the field with a near-infrared (NIR) JHIR magnitude brighter than 26 (see

Momcheva et al., 2016). There are 28 galaxies within the sample that do not satisfy

this NIR threshold and hence do not have available spectroscopic data. To retain

these targets within the sample I locate each within the grism slitless spectroscopy

and inspect their 2D spectrum, determining that no emission lines were visible in any

of the 28 systems. The lack of any visible emission lines is confirmed by utilising an

alternative line detection procedure (with no requirements on NIR magnitude) de-

scribed in Maseda et al. (2018)2. I will treat each as a non-detection in the following

analysis. Keeping these targets within the sample ensures that the NIR magnitude

never directly enters the selection, which is important owing to the influence that

emission lines can have on the NIR broadband flux if equivalent widths are large.

I make two final cuts to the photometric sample. First, I remove a small number of

sources with very red (B-V) colours. Such objects are generally kicked out of Lyman

break selections and would not feature in higher redshift samples I wish to compare

to. To remove these objects, I utilise a colour cut of B − V < 0.8 (using the F435W

and F606W HST ACS filters). This colour threshold is very close to the Lyman break

colour cut used at similar redshifts by Oesch et al. (2018). This specific colour is cho-

sen to correspond to select sources with E(B-V) < 0.4, equivalent to UV slopes with

β < −1.0 (where fλ ∝ λβ). Here I have assumed the dust attenuation law derived

from typical z ∼ 2 galaxies (Reddy et al., 2015). This B-V threshold reveals 4 very

2This specific check was carried out by Dr. M. Maseda
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red sources which I remove from the sample. I note that adopting a slightly different

colour cut does not significantly alter the results. I also wish to remove sources that

may host active galactic nuclei (AGNs), as my goal is to establish the [OIII]λ5007 EW

distribution in star forming galaxies. I cross-match the sample against deep Chandra

X-ray imaging across GOODS-North (Alexander et al., 2003; Xue et al., 2016) and

GOODS-South (Xue et al., 2011), identifying sources that match the coordinates of

my sample using a 1.0” search radius. There are 30 targets within the sample that

show X-ray counterparts and are removed. Together these two cuts reduce the sample

to 732 galaxies.

The goal is to establish the [OIII]λ5007 EW distribution in this photometric sam-

ple. To do so, I first need to ensure that I have removed any galaxies with grism

artefacts from the sample, and second I need to quantify the scatter between the

photometric and grism redshifts. I visually examine the grism spectra of the remain-

ing sample to characterise data quality. I identify spectra that have artificial features

created by edge effects where the dispersed light of the galaxy falls partially outside

the illuminated region of the detector. These artificial features may be mistaken for

emission lines, while regions of un-illuminated spectra may contain genuine features

that would be missed. The 3D-HST catalogue provides a flag ‘f cover’ describing

the fraction of dispersed light that falls within the illuminated region of the detector.

I find that removing all sources where the f cover parameter is below 0.65 effectively

eliminates these incidences in the sample. This removes 51 targets.

I also identify targets that display a negative spectrum on average, where poor

contamination subtraction of the contributed light from overlapping spectra has com-

promised the individual extractions. The 3D-HST catalogue flag ‘f negative’ de-

scribes the fraction of the spectrum that has a negative flux and I determine that a cut

on the f negative parameter at 0.7 effectively removes these compromised spectra

from the sample, eliminating a further 4 galaxies. I additionally review and remove 1

further system (3D-HST ID: S24717) identified to have incorrectly-associated grism

emission lines, due to the dispersed light of other galaxies lying coincident with that

of the target. I deem the target spectrum to be irretrievable behind the dominant

contamination of the neighbour and remove it from the sample. I also individually

review all targets with SExtractor ‘class star’ value greater than 0.5. This inspec-

tion results in 3 targets being removed (S20271, S23225, S29694) after being identified

as either stars or for having their photometry or slitless spectroscopy compromised
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by lying in the wings of stellar diffraction spikes. I also remove one object (S24312)

as it is associated with one component of a larger galaxy that is already in the sample

(S24365). These cuts leave 672 galaxies.

3.2.2 Photometric redshifts and contaminants

Now that I have a cleaned sample of grism spectra, I can quantify the reliability of

the photometric redshifts used to select the parent sample and assess the contami-

nation level among those objects without spectroscopic redshifts. To do so, I take

two different approaches. First I identify objects with robust grism redshifts in the

photometric sample. I define these as those with confident emission line detections

([OIII] doublet detected at a greater than 5σ significance) following work in Tang

et al. (2021b). There are 293 galaxies that satisfy this emission line cut in the photo-

metric sample. In this sub-sample, I see that the photometric redshifts do a very good

job of reproducing the grism redshifts. To quantify this, I define the typical scatter

between photometric and grism redshift using the the normalised median absolute

deviation, defined as σNMAD = 1.48×median(|∆z−median(∆z)| /(1 + zspec)), where

∆z = zspec − zphot(e.g., Brammer et al., 2008). I find a normalised median absolute

deviation of σNMAD = 0.037 for the sub-sample with robust grism redshifts, suggest-

ing good agreement between photometric and grism redshifts. I will assume this

dispersion is characteristic of the photometric redshifts in the sample, including those

systems lacking grism redshifts. This latter subset primarily includes objects with

lower equivalent width emission lines. The HDUV photometric redshift 68% confi-

dence intervals of these sources (median ∆z = 0.063) are comparable to those objects

in the sample with grism redshifts (median ∆z = 0.053), likely reflecting their similar

continuum magnitudes which in turn enable robust characterisation of the Lyman

break (which again is what primarily drives the photometric redshift solution). The

average strength of the Lyman break is consistent between the robust grism redshift

sub-sample and the sub-sample without significant line detections, both exhibiting a

strong F275W-F435W mean break colour of 2.4 mag. Hence in spite of their lower

emission line equivalent widths, we expect the photometric redshifts of these sources

to be similar in their reliability as those with grism redshifts.

The typical dispersion between photometric and grism redshifts allows the fraction

of the sample that is likely to be in-scattered from redshifts where the G141 grism

is not able to constrain [OIII] emission (z < 1.148 or z > 2.395) to be calculated.
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Given the value of σNMAD, I can perturb the measured photometric redshifts of the

sample to quantify this contamination rate. While the in-scatter rate from sources

with z < 1.148 is expected to be negligible (owing to the significant buffer provided

by my z > 1.700 selection), the dispersion between grism and photometric redshifts

suggests that 3.4% of the photometric sample will have true redshifts of z > 2.395.

These sources will appear as non-detections in the photometric sample even though

they could have strong nebular line emission. This is easily accounted for in the de-

rived EW distribution, as I will discuss in Section 3.3.

In addition to the typical scatter described above, I expect a small number of

catastrophic outliers, where the derived photometric redshift is substantially offset

from the true redshift of the object. Such objects are generally not included in the

dispersion implied by a Gaussian distribution with σ = σNMAD, so they must be con-

sidered separately. Contaminants can be identified in the G141 grism via detection

of strong rest-optical lines (Hα, [OII], or [OIII]) at redshifts well outside of this works

selected range (1.700< z <2.274) or through the extensive ground-based spectroscopy

that has been conducted in the GOODS fields. I first consider the latter and focus

on the GOODS South field where many public redshift surveys have been conducted

(e.g., Le Fèvre et al. 2005; Vanzella et al. 2008; Balestra et al. 2010; Kurk et al.

2013). I cross-match these surveys with the sub-set of 318 GOODS-South galaxies

studied here, finding 75 unique matches. The spectra in these catalogues find only

one catastrophic outlier with a confident redshift identification (3D-HST ID: 19233,

matched to Balestra et al. 2010 ID: J033227.25-274919.2 with zspec = 0.5568), indicat-

ing a catastrophic outlier fraction of 1.3% in the ground-based spectra and suggesting

a fraction of at least 0.3% in the total GOODS-South sub-sample. The WFC3/IR

grism spectra provide an independent check. The G141 grism is able to detect Hα

down to z = 0.6, providing a window on low-z interlopers in the sample. Here I

define a catastrophic outlier as a source with a redshift that is further than 5σNMAD

from the lower redshift bound of the photometric redshift selection, corresponding to

z = 1.2. I identify 10 sources with Hα detections, but none fall below z = 1.4. These

redshifts are consistent with the Gaussian distribution implied by the calculation of

σNMAD, hence the grism sample is also suggestive of a low catastrophic outlier rate.

In the following section, I will conservatively assume a catastrophic outlier rate of

1.3% within the sample. I will add this catastrophic contamination fraction to that

derived for more typical source-to-source redshift scatter. The total contamination
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fraction (3.4%+1.3%=4.7%) will be modelled when deriving the EW distribution.

To summarise, I am left with a final sample of 672 galaxies, with 354 in GOODS

North and 318 in GOODS South. The total photometric sample includes 293 systems

with ≥ 5σ detections of the [OIII] doublet. The photometric redshift distribution is

presented in Figure 3.1 with an average value of z = 2.1 ± 0.2. The absolute MUV

magnitude distribution is shown in Figure 3.2 and spans −21.6 < MUV < −19.0, with

75.6% of targets fainter than MUV = −20.0. These values are well-matched to those

of z ≃ 7 galaxies that have been used to infer [OIII]+Hβ EWs via Spitzer/IRAC

excesses (De Barros et al., 2019; Endsley et al., 2021).

While this selection is initially based on the photometric redshift and not on a

colour cut as is used by Endsley et al. (2021), the selection still uses the Lyman break

as the main feature to determine the photometric redshifts. This choice may allow

galaxies that might not enter a purely colour-criteria selection to enter the sample,

for example, galaxies that are very red (dusty or quenched). However, since I apply

B − V colour criteria to remove red objects that sit apart from the SFG region of

colour space, this sample mimics the same selection as Endsley et al. (2021). So,

whilst the difference in method does initially create selections that are not identical

(in terms of the types of galaxies that can enter), effort is made to mimic the selection

function of high redshift surveys and will allow the results drawn from this work to be

compared to higher redshift studies. I note that the overall SFG population at z ∼ 2,

and that are represented in this sample, are probably not analogues of high redshift

SFGs, but the high EW objects within the z ∼ 2 population with elevated ionisation

conditions are likely to have ISM conditions similar to galaxies at high redshift, and

this sub-set may be good analogues of the high redshift population. It will be these

EELGs that will be the focus in this study.

3.3 [OIII]λ5007 Equivalent Width Distribution at

z∼ 2

In this section, I compute the [OIII]λ5007 EW distribution at z ∼ 2 from the selected

sample. I first discuss measurements of individual EWs in Section 3.3.1 and then

describe how I characterise the functional form of the EW distribution in Section

3.3.2. From this distribution I measure the fraction of galaxies caught in an extreme

EW phase (the EELG fraction), corresponding to very large sSFRs expected when
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Figure 3.1: Redshift distribution of the 672 dropout galaxies in the combined GOODS
North and South UV selected sample. The photometric redshifts presented here are
taken from the HDUV survey (Oesch et al., 2018) and restricted to 1.700 < z < 2.274
to ensure that the [OIII]λ5007 emission line, which will constrain the EW distribution,
is visible within the HST WFC3 G141 grism spectrum.
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Figure 3.2: Absolute magnitude MUV distribution of the z ∼ 2 sample of 672 galaxies.
The individual MUV magnitudes are measured using the observed B-band magnitude
below z = 2.2 and V-band magnitude above z = 2.2. The absolute magnitude is
restricted to MUV < −19.0 to ensure a sufficiently bright sample to observe a full
range of [OIII]λ5007 EWs.
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galaxies experience bursts of star formation. I characterise the redshift and luminosity

dependence of the EELG fraction in Section 3.3.3 and Section 3.3.4 respectively.

3.3.1 Individual equivalent width measurements

The first step in deriving the [OIII]λ5007 EW distribution is to robustly measure the

individual EWs for each of the 672 galaxies in the final sample. As described in Sec-

tion 3.2, I create a sub-sample of galaxies with significant [OIII] doublet detections

(≥ 5σ) and determine their [OIII]λ5007 EW. For the remaining sample I derive upper

limits on the EW. I describe this procedure below.

This approach is similar to that taken in Tang et al. (2019). For galaxies with

a ≥ 5σ [OIII] doublet detection in the grism spectra of Momcheva et al. (2016),

I use their measured line flux as part of determining the EW. I note that the

[OIII]λ4959, 5007Å doublet is unresolved at the spectral resolution of the G141 grism

and the total [OIII] doublet flux is reported in Momcheva et al. (2016). I correct the

total line flux of the doublet to the expected line flux of [OIII]λ5007 alone, assuming

the theoretical line flux ratio of 2.98 between [OIII]λ5007Å and [OIII]λ4959Å (Storey

& Zeippen, 2000). For the estimate of the stellar continuum at the observed wave-

length, I derive the continuum flux density from the broadband photometry rather

than using the spectral continuum measured from the grism spectra by Momcheva

et al. (2016). In many objects in the sample, the continuum is often very low S/N.

This approach provides a uniform method for the entire sample, and as I show later

in this section the two approaches give consistent EW measurements. To compute

the photometric broadband flux density in the filter covering the [OIII] doublet, I

re-measure the broadband photometry using IRAF.phot with apertures matched to

the size of the grism spectral extraction aperture to ensure consistency in the EW

measurement. The F125W broadband filter is used to determine the continuum for

galaxies below z=1.8, the F140W filter is used in the range z=1.8-2 and the F160W

filter is used above z=2 (or above z=1.8 when F140W is unavailable). In determining

the continuum flux density from the broadband photometry, I correct the flux within

the filter for the contribution of emission lines. I consider the contribution from all

lines detected in the grism spectra, weighted by the filter transmission profile at the

respective location of each line. For the majority of sources in the sample, this is a

very small correction that does not significantly impact the EW inference. I verify

that systems with grism non-detections have minimal emission line contribution to

the broadband flux (<5%). I find that three sources in the sample are sufficiently
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line-dominated that the the derived continuum flux density (after line subtraction) is

unreliably beneath the flux density corresponding to 5σ in that filter. In these cases

(S19339, S30532, N16381), I utilise the average of neighbouring broadband filters

without line contamination to measure the continuum flux density.

In order to compute the [OIII]λ5007 EW, I must make a small correction to con-

vert the continuum flux density at the effective wavelength of the chosen filter (i.e.,

F125W, F140W, F160W) to that at the rest-wavelength of [OIII]λ5007. Given the

small wavelength baseline involved, I assume that the stellar continuum is flat in fν , as

is appropriate for unreddened stellar populations at the range of ages spanned by the

sample. But this correction changes by less than 1% if I consider galaxies with more

reddening (i.e., selective extinction of E(B-V)=0.2 with a Calzetti reddening curve).

The [OIII]λ5007 EW is then taken as the ratio of the line flux to the continuum

flux density and corrected to the rest-frame using the grism-measured spectroscopic

redshift (EWrest = EWobs/(1 + z)).

I note that taking this broadband approach may lead to an overestimate in the con-

tinuum flux density if there is significant contribution from close proximity neighbours

to the measured photometry. I inspect by eye all galaxies with on sky neighbours

where the Skelton et al. (2014) half-light radii of the target and neighbour overlap.

Two targets of concern are identified (< 1% of the sample), and I employ Galfit

(Peng et al., 2002) to model and subtract the contribution from the neighbour and

re-compute the EW accordingly.

For systems lacking [OIII] doublet detections with S/N≥5, I derive upper limits

on the [OIII]λ5007 EW. For each non-detection, I adopt the 5σ grism flux upper limit

using the line sensitivity equation, described in Momcheva et al. (2016). This is an

empirical parameterisation of the flux uncertainties determined through 2D model

fitting of the grism spectra, acting as a function of the filter transmission throughput

at the observed wavelength and the aperture size required to span the spatial extent

of the galaxy (for each object I adopt the broadband flux radius from Skelton et al.

2014). The EW upper limits are then produced by combining the line flux upper

limit with the broadband continuum (derived as discussed above) and corrected to

the rest-frame using the HDUV photometric redshifts.
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Within the photometric sample, the sources with [OIII] doublet detections in the

grism spectra have rest-frame [OIII]λ5007 EWs ranging between 40 and 1800Å with a

median of 214Å. For sources that are sufficiently bright in the continuum (JHIR < 23

mag) the sample is sensitive to low EWs (< 50Å), providing a broad [OIII]λ5007 EW

range. The bulk of the [OIII] doublet non-detections are fainter sources where the

grism spectra are not sufficiently deep to reach low [OIII]λ5007 EWs. I find a me-

dian 5σ [OIII]λ5007 EW upper limit of 93Å. The dynamic range of the sample’s NIR

magnitudes means the distribution of EW measurements and upper limits overlap.

A histogram of the resultant [OIII]λ5007 EWs is shown in Figure 3.4. The detected

sources (blue) are assigned to their appropriate EW bin while the contribution to

the histogram from each EW upper limit source (orange) is spread over the EW pa-

rameter space below the 5σ upper limit, following the best fit log-normal distribution

(discussed in Section 3.3.2). The sum of the probability across all bins below the 5σ

upper limit equals 1 for an individual galaxy.

In Figure 3.3, I present the distribution of [OIII]λ5007 EWs for the sample against

the observed H-band magnitude and the inferred Muv magnitude. As expected, the

fainter systems with weaker continuum flux densities exhibit the largest EWs. Due to

the line sensitivity of the grism there is a minimum [OIII] doublet flux that achieves

the required 5σ detection for EW measurement, and towards weaker continuum flux

densities (fainter magnitudes) the EW detections are not sensitive to the lowest EWs.

This can be seen clearly in the blue EW data points in the top panel of Figure

3.3, especially fainter than 24.5 magnitude. However, the sample also includes non-

detections which place upper limits on the EW (again, based on the line sensitivity

of the grism). Towards lower magnitudes our sample is increasingly incomplete in

detections at low EW, but any potential bias driven by this are alleviated by the EW

upper limits which constrain the population and are included as part of the Bayesian

analysis in Section 3.3.2

3.3.2 Equivalent width distribution

As outlined in the introduction, the primary goal is to derive the [OIII]λ5007 EW

distribution. In doing so I seek to quantify what proportion of the z ∼ 2 population

is in an extreme EW phase, as is believed to be common z > 7. Equipped with robust

measurements and upper limits for the EW for the described sample I can now char-

acterise the distribution of EWs. I will model the sample, inclusive of non-detections,

with a log-normal EW distribution. This functional form has been shown to be a
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Figure 3.3: The [OIII]λ5007 EW (blue) or 5σ upper limit on the EW (orange) for the
sample against the H-band magnitude (Top panel) and the Muv magnitude (Bottom
panel). Due to the signal-to-noise requirement I place on the [OIII] doublet line
flux to ensure a detection, at faint H-band magnitudes the EW detections become
incomplete at low EW. However, the EW upper limits place constraints on the EW
distribution, removing the potential for bias. The Muv < −19 selection ensures that
even at faint Muv magnitudes the detections still reach low EWs.
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good fit to other EW samples (see Lee et al., 2007, 2012; Ly et al., 2011; Schenker

et al., 2014; Stark et al., 2013; Endsley et al., 2021).

To infer the underlying [OIII]λ5007 EW distribution from the observed sample I

follow the Bayesian method set out by Schenker et al. (2014) which preserves infor-

mation on each galaxy’s EW measurement uncertainty, while removing the need to

bin the equivalent width measurements. The EW distribution is modelled as a log-

normal function θ = [µLN, σLN]
3. I follow Schenker et al. (2014) and place a flat prior

P (θ) over both the log-normal location µLN and variance σLN parameters allowing the

posterior to be determined directly as the model likelihood from the observed sample.

For a set of model parameters [µmodel, σmodel] the model log-normal probability

distribution is given by

P (EW |θ)model =
(
2π σ2

modelEW 2
)− 1

2 e
− (ln(EW )−µmodel)

2

2σ2
model (3.1)

and the Gaussian measurement uncertainty on the measured equivalent width is given

by

P (EW )obsi =
(
2π σ2

obsi

)− 1
2 e

−
(EW−µobsi

)2

2σ2
obsi . (3.2)

Where µobsi and σobsi are the determined EW and observational uncertainty for the

ith system. The likelihood over the complete dataset is taken as the product of the

individual likelihoods of each galaxy within the sample. The individual likelihood for

each detected source (i) is defined as

P (obsi|θ)detect =
∫ ∞

0

P (EW )obsi · P (EW |θ)model dEW. (3.3)

The combination of the true EW distribution model with the Gaussian profile de-

scribing the EW measurement within the likelihood integral addresses observational

noise to avoid overestimating the number of EELGs, where noise would preferentially

scatter sources from the bulk of the distribution (with low EWs) towards extreme

EW and broaden the observed EW distribution (up-scatter).

3Equivalently this is the same as setting a normal distribution in logarithmic space with pa-
rameters θ = [µN, σN]. Both forms have been used in the literature and the relation between the
normal distribution parameters and the log-normal parameters is given by; σN = σLN× log10(e) and
µN = (µLN−σ2

LN)× log10(e) and I will provide the best fit results from the analysis in both formats.
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Table 3.1: Best fit model parameters for the rest-frame EW(Å). I show the results for
the log-normal distribution (LN) and normal distribution in logarithmic space (N).

Number µLN σLN µN σN

672 4.24± 0.07 1.33± 0.06 1.08± 0.10 0.58± 0.03

For sources which are undetected, the individual likelihood is defined by

P (obsi|θ)non detect = P (EW < EW5σi
|θ) + P (EW > EW5σi

|θ) · C1,i + C2 (3.4)

where C1,i is the proportion of the ith spectra that is unilluminated due to its loca-

tion on the detector. C2 is the photometric redshift in-scatter fraction, evalutated in

Section 3.2.2 to be 4.7%. The probability is determined as the sum of: the likelihood

that the galaxy has a EW below the 5σ limit; the likelihood that the galaxy has

an EW above this threshold multiplied by C1,i; and C2. Due to the inclusion of the

in-scatter term (C2), the probability P (obsi|θ)non detect may exceed 1 and so to avoid

this a maximum value is enforced set equal to 1.

A Markov Chain Monte Carlo (MCMC) approach is taken to efficiently cover the

parameter space using emcee (Foreman-Mackey et al., 2013). The marginalised pos-

terior distributions over the log-normal parameters are used to determine the best fit

model, which are presented in Table 3.1. I over-plot the best fit model for the sample

on the EW distribution in Figure 3.4 with the 2σ model uncertainties indicated by

the grey shaded region.

From the best fit results in Table 3.1 I report a mean (with standard error on the

mean) and median EW of 168± 1Å and 70± 5Å, with the EELG population skewing

the mean EW higher than the median. This mean is within the expected [OIII]λ5007

EW range (80-250Å) for log10(
M
M⊙

) = 9− 10 stellar mass galaxies based on the z ∼ 2

MOSDEF empirical relation by Reddy et al. (2018). The median is significantly lower

than the ∼ 450Å median [OIII]λ5007 EW inferred for z > 7 samples (Endsley et al.,

2021; De Barros et al., 2019; Labbé et al., 2013) (when converted from [OIII]+Hβ

to [OIII]λ5007 EW assuming the assumptions detailed in Section 3.3.3). I note that

the median [OIII]λ5007 EW in the sub-sample where the [OIII] doublet is detected

(≥ 5σ) was 214Å (see Section 3.3.1), whereas taking the whole sample and treating

upper limits as described I measure a lower median [OIII]λ5007 EW of 70Å. This

should be expected since intrinsically low EW sources would be more likely to have
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[OIII] doublet non-detections.

Through fitting a functional form, the proportion of SFGs with an EW above a

given threshold can be easily calculated and I shall call this the EELG fraction. For

each set of model parameters θ of the MCMC run the EELG fraction is recorded

and the resultant posterior density function (PDF) over all models is then used to

estimate the best fit overall EELG fraction and uncertainty for the population (see

Figure 3.5, discussed below).

Within the literature there is no set definition for the threshold [OIII]λ5007 EW

a galaxy must have to be classified as an EELG and the quoted threshold varies

from author to author. Commonly taken threshold values range from [OIII]λ5007

EW ∼ 100− 1000Å. At low redshift, Amoŕın et al. (2015) employ a ≥ 100Å thresh-

old to construct an EELG sub-set from a 0.11 < z < 0.93 SFG sample, and in the

distribution this EW threshold results in an EELG fraction of 39+2
−3% at z ∼ 2. At

intermediate redshifts considerable attention has been focused on photometric selec-

tion of EELGs, for example, van der Wel et al. (2011) who identify z ∼ 1.7 galaxies

through HST J-band (F125W) flux excess. These selected EELGs at z ∼ 1.7 tend to

have [OIII]λ5007 EWs above 500Å, which is comparable to the typical [OIII]λ5007

EW found at z > 7. Adopting a threshold of 500Å yields an EELG fraction of

6.8+1.0
−0.9% in my EW distribution at z ∼ 2.

More recently, spectroscopic work at z ∼ 2 exploring the stellar population and

gas properties as a function of [OIII]λ5007 EW (e.g. Tang et al., 2019, 2021a) has

focused on the most extreme line emitters, those with [OIII]λ5007 EWs above 750 or

1000Å. These are the galaxies at z ∼ 2 found to have the highest ξion, O32 values,

and the potential for large ionising escape fractions. In my z ∼ 2 distribution these

are rare, accounting for only 3.6+0.7
−0.6% above a threshold of 750Å and 2.2+0.5

−0.4% above

a threshold of 1000Å.

In Figure 3.5 I present the EELG fraction posterior density function (PDF) for

four [OIII]λ5007 EW thresholds. These correspond to the rough mean [OIII]λ5007

EW of SFGs at z ∼ 2 (200Å), the typically EW of SFGs at z > 7 (500Å) and

the EW seen in the most extreme line emitters at z ∼ 2 (750 and 1000Å). The

200Å threshold accounts for roughly a fifth of SFGs at z ∼ 2 with the higher EW

thresholds recovering diminishing fractions. The 500Å threshold highlights that the
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Sample EW≥ 200Å EW≥ 500Å EW≥ 750Å EW≥ 1000Å

full sample 21.2+1.7
−1.6 6.8+1.0

−0.9 3.6+0.7
−0.6 2.2+0.5

−0.4

1.70 < z < 2.01 19.7+2.1
−2.1 5.4+1.2

−1.1 2.6+0.8
−0.9 1.5+0.6

−0.4

2.01 < z < 2.274 22.8+2.6
−2.3 8.2+1.6

−1.5 4.7+1.2
−1.1 3.0+0.9

−0.8

−19.5 < MUV < −19 20.1+2.4
−2.1 6.7+1.4

−1.3 3.6+1.0
−0.9 2.3+0.8

−0.7

−21.6 < MUV < −19.5 22.3+2.4
−2.3 7.11.5−1.3 3.7+1.0

−0.8 2.2+0.7
−0.6

Table 3.2: The fraction of star forming galaxies in an extreme emission line phase
(the EELG fraction) with [OIII]λ5007 EW above four rest-frame EW thresholds.
The EELG fractions are presented as a percentage (%) for the full z ∼ 2 UV-selected
sample, the sample split into two redshift bins and the sample split into two bins of
UV luminosity.

SFGs common at z > 7 are rare at z ∼ 2, with the most extreme candidates effectively

absent from the z ∼ 2 population. I present the measured EELG fractions for each

[OIII]λ5007 EW threshold in Table 3.2.

3.3.3 Redshift evolution of the EELG fraction

The [OIII]λ5007 EW distribution produced in the previous section provides a baseline

to probe the redshift evolution of EELGs from z ∼ 2 out into the EOR. The best fit

distribution for z ∼ 2 SFGs produces a mean and a median EW of 168Å and 70Å

whereas recent work at z > 7 show a median EW of ∼ 450Å (Labbé et al., 2013; De

Barros et al., 2019; Endsley et al., 2021), suggesting significant evolution in the typi-

cal EW in the two billion years between these two epochs. This trend likely reflects

evolution in the sSFR and metallicity (a topic I will come back to in Section 3.4).

In what follows, I seek to use my EW distribution to quantify the redshift evolution

in the fraction of extreme emission line galaxies, using the various EW thresholds as

discussed in the Section 3.3.2.

I will compare the z ∼ 2 measurements to studies of galaxies at higher redshift

which also select on rest-frame UV luminosity. I consider three higher redshift studies

which characterise rest-optical EW distributions: Stark et al. (2013) at z ∼ 4 − 5;

Rasappu et al. (2016) at z ∼ 5; Endsley et al. (2021) at z ∼ 7. These three studies

are all based on Spizter/IRAC colours of Lyman break galaxies, where the flux ex-

cess between two adjacent filters is attributed to the presence of strong nebular lines
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Figure 3.4: The EW distribution of [OIII]λ5007 for star forming galaxies at 1.700 <
z < 2.274. The best fit log-normal model (red line) and 2σ uncertainties (grey) along
with the EW histogram in 75Å bins for the MUV selected sample constructed from 5σ
[OIII] doublet detections (blue) and 5σ upper limits (orange), where the histogram
contribution from each [OIII] doublet non-detection is assigned following the best fit
model below the associated 5σ [OIII]λ5007 EW upper limit. Top: linear y-axis with
cut-out to show high EW region. Bottom: logarithmic y-axis
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Figure 3.5: The MCMC posterior density function for the fraction of star forming
galaxies at z ∼ 2 with extremely large [OIII]λ5007 EW. The MCMC posterior distri-
butions for the fraction of SFGs above four different [OIII]λ5007 EW thresholds are
shown in blue (200Å, top left panel), orange (500Å, top right panel), green (750Å,
bottom left panel) and red (1000Å, bottom right panel).
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(either [OIII]λ4959, 5007+Hβ or Hα depending on the redshift and filter) allowing

the rest-optical nebular EWs to be measured for samples of SFGs. My primary com-

parison will be to Endsley et al. (2021) who model the [OIII]λ5007, 4959 + Hβ EW

distribution from 22 Lyman break dropouts at 6.63 < z < 6.83.

To compare against EELG fractions from Endsley et al. (2021), I scale the [OIII]λ5007

EW thresholds into appropriate [OIII]λ5007, 4959 + Hβ thresholds. As described pre-

viously, I obtain the [OIII]λ5007, 4959 threshold through a 2.98:1 flux ratio between

[OIII]λ5007 and [OIII]λ4959 (Storey & Zeippen, 2000). For Hβ, I infer the EW

contribution using an Hβ:[OIII]λ5007 EW empirical relation

log10(Hβ EW) = 1.065 × log10([OIII]λ5007EW)− 0.938 (3.5)

obtained from the Tang et al. (2019) results for a comparable sample of 1.3 < z < 2.4

EELGs covering a sufficiently broad [OIII]λ5007 EW range (∼ 100 − 2500Å). Here

the 500, 750 and 1000Å [OIII]λ5007 EW thresholds are equivalent to 754, 1135 and

1516Å [OIII]+Hβ EW thresholds.

In Figure 3.6, I present the z ∼ 2 [OIII]λ5007 EW distribution (as in Figure 3.4)

alongside the Endsley et al. (2021) z ∼ 7 [OIII]+Hβ EW distribution for comparison

(with the latter scaled to the [OIII]λ5007 EW). It is clear that whole SFG population

at the higher redshift z ∼ 7 exhibits larger EWs than the typical z = 2 SFG in my

work. Since the two EW distributions are determined from samples of SFGs that

have similar selection criteria (LBGs selected through a colour cut at z ∼ 7 or using

photometric redshifts at z ∼ 2 with the addition of a B − V colour cut to mimic the

removal of red dusty galaxies, see details in Section 3.2) the difference in the galaxy

population at these two epochs can be seen clearly with an obvious evolution in the

EW distribution. While subtle selection differences may influence the two distribu-

tions, such as photometric redshifts potentially selecting galaxies with relatively weak

Lyman breaks, the clear offset between the two cannot be put down to a selection-

based bias alone and evolution in the galaxy population is required.

The comparison sample also includes two Hα EW studies: Stark et al. (2013)

at 3.8 < z < 5; and Rasappu et al. (2016) at 5.1 < z < 5.4. In order to convert

the [OIII]λ5007 EW thresholds into that appropriate for the Hα studies, I apply a

conversion factor from the linear relation found by Tang et al. (2019) between Hα

and [OIII]λ5007 EW in EELGs. A scaling factor EW(Hα/[OIII]λ5007) = 1.0 for
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Figure 3.6: The z ∼ 2 [OIII]λ5007 EW distribution (as in Figure 3.4) alongside the
Endsley et al. (2021) z ∼ 7 [OIII]+Hβ EW distribution, with the x-axis scaled to the
[OIII]λ5007 EW. The two distributions are normalised so the maximum probability
of both distributions is equation to unity and the histogram of EWs is set in bins
of equal width in logspace. A clear distribution shift can be seen with the higher
redshift distribution sitting at higher EWs.
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[OIII]λ5007 between 450-800Å and 1.1 between 800-2500Å. This mapping suggests

that the 500, 750 and 1000Å [OIII]λ5007 EW thresholds are roughly equivalent to

500, 750 and 1100Å Hα EW thresholds. These conversions are comparable to what

has been used in the literature previously (e.g., Labbé et al. 2013; Rasappu et al.

2016).

To characterise the redshift evolution within the dataset, I divide the z ∼ 2 sam-

ple into two redshift bins, 1.70 ≤ z ≤ 2.01 and 2.01 < z ≤ 2.274 containing 329

and 343 galaxies respectively (using spectroscopic redshifts for [OIII] doublet detec-

tions and photometric redshifts for non-detections). I report EELGs fractions for the

two redshift bins in Table 3.2. Figure 3.7 shows the EELG fractions calculated at

[OIII]λ5007 EW thresholds of 500 and 750Å and compares to results in the literate

at higher redshift.

It is clear from Figure 3.7 that at higher redshifts a greater proportion of star

forming galaxies are observed in an extreme emission line phase. Not only are the

typical SFGs at z∼7 ([OIII]λ5007 EW ∼ 500 Å) rare at z∼2, representing 5.4+1.2
−1.1%

and 8.2+1.6
−1.5% of the population in the 1.70 < z < 2.01 and 2.01 < z < 2.274 bins,

but conversely the SFGs typical of z∼2 ([OIII]λ5007 EW ≤ 200Å) are rare at z∼7,

making up only ∼ 3% of SFGs at these high redshifts (Endsley et al., 2021). It has

been argued that objects with [OIII]λ5007 EW above 1000Å lie above the star form-

ing main sequence (the relation between the SFR of a galaxy and the stellar mass,

see e.g. Speagle et al. 2014). Such intense line emitters encompass ∼ 20% of the

population at z > 7, but at z ∼ 2 these objects are practically insignificant, with only

1.5+0.6
−0.4% (1.70 < z < 2.01) and 3.0+0.9

−0.8% (2.01 < z < 2.274) of SFGs in such a phase

in the two intermediate redshift bins. I consider a power law fit to the redshfit evolu-

tion of the EELG fraction (frac(z)= frac0 (1+z)P) and find z = 0 fraction and power

law slope parameters (frac0=0.47+0.12
−0.10%, P=2.42+0.18

−0.18) for an EW threshold of 500 Å

and (frac0=0.22+0.11
−0.07%, P=2.51+0.27

−0.32) for an EW thresholds of 750 Å. This evolution

with redshift may reflect changing star formation histories, particularly the presence

of bursty star formation in a galaxy population that can elevate the sSFR. Different

ionisation conditions within galaxies at low- and high-redshift, perhaps related to the

evolution of metallicity with redshift, can also help drive the evolution of the EW

distribution. This EW distribution evolution will be discussed further in Section 3.4.
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Figure 3.7: The evolution of the fraction of star forming galaxies with extremely
large [OIII]λ5007 EW. The fraction for two [OIII]λ5007 EW thresholds shown in
circles (Left plot - 500Å) and diamonds (Right plot - 750Å) across five redshift epochs
shown in blue (1.70 < z < 2.01), orange (2.01 < z < 2.274), green (3.8 < z < 5.0),
red (5.1 < z < 5.4) and purple (6.63 < z < 6.83). This works z ∼ 2 data points are
combined with the Hα studies at z ∼ 5 and the [OIII]+Hβ study at z ∼ 7 assuming
conversions to [OIII]λ5007 EW. A fitted power law slope ∝ (1+z)P and associated 1σ
uncertainty are shown in light blue.

Table 3.3: Best fit model parameters for the rest-frame EW(Å). I show the results for
the log-normal distribution (LN) and normal distribution in logarithmic space (N)
for the two redshift sub-samples.

z-range N µLN σLN µN σN

1.70− 2.01 329 4.26+0.09
−0.09 1.21+0.08

−0.07 1.21+0.12
−0.11 0.53+0.03

−0.03

2.01− 2.274 343 4.26+0.11
−0.12 1.43+0.11

−0.10 0.97+0.18
−0.18 0.62+0.05

−0.04
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3.3.4 The dependence of the EELG fraction on UV luminos-
ity

Here I characterise the luminosity-dependence of the [OIII]λ5007 EW distribution in

the range sampled by the dataset (−21.6 < MUV < −19). At z ≃ 7, an analysis using

Spitzer/IRAC flux excesses as a probe of rest-optical line strengths found no evidence

for a significant [OIII]+Hβ EW trend with MUV (Endsley et al., 2021). Given the

close connection between [OIII]λ5007 EW and the ionizing efficiency (see discussion

in Section 3.1), this result has implications for the MUV-dependent contribution of

galaxies to reionisation. Physically I may expect the [OIII]λ5007 EW to be stronger

towards lower UV luminosities given the observed correlation between MUV and stel-

lar mass at z ≃ 2 (e.g., Reddy & Steidel 2009) and the relationship between mass and

metallicity (e.g., Sanders et al. 2021). The larger electron temperature in lower metal-

licity systems can act to boost collisionally-excited emission lines such as [OIII]λ5007

(Reddy et al., 2018). The [OIII]λ5007 EW additionally depends on the sSFR (e.g.,

Tang et al., 2019). This is especially true at very large sSFR, where the [OIII]λ5007

EW is enhanced by the weak underlying rest-optical continuum associated with very

young stellar populations. If the large sSFR phase is more common in galaxies with

lower UV luminosities (as might be expected if bursts are more common in lower

luminosity and lower mass systems), I would expect to see larger EELG fractions at

the faint end of the luminosity function.

To investigate whether the [OIII]λ5007 EW distribution varies with UV luminos-

ity, I first separate the sample into a UV-bright (−21.6 < MUV < −19.5, 337 galaxies)

and UV-faint sub-sample (−19.5 < MUV < −19, 335 galaxies). I recompute the best-

fit log-normal parameters for the [OIII]λ5007 EW distributions in both magnitude

bins. The results reveal broad consistency in the model mean and also the median of

the two MUV bins: the mean EW values of the UV-faint and UV-bright samples are

165.1+2.0
−1.5 and 174+1.4

−1.1Å respectively (where I quote the standard error on the mean),

and the median values are 63+8
−7 and 74+7

−6Å. The full set of best-fit parameters for

both sub-samples is presented in Table 3.4. As can be seen in the table, both the

average and width of the EW distributions are consistent within 2σ.

I also consider specifically the luminosity-dependence of the EELG population,

computing the fraction of galaxies that have [OIII]λ5007 EWs above four physi-

cally motivated thresholds (200, 500, 750 and 1000Å , see Table 3.2). The EELG

fraction posterior density functions for both UV bins are shown in Figure 3.8. For
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Figure 3.8: The MCMC posterior density function for the fraction of MUV bright and
MUV faint star forming galaxies at z ∼ 2 with extremely large [OIII]λ5007 EW. The
MCMC posterior distributions for the fraction of bright −21.6 < MUV < −19.5 (solid
lines) and faint −19.5 < MUV < −19.0 (dashed lines) sources above four different
[OIII]λ5007 EW thresholds, shown in blue (200Å), orange (500Å), green (750Å) and
red (1000Å). At each EW threshold the two UV bins are consistent within 1σ.

each threshold (each sub-panel in Figure 3.8) the derived fraction of SFGs with an

[OIII]λ5007 EW above the given threshold is consistent between the two luminosity

sub-samples. The fraction of galaxies with an EW above the typical [OIII]λ5007 EW

at z ≃ 2 (200Å) is consistent between the fainter and brighter bins (from 20.1+2.4
−2.1%

to 22.3+2.4
−2.3%), and the same is found for the relative abundance of the most extreme

emission line galaxies (EW ≥ 1000Å) (2.3+0.8
−0.7% and 2.2+0.7

−0.6% for the fainter and

brighter bins).

The absence of significant variations in the [OIII]λ5007 EW distributions between

the UV-bright and UV-faint bins is consistent with the findings of Endsley et al.

(2021) at z ≃ 7.
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Table 3.4: Best fit model parameters for the rest-frame EW(Å). I show the results for
the log-normal distribution (LN) and normal distribution in logarithmic space (N)
for the two MUV sub-samples.

MUV N µLN σLN µN σN

−19.5 → −19 335 4.13+0.12
−0.12 1.39+0.12

−0.11 0.95+0.19
−0.18 0.60+0.05

−0.05

−21.6 → −19.5 337 4.31+0.08
−0.09 1.30+0.08

−0.07 1.14+0.13
−0.12 0.57+0.03

−0.03

3.3.5 Grism-derived EW supplemented sample

As discussed in Section 3.2.2, within the sample of 672 galaxies I define a sub-set

of 146 for which the Momcheva et al. (2016) EW based on the grism-derived stellar

continuum is deemed to be reliable. I define this sub-set as those galaxies with

a significant [OIII] doublet detection and EW measurement from Momcheva et al.

(2016), both required to have a S/N ≥ 5σ, where the low S/N below either criteria

would compromise the EW measurements. These EW measurements made from

the grism alone provide an alternative to the use of the broadband-derived stellar

continuum flux density. In Section 3.2 this robust sub-set was used to establish that

the broadband-derived stellar continuum provides a consistent EW estimate to the

grism-derived stellar continuum EWs. In this work I elected to use the broadband-

derived continuum method for all sources with an [OIII] doublet detection (≥ 5σ), to

provide consistency with targets with significant line detections but without reliable

grism-derived EW measurements. To review whether this choice would affect the

EW distribution I determine the EW distribution for the sample of 672 galaxies

where the EW measurements of the robust sub-set (146 galaxies) are supplemented

by the grism-derived [OIII]λ5007 EWs. I find consistency between both approaches,

those using the supplemented grism [OIII]λ5007 EWs and those using purely the

broadband-derived method, with the best fit EW distribution parameters agreeing

within 1σ. I further reproduce the EW distributions for the sub-samples that will

be explored in Section 3.3.3 and Section 3.3.4 and find consistent best fit parameters

between the grism supplemented sample and the sample used in this work. I provide

the best fit [OIII]λ5007 EW distribution parameters for the grism-derived [OIII]λ5007

EW supplemented sample in Table 3.5.
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Sample N µLN σLN µN σN

full sample 672 4.25± 0.07 1.32+0.06
−0.05 1.09+0.10

−0.09 0.57+0.03
−0.02

1.70 < z < 2.01 329 4.29+0.08
−0.09 1.22+0.08

−0.07 1.22+0.12
−0.11 0.53± 0.03

2.01 < z < 2.274 343 4.23+0.11
−0.13 1.43± 0.10 0.95± 0.17 0.62± 0.04

−19.5 < MUV < −19.0 335 4.16+0.12
−0.13 1.38+0.11

−0.10 0.98+0.18
−0.17 0.60+0.05

−0.04

−21.6 < MUV < −19.5 337 4.29± 0.09 1.31+0.08
−0.07 1.12+0.13

−0.12 0.57± 0.03

Table 3.5: Best fit model parameters for the rest-frame [OIII]λ5007 EW(Å). I show the
results for the log-normal distribution (LN) and normal distribution in logarithmic
space (N) for the grism-derived continuum flux density measured [OIII]λ5007 EW
supplemented sample. Each parameter consistent with the corresponding best fit
parameter using broadband-derived continuum flux densities for all detections.

3.4 Discussion

In this Chapter, I have derived the [OIII]λ5007 EW distribution in z ≃ 2 UV-selected

galaxies, thereby quantifying the fraction of EELGs at z ≃ 2. Locally (z ∼ 0) and at

intermediate redshifts (1 < z < 3), EELGs have been shown to be extremely efficient

ionisers, both due to their large ionisation production efficiencies (Chevallard et al.,

2018; Tang et al., 2019; Nakajima et al., 2020; Emami et al., 2020) and their large

escape fractions (e.g. Jaskot et al., 2019; Nakajima et al., 2020; Izotov et al., 2016;

Vanzella et al., 2016; Fletcher et al., 2019). However the rareness of this population

suggests they make a sub-dominant contribution to the ionising background from star

forming galaxies at z ≃ 2. In this section, I estimate the fractional contribution from

EELGs at z ≃ 2, combining [OIII]λ5007 EW distributions with nominal assumptions

on the ionising efficiency of the population.

I first consider the ionising contribution of EELGs at z ≃ 2, focusing on those

systems with [OIII]λ5007 EW > 750Å. While this subset comprises just 3.6% of

the z ≃ 2 population (Table 2), they are thought to be very efficient ionisers.

These objects have typical ionising photon production efficiencies of log10(ξion, erg

s−1Mpc−3Hz−1) = 25.58 (Tang et al., 2019), 3.3× greater than that in more typical

star forming galaxies at z ≃ 2 (Shivaei et al., 2018). While not all EELGs show

ionizing photon leakage, values are often significant in the population, with systems

having the largest [OIII]λ5007 EWs (i.e., >750 Å) often found with estimated escape
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fractions of up to 20-50% (Vanzella et al., 2016; Rivera-Thorsen et al., 2017; Izotov

et al., 2018; Fletcher et al., 2019). For the purposes of this calculation, I will as-

sume that this range of 20−50% escape fractions is exhibited by half of galaxies with

[OIII]λ5007 EW > 750Å, with the remaining half leaking no ionising radiation. While

this fesc distribution is clearly still very uncertain, the values are broadly consistent

with known constraints on LyC escape fractions and indirect indicators of leakage in

this extreme [OIII] emitting population (e.g., Izotov et al. 2018; Jaskot et al. 2019;

Tang et al. 2021b). In what follows, I take these values and calculate the comoving

emissivity of ionising photons (ṅion, s
−1Mpc−3) for these intense EELGs, but I cau-

tion that improved distributions of escape fractions in this population are ultimately

required for more confident inferences. I focus on galaxies in the luminosity range

probed in this work (−21.6 < MUV < −19) and assume the Reddy & Steidel (2009)

UV luminosity function. I multiply the far UV luminosity density by the fraction

of galaxies with [OIII]λ5007 EW > 750Å (3.6%). After accounting for the ionising

production efficiency and the range of escape fractions, I find that this population

injects a comoving ionising photon emissivity of between 3 and 8×1049 s−1 Mpc−3

into the IGM at z ≃ 2.

I can now estimate the fractional contribution these EELGs make to the total ion-

ising background produced by z ≃ 2 star forming galaxies. To do so, I use population-

average estimates of the ionising photon production efficiency and escape fraction. For

the escape fraction, I use the recently-derived value from Pahl et al. (2021), indicating

an average of fesc ∼ 6% for z ≃ 3 UV-selected galaxies (see also Steidel et al. 2018;

Bassett et al. 2021). Here I assume that z ≃ 2 galaxies have a similar value. For the

ionising production efficiency, I use the value derived for the the z ≃ 2 UV-selected

population, taking the same attenuation law as I assumed for EELGs (Shivaei et al.,

2018). The estimated ionising emissivity from UV-selected galaxies over my luminos-

ity range is then ṅion = 1.5 × 1050 s−1Mpc−3. While the emissivities quoted above

are nominal estimates with significant uncertainties, they illustrate that EELGs do

indeed make a sub-dominant contribution to ionising output from galaxies at z ≃ 2.

However if the large escape fractions assumed here for a subset of the most intense

of EELGs are correct, it would indicate that even at z ≃ 2, this population makes a

non-negligible contribution to the ionising background of star forming galaxies.

Further contribution to the ionising background comes from AGN and SFGs out-

side the UV luminosity range so far considered (Muv < −19) and the emissivity of
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the total ionising background from all sources at this epoch is estimated to be ∼ 1051

s−1 Mpc−3(Becker & Bolton, 2013; Becker et al., 2015). This total background is

measured from studies of the Lyα forest in QSO spectra and therefore contains the

contribution from all ionising sources. If I extend the SFG luminosity function down

to Muv < −17 (L > 0.033L∗), then the estimated SFG (not only EELGs) contribu-

tion of ṅion[L > 0.033L∗] = 3 × 1050 s−1Mpc−3 would make up ∼ 30% of the total

ionising background. This estimate of the total emissivity from SFGs is consistent

with previous findings for the total emissivity contribution from AGN of ∼ 60− 80%

at this epoch, as presented in Becker et al. (2015) from the emissivity UVB model by

Haardt & Madau (2012) and the semi-analytical emissivity model by Giallongo et al.

(2012).

The EELGs (with EWλ5007 > 750Å) within the UV luminosity (Muv < −19)

range provide a sub-dominant contribution (< 10%) to the total ionising background

at this epoch. The majority of the total ṅion at z ∼ 2 comes from a combination of

AGN activity and SFGs able to leak ionising radiation in more typical modes of star

formation than that seen in EELGs (e.g., Steidel et al., 2018). However, as I will

now go on to discuss, the importance of EELGs to the ionising background changes

dramatically with redshift.

The ionising contribution from EELGs is likely to increase substantially as we

enter the reionisation era. Given current constraints on the [OIII]+Hβ EW distri-

bution (and nominal assumptions about the contribution of Hβ; see Section 3.3.3),

the percentage of star forming galaxies with [OIII]λ5007 EW >750Å is thought to

increase by a factor of 10 between z ≃ 2 and z ≃ 7, from 3.6% (z ≃ 2) to close to

37% (z ∼ 7) (Endsley et al., 2021). The percentage of those with an [OIII]λ5007

EW>500Å also increases by a factor of 10 between z ∼ 2 − 7, reaching close to

65% of the population at z ≃ 7 (Endsley et al., 2021). So while the majority of

the z ∼ 2 star forming galaxy ionising background comes from more typical modes

of star formation than EELGs, during the reionisation era, the bulk of the ionising

photons will likely come from EELGs. Future work is required to test if the ionising

efficiency of this population evolves with redshift. The first spectra of EELGs in the

reionisation era suggest similarly intense radiation fields as are often seen at lower

redshifts (e.g., Stark et al., 2015a,b, 2017; Mainali et al., 2017; Schmidt et al., 2017;

Hutchison et al., 2019; Jiang et al., 2021; Topping et al., 2021), but JWST will soon
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allow much-improved investigation of the ionising output of reionisation-era EELGs.

The rapid evolution in the EELG population is suggestive of a shift in the main

star forming mode between z ∼ 2 and z ∼ 7. The most intense EELGs are likely in the

midst of a burst or recent upturn in star formation. The increase in this population

with redshift may suggest that such intense bursts are becoming more common in

the reionisation era. This is consistent with the observed rise in the galaxy merger

rate and specific mass accretion rate observed between 1 < z < 6 (Duncan et al.,

2019), both of which may spark and feed more frequent and stronger bursts of star

formation. The nebular rest-optical line EW distributions (and the related sSFR

distributions) encode useful information on the star formation history, with the tails

of the distribution (both at high and low sSFR) constraining the strength and duty

cycle of bursts. The evolution and mass-dependence of these distributions will soon

be constrained in more detail by JWST. Direct comparison of these observations to

simulations and semi-analytic models promises valuable insight into the presence of

bursts in the earliest galaxies.

3.5 Summary

Recent years have seen increased interest in extreme emission line galaxies, owing

to their efficiency as ionising agents and their apparent ubiquity in the reionisation

era. The [OIII]λ5007 equivalent width distribution constrains the percentage of star

forming galaxies at a given epoch caught in an extreme emission line phase. While ef-

forts have begun to characterise the distribution of [OIII]+Hβ line strengths at z ≃ 7

(Labbé et al., 2013; Smit et al., 2014; De Barros et al., 2019; Endsley et al., 2021),

similar measurements do not exist at z ≃ 2, impeding efforts to track the redshift

evolution of the EELG population. I establish the best fit log-normal model for the

[OIII]λ5007 equivalent width distribution in a rest-UV selected sample (MUV < −19)

in the redshift range 1.700 < z < 2.274, using the combination of HDUV photometry

and the 3D-HST grism spectra. With the [OIII]λ5067 EW distribution, I quantify

the fraction of z ≃ 2 galaxies with extreme line emission, providing the low redshift

baseline necessary to characterise the evolution of this population. The fraction of

UV-selected galaxies with an [OIII]λ5007 EW above 200, 500, 750 and 1000Å is found

to be 21.2+1.7
−1.6%, 6.8+1.0

−0.9%, 3.76+0.7
−0.6% and 2.2+0.5

−0.4% respectively. I find no strong evi-

dence that the EELG fractions vary with UV luminosity in the range considered in this
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work (−21.6 < MUV < −19.0), consistent with results at z ≃ 7 (Endsley et al., 2021).

Comparison to results at higher redshift (e.g., De Barros et al. 2019; Endsley et al.

2021) reveals rapid redshift evolution, with the fraction of galaxies having [OIII]λ5006

EW> 500Å increasing from 6.8% at z ≃ 2 to 65% at z ≃ 7 (for nominal assumptions

about the Hβ contribution at z ≃ 7). I find a similar increase with a slightly higher

[OIII]λ5007 EW threshold (> 750Å), with 3.6% of the population in this regime at

z ≃ 2 and 37% at z ≃ 7. Even accounting for their enhanced ionising efficiency,

EELGs are too rare at z ∼ 2 to dominate the ionising background, contributing

20-50% of the ionising emissivity from all SFG below MUV < −19 and less than 10%

of the total ionising background from all sources (including AGN).. But a far greater

percentage of galaxies will be in an extreme emission line phase at z ≃ 7, providing

an ideal population for ionising the intergalactic medium. Future work will soon offer

much-improved measures of the evolving EELG population, both in terms of their

ionising efficiency and their mass-dependent contribution to the total galaxy popu-

lation. These studies promise valuable insights into the contribution of galaxies to

reionisation and the redshift and mass-dependence of bursts in early galaxies.
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Chapter 4

JADES - Target selection

4.1 Introduction to JWST

The James Webb Space Telescope (JWST Gardner et al. 2006) is a joint NASA,

ESA and Canadian Space Agency (CSA) observatory scheduled for launch in late

2021. This next generation telescope hosts a 6.5 metre segmented diameter mirror,

providing some 6 times the photon collecting area of the Hubble Space Telescope.

The science payload contains 4 instruments; NIRSpec, NIRCam, FGS-NIRISS, MIRI

(their coverage of the focal plane shown in Figure 4.1). The wavelength range spans

0.6 to 28µm in the visible to the mid-infrared. There is overlap with current red

and near-infrared coverage with HST (out to 1.6µm) and ground-based (sensitive

out to ∼ 2.4µm, the K-band window), but critically JWST extends to much longer

wavelengths, including regions of low transmission from the ground due to significant

absorption by OH bonds in H2O atmospheric water molecules. JWST will greatly

extend the work of the previous mid-infrared Spitzer mission, which had only a 0.85m

mirror (Werner et al., 2004; Fazio et al., 2004; Rieke et al., 2004). The orbit of JWST

after launch will follow the 2nd Sun-Earth Lagrange point. Unlike HST, which is in

low earth orbit with a orbital period of 90 minutes, the orbit of JWST means it will

be thermally stable and will not experience earth occultation. Here the instrument

package is always kept in the earth’s shadow at ∼ 50K.

The design of JWST was built around four key science themes (Gardner et al.,

2006): the end of the dark ages (first light and reionization); the assembly of galaxies;

birth of stars and proto-planetary systems; and planetary systems. My research

focuses on the first two of these themes. Crucially, the longer wavelengths covered

with JWST, in particular through spectroscopy with NIRSpec, enables the same key
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Figure 4.1: The area of the JWST focal plane that each instrument observes, given
in the observatory’s coordinate system (V2,V3). Each instrument observes a differ-
ent portion of the focal plane, allowing parallel observations to be conducted where
multiple instruments take exposures simultaneously. This image is taken from the
James Webb Space Telescope User Documentation2.

rest-frame diagnostics I used in Chapters 2 and 3 to characterise galaxies at z ∼ 0.5−2

to be used to explore galaxies out to z ∼ 10.

4.2 Introduction to JADES

The JWST Advanced Deep Extragalactic Survey (JADES, Bunker et al. 2020; Rieke

2020) is a guaranteed time survey between the NIRSpec instrument science team

(IST) and NIRCam IST, with the science goals of determining galaxy evolution from

redshifts z ∼ 2 out to z ≥ 10, including the star formation history, the build-up of

stellar mass, and the chemical enrichment of galaxies over cosmic time. The JADES

Guaranteed Time Observation (GTO) programme is allocated ∼790 hrs, which is the

largest GTO programme. JADES combines the use of NIRCam photometry, NIR-

Spec spectroscopy and when available as a parallel, MIRI. The combination of using

NIRSpec to target sources detected in NIRCam photometry allows galaxies at un-

precedented redshifts to be studied. Through HST observing campaigns, some large

samples of candidate high redshift galaxies have already been selected through their

colours (e.g. the Lyman break technique) or photometric redshifts. However, only a

2JWST User Documentation, available at https://jwst-docs.stsci.edu/jwst-observatory-
hardware/jwst-field-of-view
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very small fraction of these galaxies at z > 6 (within the epoch of reionization) have

spectra to confirm their redshifts. This is where NIRSpec spectroscopy with JWST

should achieve a breakthrough in understanding.

The JADES team have identified various priority classes, covering a range of sci-

ence goals in galaxy evolution (detailed in Table 4.2). At the highest redshifts, we

are interested in spectroscopic confirmation of the most distant (and typically very

faint) candidates, which is critical to understand the role of galaxies in the epoch of

reionisation and to constrain the evolution of luminosity functions. I will consider the

limiting magnitudes for which NIRSpec can measure redshifts in Section 5.6, which

shapes our priority class selection criteria in JADES (Table 4.2). At lower redshifts,

2 < z < 7, some galaxies will be sufficiently bright for line ratio work (such as I

have conducted on lower-redshifts samples such as WISP and 3DHST in Chapters 2

& 3 using HST and ground-based data), and this is another key science goal - trac-

ing the evolution of metallicity, dust and ionisation parameter for galaxies, and the

fraction of the population which is in a highly-star forming phase (signified perhaps

by extremely high equivalent width emission lines). In Section 5.6 I will consider the

limiting magnitudes for which we can achieve this science through NIRSpec observa-

tions in the JADES programme.

I am a member of the NIRSpec Galaxy Assembly GTO team, and also a member of

the JADES consortium (a joint NIRSpec-NIRCam GTO programme). In this chapter

I will first describe the instruments used for the JADES survey, before detailing my

work on refining the target selection for NIRSpec spectroscopy.

4.2.1 Introduction to NIRCam

The Near-InfraRed Camera (NIRCam, Rieke et al. 2005) is one of four scientific

instruments on JWST and is the primary imager in the near-infrared, covering a

spectral range of 0.6 to 5µm with a total of 29 narrow, medium and wide bandpass

filters, with a field of view 9.7 arcminutes square. Two sets of 2×2 detectors at short

wavelength (0.6-2.3µm), and simultaneously two long-wavelength detectors (2.4-5µm)

survey the same area (each detector having 2040×2040 light sensitive pixels). JWST

is diffraction-limited at ∼ 2µm, so the full width at half maximum (FWHM) of the

point spread function (PSF) will be 0.03-0.06 arcsec at < 2µm (3x better than HST),

rising to 0.16 arcsec at 5µm (comparable to the HST PSF in the optical e.g., Dressel

2021 and 10x better than Spitzer at 5µm Fazio et al. 2004).
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4.2.2 Introduction to NIRSpec

The Near-InfraRed Spectrograph (NIRSpec) on JWST represents the first multi-

object spectrograph (MOS) in space and provides low, medium and high spectral

resolution capabilities in the near infrared (0.6-5.3µm). NIRSpec also includes com-

panion fixed slit and integral field Unit (IFU) spectroscopy modes. The primary MOS

mode will allow ∼ 100 objects to be targeted during each exposure and is achieved

through a multi-shutter assembly (MSA, Figure 4.3) constructed from a quarter of

a million individually controllable micro-shutters spread over 4 quadrants (365 by

171 shutters), each aperture 0.43 arcsecond by 0.2 arcsecond in size with a 0.07

arcsecond support between every shutter. By using these shutters, the background

(from zodiacal light and scattered light) is very much reduced compared to the slit-

less spectroscopy done by HST (e.g. the WISPS survey in Chapter 2) and hence

NIRSpec spectroscopy will achieve unprecedented sensitivity. Figure 4.2 shows how

the required sensitivity of NIRSpec is an improvement over the HST/WFC3 slitless

spectroscopy from Chapter 2. The NIRSpec medium and high resolution gratings

will have an expected > 10 greater emission line sensitivity at 1 − 2µm compared

to the HST/WFC3 slitless spectroscopy (scaled to the same exposure time and S/N

requirement).

The MOS achieves the 3 spectral resolutions through a Prism and a set of 6 grat-

ings. The Prism allows a resolving power of R∼ 100 (where R = λ/∆λ) across the

full wavelength range (0.6-5.3µm). The Prism is powerful in that it observes a large

spectral range in one shot, and is very sensitive to studying the shape of the spectral

continuum. However, it is less sensitive to emission lines occupying a narrow range

of wavelengths, and for this higher spectral resolution is needed. There are medium

and high resolution gratings achieving higher resolving powers over a reduced spectral

range. There are three medium spectral resolution gratings of R ∼1000, suitable for

emission line work (including resolving the Hα and [NII] lines) and the full spectral

range can be covered by observing with all three of these in turn. There are also

three higher resolution gratings with R∼2700, and these are useful for probing galaxy

kinematics at a ∼100km/s velocity resolution.

The use of the MSA does bring limitations: whilst individual shutters are opened

and closed magnetically between each exposure, a small proportion cannot be op-

erated and remain either fixed closed (∼ 15% of shutters) or fixed open (<< 1%,
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Figure 4.2: Comparative emission line flux sensitivity for a test S/N=10 and 104s
exposure time. Showing the JWST-NIRSpec sensitivities for the R∼ 100 Prism, and
the R∼ 1000 and R∼ 2700 gratings as well as the sensitivity for the HST WFC3
G102 and G141 Grisms (Atek et al. 2010, adopting a 5px spatial × 3px dispersion
aperture).

around ∼ 20 shutters in total) due to physical defects or electrical shorts during man-

ufacturing. Fixed open shutters have the adverse effect of illuminating the detector

and potentially contaminating target spectra while fixed closed shutters restrict the

choice of apertures for exposures. Failed shutter maps therefore must be employed

to address these constraints when target MSA configurations are generated. A key

consideration for NIRSpec is the small shutter size (0.2x0.4arcsec). Although this is

well matched to the typical size of high-redshift galaxies (e.g., Oesch et al., 2010a),

the large variation in the PSF size with wavelength (from 0.03”-0.06” at < 2µm to

0.16” at 5µm) means that the slit losses change greatly with wavelength, and will

also be a strong function of both the position within the micro shutter and also of the

surface brightness profile of the galaxy (this motivates the work in Section 4.3.2 and

4.3.6 of this Chapter and also the work on mock NIRSpec observation simulations in

Chapter 5). For line ratio work, it is critical to get this flux calibration correct.

4JWST User Documentation, available at https://jwst-docs.stsci.edu/jwst-observatory-
hardware/jwst-field-of-view
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Figure 4.3: Plan of the NIRSpec Multi-shutter Assembly identifying the position of
the four micro-shutter quadrants (Q1-Q4, totalling ∼ 250, 000 configurable 0.2”x0.4”
aperture shutters), a series of five fixed slits (of varying width and length, permanently
fixed open) and the NIRSpec IFU aperture. Two detectors are sensitive to the incident
light and cover a larger collecting area than the aperture plane to account for the
dispersion of light. Figure taken from the JWST User Documentation4.

4.3 JADES strategy & Catalogue analysis for Tar-

get selection

Much of the JADES survey will use NIRCam images to select potential targets

for NIRSpec follow-up spectroscopy. The JADES fields are the GOODS-North and

GOODS-South fields(Giavalisco et al., 2004), and we use the existing HST data along

with new NIRCam photometry to determine photometric redshifts, so that the high-

est redshift objects can be preferentially targeted for spectroscopy. The existence of

HST data, particularly at < 0.8µm where we will not obtain JADES imaging with

NIRCam, is crucial for a robust selection of Lyman break galaxies at z≲ 7 (with

rest-frame imaging below 1216Å provided by HST).

As with many surveys designed to explore luminosity functions of galaxies, we

wish to span a range of volume densities and brightnesses and to do this JADES will

employ several “wedding cake” survey tiers. We will do two points of extremely long

integration within GOODS-South. This “Deep” tier will be sensitive to extremely

faint galaxies, which are likely to have the highest volume density. A “Medium” tier

covers 12 pointings in both GOODS-North and South with intermediate duration
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exposures. There is a separate “wide” tier to be done by the NIRSpec IST (distinct

from the JADES collaboration) where existing known sources (primarily from HST)

are observed over 31 NIRSpec pointings across the HST CANDELS fields, including

the GOODS fields. This “wide” tier will target the brighter but rarer sources. Each

tier can be seen to be probing a different region of the galaxy luminosity function, as

shown in Figure 4.4.

To maximise the total achievable observing time, JADES will utilise parallel ob-

servations to effectively double the NIRCam + NIRSpec allocated time ∼ 790hrs.

This means that whilst either NIRCam or NIRSpec is in use as the primary ob-

serving instrument (setting the observatory pointing) a secondary instrument can be

observing simultaneously with the restriction that its position on the sky is fixed

relative to the primary instrument’s pointing and the roll angle of the observatory

(see Figure 4.1 for the fixed relative positions on the focal plane). The optimum ob-

serving strategy allows efficient use of telescope time by scheduling NIRSpec or MIRI

parallels during prime NIRCam pointings and NIRCam parallels during prime NIR-

Spec pointings. For the DEEP tier of the JADES strategy, it is anticipated that the

first set of observations in GOODS-South will be the DEEP NIRCam primary with

the first of two 100Ksec (105s) DEEP NIRSpec pointings in secondary (the primary

position of NIRCam set to place the secondary position of NIRSpec over the HUDF,

where targets can be selected from existing HST imaging). The second DEEP NIR-

Spec pointing is taken as the primary instrument, following-up the highest redshift

candidates identified in the aforementioned DEEP NIRCam imaging, with NIRCam

acting in parallel over the wider GOODS-South field. Figure 4.5 presents a possible

layout of NIRCam, NIRSpec and MIRI observations for the DEEP and MEDIUM

tiers over the GOODS-North and South fields. The exact layout is dependent on the

the launch window of JWST and Cycle 1 scheduling.

As noted above we anticipate obtaining one deep spectroscopic GTO observation

with NIRSpec early in the JWST mission before NIRCam imaging becomes avail-

able, in order to test the capabilities of the NIRSpec MSA. We intend to target

currently-known galaxies in the Hubble Ultra Deep Field (HUDF, e.g., Bunker et al.

2004; Beckwith et al. 2006). HUDF is the deepest image yet obtained, and as such

has a target density of candidate high-redshift objects that is well matched to the

multi-object capabilities of NIRSpec. It is also likely that several of the NIRSpec

observations in the MEDIUM and WIDE tiers of the survey will cover areas in and
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Figure 4.4: The surface densities of the i-, z-, Y- and J-band drop-out candidate
Lyman break galaxies from Bouwens et al. (2015a) (corresponding to z ∼ 6, 7, 8&10),
overlaid with the depth to which the DEEP (red) and MEDIUM (blue) NIRSpec
survey tiers will probe. The AB magnitude limit in a band longward of the Lyman
break for the z ∼ 6&7 panels is set by the priority Class 4 requirements of 27.5
in the DEEP and 26.5 in the MEDIUM tiers, whilst the AB magnitude limit for
z ∼ 8&9 panels is set by the priority Class 1&2 requirements of 29.5 in the DEEP
and 28.5 in the MEDIUM tiers. The horizontal edge to the survey box signifies the
surface density required for 1 object to appear in the 18arcmin2 DEEP tier and the
215arcmin2 MEDIUM tier. The JADES tiered strategy allows the DEEP tier to
observe the higher surface density fainter objects, the MEDIUM tier will observe the
rarer brighter sources.
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Figure 4.5: Possible layout for JADES observing plan, exact pointings will depend
on the roll angle of JWST and according to the Cylce 1 schedule. Dark green and
black borders identify existing HST fields including the GOODS North, South and
deeper HDF-N and HUDF. The JADES DEEP and MEDIUM footprint is shown for
the different components, NIRCam in red and orange, NIRSpec in light green and
blue, and MIRI in purple. The use of parallels (observing with a second instrument
simultaneous to the primary instrument) allows JADES to effectively double its allo-
cated observing time. Credit to Chris Willott of the JADES team and NIRSpec IST
for producing these plots.
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around the GOODS fields that do not have prior NIRCam observations. Because of

this, it is critical for the JADES team to have a catalogue of existing known targets

so that MSA configurations can be built. In placing targets on the MSA, priority

would be given to the most interesting for our science (i.e. the highest redshift can-

didates, in particular high redshift objects where the emission lines are likely to be

bright enough for the line diagnostic work described earlier in this thesis, as well as

those of particular scientific interest, e.g. those with longer wavelength emission line

detections from ALMA or those that display AGN). The JADES team have agreed

on a number of priority classes (detailed in Table 4.2), with the top-priority classes

being the small number of candidate z >9 sources, along with highly unusual objects,

followed by more numerous sources at z >6, and then the most numerous but lower-

priority galaxies at z <6. I am concerned with the top 1-4 classes and sub-sets of

classes 6 & 7 that are at high redshift. When designing an MSA configuration, we

need to avoid spectra overlapping (although I note that in the low-dispersion R∼100

Prism the spectra are quite short relative to the detector size, so that 3 or 4 may be

placed along the dispersion direction). Which objects are selected for spectroscopic

observation in an MSA configuration depends critically on the roll angle of the tele-

scope, which is set by the date of observation. This has not currently been decided

(the Space Telescope Science Institute is still developing the schedule), so the JADES

team needs a comprehensive catalogue of known objects in the GOODS fields from

which targets can later be selected.

The JADES team gathered together all the existing catalogues in the GOODS

fields, and in 2017 a list of about 40,000 galaxies in the CANDELS GOODS-North

and South fields was submitted to the Space Telescope Science Institute (STScI) as

potential targets reserved for the JADES programme. This is done to avoid dupli-

cation of observations with other programmes in the early cycles of JWST science

observations. However, this source list was built from a large number of published

catalogues produced by a number of different groups. These groups often using dif-

ferent reductions of the HST data (which may be on slightly different astrometric

frames) and included various supporting observations from other telescopes. In se-

lecting objects for inclusion in these catalogues, the various groups often employed

different selections (including different photometry schemes such as aperture magni-

tudes or “total” magnitudes, different magnitude or S/N cuts, and perhaps different

photometric redshift fitting and/or different colour cuts for Lyman break selection).
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My role within JADES has been to re-analyse the input catalogues and generate

a single catalogue with photometry and astrometry re-done where we can easily com-

pare every target. In particular, I focus on the higher redshift objects, specifically the

Lyman break galaxies. With the available HST CANDELS filters, the shortest ACS

waveband is the F435W b-band, which is sensitive to the Lyman break at z∼ 4, and

the redder filters extending into WFC3 can potentially select galaxies out to z∼ 10

(e.g., Ellis et al., 2013). As a starting point for consistency, I take the re-reduction

of all the CANDELS HST imaging done by 3D-HST (Brammer et al., 2012; Skelton

et al., 2014). I begin by taking the original target coordinates from the input cata-

logues and the initial photometry as used in the original analyses from the different

groups and I re-analyse all the targets using a uniform method across all catalogues.

The ultimate goal is to allow galaxies on the reserved target list to be prioritised

for NIRSpec spectroscopy on the basis of consistently measured photometry (and in-

ferred photometric redshifts), and to obtain accurate relative coordinates for precise

placement on the MSA.

4.3.1 Catalogue data

I focus on three large catalogues of Lyman break galaxies within the GOODS fields

at z ≳ 4: Bouwens et al. (2015a) with 7892 galaxies in the range 2.5 < z < 10,

Finkelstein et al. (2015) with 7242 galaxies in the range 3 < z < 9 and Harikane

et al. (2016) with 8087 galaxies in the range 4 < z < 7. I also cross-match with the

3D-HST catalogues from Skelton et al. (2014) which also have photometric redshifts,

and while dominated by lower redshift source do include some of the high redshift

Lyman break galaxies (although fewer than in the three core LBG catalogues that

I consider, since the 3D-HST catalogues were not optimised for faint object LBG

selection so have brighter magnitude cuts than specialised catalogues).

Each of the three groups initially ran SExtractor (Bertin & Arnouts, 1996) to iden-

tify objects within the GOODS-North and South imaging using varying composite

detection images made from the WFC3/IR wavebands to improve the S/N of targets

(although this has the potential counter effect of reducing the S/N of high-z objects if

the composite image contains wavebands sensitive to wavelengths below their Lyman

break, where only noise will be added). Bouwens et al. (2015a) measures the H-band

5σ depths from the uncertainties (corrected to total fluxes) of their faintest 20% of

objects and determine these to be 26.8 in the GOODS-WIDE regions, 27.5 in the

GOODS-DEEP regions and 29.4 in the HUDF . This is consistent with H-band 5σ
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depths drawn using the uncertainties (corrected for aperture losses) of the faintest

20% of objects, measured during my photometric analysis (see Section 4.3.3), which

are 27.5 in the GOODS region and 29.5 in the HUDF. Harikane et al. (2016) and

Finkelstein et al. (2015) alternatively quote H-band 5σ depths derived by measuring

the sky variation in 0.35” and 0.4” diameter apertures respectively, these are typically

0.5mag fainter than those calculated using the Bouwens et al. (2015a) method. To

improve the target detection S/N, Finkelstein et al. (2015) use a J,H-band composite

image, Harikane et al. (2016) use a Y,J,JH,H-composite image and Bouwens et al.

(2015a) use a series of composite images for each drop-out filter sample using the

WFC3/IR wavebands that lie above the Lyman break for that drop-out sample. The

photometry measurements made by each group are subtly different: Harikane et al.

(2016) use a fixed 0.35” aperture to measure their photometry, whilst Finkelstein

et al. (2015) and Bouwens et al. (2015a) measure fluxes using small-scalable Kron

apertures with corrections applied to estimate the total flux (Bouwens et al. 2015a

additionally utilise a smaller 0.2” diameter flux aperture in ACS wavebands below the

Lyman break in their selection criteria for determining non-detections). To arrive at

a sample of Lyman break galaxies, Bouwens et al. (2015a) presents a set of 6 colour

criteria to identify B-, V-, i-, z-, Y- and J-band drop-outs by comparing the flux in

adjacent wavebands to identify the location of the Lyman break (as discussed further

in Section 4.3.4). Bouwens et al. (2015a) goes on to apply additional constraints, for

instance, a requirement for the galaxies to be not be detected in wavebands below

the Lyman break (using a smaller fixed aperture), to improve the robustness of their

selection. Harikane et al. (2016) adopt the Bouwens et al. (2015a) colour criteria in

their selection of B-, V-, i- and z-band drop-outs. Finkelstein et al. (2015) alter-

natively determines their catalogue of high-redshift candidates from their measured

photometric redshifts (utilising EAZY, Brammer et al. 2008). In their final published

catalogues Bouwens et al. (2015a) and Finkelstein et al. (2015) do not give all the pho-

tometry (as described above) but instead give, in the case of Bouwens et al. (2015a),

the total-magnitude corrected scalable Kron aperture estimate, and in the case of

Finkelstein et al. (2015), the rest-frame 1500Å total magnitude estimate (based on

the WFC3/IR photometry) Harikane et al. (2016) provides their 0.35” aperture mag-

nitude for all wavebands.

The Bouwens et al. (2015a) and Finkelstein et al. (2015) catalogues are identified

to contain repeated galaxies (where a catalogue ID appears more than once) and

duplicates (where two galaxies with different catalogue IDs are determined to have
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the same sky position to within 0.1”, ∼ 1.67 drizzled pixels). Instances of multiple

entries of the same ID are errors seemingly produced when a galaxy’s redshift lies

on the border of two drop-out categories where the galaxy’s photometry may lead it

to appear in both, e.g., a z ∼ 4.5 galaxy may have one entry classed as a B-band

drop-out and a second as a V -band drop-out. This suggests the published catalogues

are composites of individual drop-out band sub-catalogues. In these cases, the entry

with the catalogue redshift closest in agreement to the BEAGLE photometric red-

shifts (see Section 4.3.5) is used. This accounts for 68 repeated galaxies in Bouwens

et al. (2015a) and 21 in Finkelstein et al. (2015). For each of the three catalogues I

check for duplicated galaxies (with different catalogue IDs) and look for galaxies with

matched galaxy coordinates within a 0.1” radius aperture (∼ 1.67 drizzled pixels in

the 3D-HST reduced F160W H-band imaging). Within the Bouwens et al. (2015a)

catalogue 62 galaxies are identified as duplicates, and I only keep the entry with

the catalogue redshift closest to the BEAGLE photometric redshift. This leaves the

Bouwens et al. (2015a) catalogue with 7761 objects and the Finkelstein et al. (2015)

catalogue with 7221. The Harikane et al. (2016) catalogue shows no such repetition

or duplication of galaxies, and remains with 8087 galaxies.

In addition to providing a uniform set of galaxy parameters for all ∼ 23, 000

galaxies in the three LBG catalogues, re-analysis allows for the input catalogues to

be examined to determine whether any show systematic offsets in astrometry of pho-

tometry. A subset of galaxies in each of the three main catalogues overlap, allowing

the original catalogues to not only be compared to the re-analysed results but also to

each other. Across the three catalogues there are a total ∼ 14, 500 unique galaxies,

and a sub-set of 2828 objects appear in all three of the catalogues. Bouwens et al.

(2015a) and Harikane et al. (2016) reproduce over 50% of each other’s galaxies, while

Finkelstein et al. (2015) uses a different selection method (based on photometric red-

shifts) which allows the selection of objects not-obtained by the drop-out method in

the other catalogues (e.g., those with weak breaks or very red slope) which lowers

the fraction of galaxies in common between these three catalogues. The overall low

reproducible rate between all three can also be put down to the low S/N nature of

the highest redshift objects which are typically the faintest and that in the GOODS

South field the area of coverage is subtle different depending on the inclusion of ERS

regions. To validate this, in Table 4.4, I first show the fraction of galaxies in the

Bouwens et al. (2015a) catalogue that overlap with the other two and then how the

overlap fraction increases when I restrict the catalogues to the GOODS North region
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(where all catalogues cover the same area) and to only galaxies detected at a high

S/N (> 10σ in the H-band). The fraction of objects in the Bouwens et al. (2015a)

catalogue that appear in both the other catalogues increases from 36% to 55% when

I apply the above restrictions. A break down of the full overlap between each cata-

logue is given in Table 4.3 where galaxies are matched at a 0.1” tolerance using the

re-measured astrometry (see Section 4.3.2). A total of 2447 galaxies have further

overlap between the three main catalogues and additionally the van der Wel et al.

(2012) 3D-HST catalogue.

4.3.2 Astrometry

I re-determined the positions of each Lyman-break galaxy from the three main cata-

logues using the same 3D-HST imaging. I use the 3D-HST reduction F160W H-band

imaging (Skelton et al., 2014; Grogin et al., 2011; Koekemoer et al., 2011) for both

GOODS fields, except for the HUDF area where I use XDF (Illingworth et al., 2013)

(which I determine to be on the same astrometric system), as this is typically the

deepest band lying above the Lyman break for all objects.

Astrometry on the previously catalogued galaxies is made using center within

IRAF, using the centerpars.calgorithm = "centroid" algorithm. The HST images

have been gain-corrected but are in units of electron/sec. Hence within Datapars,

.readnoise is set to exposure time (in sec) × the pixel-to-pixel standard deviation

and .epadu (Gain) is set to the exposure time in sec. A minimum accepted Signal

to noise ratio (S/N) value is set to 5 to eliminate centring on background noise. The

recovered H-band change in position distribution of Right Ascension (RA) and Decli-

nation (Dec) relative to the literature position is then fitted by a Gaussian to establish

the average offset and standard deviation (σ). Sources which return a ∆RA or ∆Dec

greater than 3σ from the average offset position are flagged in the Astrometric Flag

column of the final catalogue (see Table A.1 in Appendix A.2). I also looked for

evidence of rotation and plate-scale change in the relative astrometry.

In IRAF ”center” provides its own warning A CIER for each target: where the

change in position in either RA or Dec is greater than a chosen threshold of 1px; where

a low S/N is recorded; or where the coordinates are in fact off image. Where the re-

measurement of the astrometry produced an error, I flagged this in my catalogue.
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These are removed from the calculations of the coordinate offset transformation be-

tween catalogues.

Across the catalogues there is good agreement between the re-centred results and

input coordinates (see Figure 4.6 for the ∆RA and ∆Dec), the exception being the

Bouwens et al. (2015a) catalogue which is shown to exhibit a systematic astrometric

offset in the GOODS North field. The mean offset and standard deviation of the

∆position distribution is given in Tables 4.5, 4.7 and 4.6. These have been calculated

by fitting the distribution of ∆RA or ∆Dec with a Gaussian model. Apart Bouwens

et al. (2015a) catalogue in the GOODS North field, for each combination of catalogue

and field, the re-measured position is found to be consistent within the measured

uncertainty of the original position with no compelling evidence for errors in the

plate scale or a relative rotation. Importantly all the offsets I report for these are

≪ 0.2arcsec, smaller than the MSA shutter size. However, the offset in the GOODS

North Bouwens et al. (2015a) catalogue is significant and is greater than the extent of

the MSA shutter size, but I note this offset does appear to be a genuine issue in the

Bouwens et al. (2015a) catalogue and does not appear in the other catalogues. Figure

4.7 shows the astrometric offset relative to the 0.2” NIRSpec slit aperture (red). The

average declination offset is found to be ∆Dec = (0.263 ± 0.058) arcseconds, which

would have led to the targets lying outside NIRSpec’s micro-shutters. Hence it is im-

portant that I identified and corrected for the astrometry offset. I have also verified

that this astrometric offset remains in the recently updated catalogue from the same

group (Bouwens et al., 2021), this means it likely is a genuine error as part of their

legacy reduction of the HST imaging, which is may not be particularly significant

for ground-based spectroscopic follow up but is critical for the small microshutter of

NIRSpec.

Ultimately the coordinates of each galaxy will be matched to the GAIA2 frame,

using brighter objects within 3D-HST images to map the relative distortions. A re-

reduction of CANDELS HST onto this revised astrometric frame by STScI or the

3D-HST team is not yet available. The GAIA2 frame will also be used for the align-

ment stars used to accurately register the MSA on the sky and it is critical that these

are on the same astrometric system as the targets.
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Figure 4.6: Measured positional offsets for the three Lyman break catalogues, re-
determining the position on the 3D-HST F160W image. The offsets are mostly min-
imal with the exception of the Bouwens et al. (2015a) catalogue in GOODS North
where there is a 0.26” offset in declination.

Table 4.5: The average positional offset in RA and Declination for sources in the
Bouwens et al. (2015a) LBG catalogue, remeasured using the 3D-HST F160W. The
standard deviation in the offset along each axis is also given (σ), fitting a Gaussian
to the distribution of offsets in RA and Dec. I note significant offset in Declination
in GOODS North for this catalogue.

∆RA ∆Dec σRA σDec

North 0.0287 -0.2627 0.0640 0.0582
South 0.0529 -0.0388 0.0604 0.0550
XDF 0.0062 -0.0035 0.0137 0.0167
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Figure 4.7: H-band astrometric ∆RA and ∆Dec distribution re-analysis using IRAF
center, comparing the astrometry from Bouwens et al. (2015a) Lyman break catalogue
to remeasurement from the 3D-HST F160W image. Red dashed lines highlight the
NIRSpec Microshutter 0.2arcsec width. Top: GOODS North field, a large systematic
offset in the declination positions of the galaxies place them outside the NIRSpec
Microshutter width. Bottom: GOODS South field, smaller offsets measured with the
majority of the original catalogue positions lying within the Microshutter width.
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Table 4.6: The average positional offset in RA and Declination for sources in the
Harikane et al. (2016) LBG catalogue, remeasured using the 3D-HST F160W.

∆RA ∆Dec σRA σDec

North -0.0018 0.0015 0.0499 0.0342
South -0.0038 0.0019 0.0381 0.0373
XDF -0.0050 -0.0060 0.0195 0.0174

Table 4.7: The average positional offset in RA and Declination for sources in the
Finkelstein et al. (2015) LBG catalogue, remeasured using the 3D-HST F160W.

∆RA ∆Dec σRA σDec

North -0.0050 0.0049 0.0504 0.0397
South -0.0103 0.0080 0.0380 0.0371
XDF -0.0053 -0.0050 0.0283 0.0306

4.3.3 Photometry

Using the H-band centred positions, Phot within IRAF is run to provide photometric

measurements within a 3 and 5 pixel aperture radius (0.06”/px in the 3D-HST imag-

ing), corresponding to circular apertures of diameter 0.36” and 0.6”. A local measure

of the sky background in an annulus between 0.6 and 1.2 arcsec was subtracted. The

3 pixel radii measurements correspond approximately to the average projection of

a randomly-orientated NIRSpec micro-shutter on the sky (0.2”×0.4”) and provide

a useful estimate of the expected flux falling within a NIRSpec aperture for a well-

centred source and will be used to determine the colours of objects (for photometric

comparison between filters e.g., the Lyman break colour-colour selection in Section

4.3.4, while the larger 5 pixel measurements provide a more reliable measure of the to-

tal magnitude and are used to determine the SED fitting in Section 4.3.5. To enforce

measurements centred on the H-band re-measured positions, I fix the coordinates and

set centerpars.calgorithm to "none". The .readnoise, .epadu and S/N condi-

tions are the same as those used in the astrometric centring. The re-analysis uses

where available the same 3D-HST (Skelton et al., 2014) imaging reduction as these

catalogues and if data was not accessible it was taken from either the CANDELS

(Guo et al., 2013) (the WFC3/F105W Y-band imaging which was not available from

3D-HST) or XDF (Illingworth et al., 2013) (for the HUDF) collaborations.

An appropriate aperture correction is made to the magnitudes to account for

the proportion of the Point Spread Function (PSF) that falls outside the aperture.

These aperture corrections are strictly only appropriate for point sources, but this
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Filter F435W F606W F775W F850LP F105W F125W F140W F160W

Ap cor 0.189 0.158 0.183 0.293 0.383 0.394 0.460 0.474

Table 4.8: Aperture correction for 3 pixel radius (0.36” diameter) magnitudes

is a reasonable approximation for the typical size of Lyman-break galaxies (certainly

at z> 6) which are typically compact with intrinsic FWHM comparable to the HST

PSF (Oesch et al. 2010a find an average half-light radius at z∼ 7 of ∼0.7kpc, which

corresponds to ∼0.1arcsec). The aperture photometry is corrected to approximate

total magnitude through a fixed aperture correction, determined from bright compact

sources in the field. For the 3px aperture, where standard literature corrections

weren’t available, fixed aperture corrections were determined for each filter using a

set of bright objects (either unsaturated stars or compact galaxies). The correction is

determined by comparing aperture magnitudes to an estimate of the total magnitude

for this set of compact-sources and these are given in Table 4.8. For the 5px aperture

I adopt the Bunker et al. (2010) magnitude corrections, determined in the same

manner (∼0.1 mag in the ACS filters, ∼0.2 mag in the WFC3 F105W filter and

0.25 in the redder WFC3 filters, reflecting the broader PSF at longer wavelengths).

An alternative to a fixed magnitude correction would be to use an estimate of the

“total” magnitude based on the curve-of-growth from the surface brightness of the

galaxy, for example using SExtractor MAG AUTO, but at faint fluxes this introduces

large uncertainties (and this is something of a black box).

For these compact high-z sources a simple and reproducible aperture magnitude

measurement is preferred. This is especially important in the preparation and ranking

of potential NIRSpec targets, since the multi-shutter array has a narrow slit size of

0.2”×0.4”, so measuring the photometry using flux falling within a small aperture (as

is done here) will be a better predictor of the spectroscopic signal ultimately detected

than integrating the surface brightness profile out to large radii.

A magnitude zeropoint appropriate to each filter is used to convert the elec-

trons/sec of the reduced image to an AB magnitude, such that

Mag(AB) = zeropoint− 2.5× log10(elec/sec) (4.1)

and the zeropoints from the WFC handbook5 and the ACS calculator6 for the Goods

5WFC handbook: http://www.stsci.edu/hst/wfc3/documents/ISRs/WFC3-2009-30.pdf, in
particular Table 5

6ACS zeropoint calculator: https://acszeropoints.stsci.edu
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fields, and from the STScI user documentation7 for the XDF fields are used. All

images used are themselves mosaics formed from a set of observations using the com-

monly used drizzle process (Fruchter & Hook, 2002; Koekemoer et al., 2003). This

process allowed the pixels to be re-sampled to achieve a desired pixel scale resolution

and recover some of the under-sampling of the PSF with the pixels sizes of the ACS

and WFC3 (where compromises had been made between survey area and pixel sam-

pling of the PSF), however this leads to the noise within each re-sampled pixel no

longer remaining independent of its neighbours. To correctly estimate this correlated

noise a correction factor is applied, taken from Roy Gals’ “Notes on SExtractor”8,

which accounts for the output pixel scale as a fraction of the input (the input pixels

are 0.13” for WFC3 and 0.05” for ACS), and the “droplet size” in drizzle. I confirmed

the noise corrected for pixel correlations by placing many apertures on blank regions

of sky (avoiding galaxies) in the image, and fitting a Gaussian to the histogram of

apodized fluxes to obtain the standard deviation of background counts in an aperture.

The flux f (with the mean sky background subtracted), area A and standard de-

viation σ (corrected for correlated noise) parameters are also returned by phot for

each target at each aperture and are used to determine the signal to noise ratio. S/N

= f/σ
√
A, Note: the returned flux can be negative and hence so can the S/N. For

those galaxies which are undetected (< 2σ) in a particular waveband, I also calculate

the 2σ upper limit on the flux and this would correspond to a lower limit on the

AB magnitude. It is preferred to work in flux density units, since negative fluxes are

“undefined” on the magnitude scheme. Where a galaxy is undetected in a partic-

ular filter in the 5px radius aperture (0.6” diameter), I wish to be sure there is no

flux down to faint limits. As most Lyman break galaxies are very compact, and the

non-detection bands for Lyman break galaxies are typically at shorter wavelengths

(often in the ACS optical instrument instead of the WFC3 IR channel) where the

PSF is more compact, I re-measure the photometry in the undetected band using the

smaller 3px radius aperture (0.36” diameter) to provide a more stringent constraint

on the flux. A similar approach is adopted by Bouwens et al. (2015a) to minimise

contamination by low redshift objects in their Lyman break selection. The 2σ limit

is re-calculated by adding twice the estimated noise (σ
√
A3) to the 3px aperture flux

f3px and then converting back to a magnitude and applying the same zeropoint as

7STScI User Documentation: https://archive.stsci.edu/prepds/xdf/
8“Notes on SExtractor”: http://www.ifa.hawaii.edu/$\sim$rgal/science/sextractor_

notes.html
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before an aperture corrections for 3pix radius. If f3px < 0 due to noise fluctuation, I

instead take the flux to be 0 before adding twice the noise to obtain a flux limit. The

photometry catalogues for the Y-band drop-outs is presented later in Table 4.16 and

the full version is made available in a machine-readable format9 and are described in

Appendix A.2.

For galaxies which are essentially undetected in the 3D-HST image at the coordi-

nates from the literature, and IRAF.center was unable to obtain an accurate fix on

the centroid, I record the photometry at the nominal (literature) position, which is

typically S/N< 2 for these objects, and flag them as undetected. It should be noted

that at low signal to noise, below ∼ 5, the uncertainty on the measured magnitudes

are no longer symmetric. For the various SED fitting and photometric redshift codes

(e.g. BEAGLE, see Section 4.3.5) I use the flux and flux error, since the flux can be

negative (rather than “undefined” in the magnitude system) and the flux errors are

typically symmetric.

The input catalogues use a variety of photometric methods, some use a SExtrac-

tor (Bertin & Arnouts, 1996) variable aperture approach (e.g., Bouwens et al. 2015a

using Kron apertures to recover a total H-band magnitude) whilst others adopt a

fixed aperture. While Harikane et al. (2016) and Bouwens et al. (2015a) provide

their own measurements of the H-band magnitude (a 0.35” aperture magnitude in

the case of Harikane et al. 2016 and a Kron total magnitude for Bouwens et al.

2015a), Finkelstein et al. (2015) instead provide the rest-frame 1500Å magnitude

(derived from their NIR photometry). In Figure 4.8 I first present the comparison

between the re-measured photometry (y-axis) and the Bouwens et al. (2015a) total

magnitudes (where my H-band magnitude is for the 0.36”-diameter aperture cor-

rected for aperture losses appropriate for a compact source). Strong agreement is

found fainter than 25th magnitude where galaxies are typically at higher redshift and

are more compact, better fitting the aperture correction assumption treating galaxies

as point-like sources. Around ∼ 24th magnitude (typically low-redshift z< 4) discrep-

ancy is found where galaxies are beginning to be resolved and are poorly described

as point-like. The aperture correction therefore under-estimates their total magni-

tude. Critically for the high-priority target groups (those at high-z) agreement is

found to be good. In the bottom panel of Figure 4.8 I present the photometric com-

parison between the re-measured H-band magnitude and the Harikane et al. (2016)

9https://github.com/Kitboyett/Supplementary-Thesis-material
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catalogue. While agreement was found between my re-measured photometry and

the Bouwens et al. (2015a) catalogue, a systematic photometric offset is found with

Harikane et al. (2016). This systematic offset is believed to be due to Harikane et al.

(2016) not including an aperture correction to their fixed aperture photometry and

therefore under-estimating the total magnitude. From Table 4.8, the aperture correc-

tion for the 0.35” aperture adopted by Harikane et al. (2016) would be about 0.5 mag

in F160W H-band, which broadly agrees with the offset at the faintest magnitudes

(dominated by compact galaxies). The offset is larger at brighter magnitude (and

typically larger galaxies), where the small aperture captures less of the flux.

By re-measuring the photometry of the main catalogues, all galaxies have been

brought onto a uniform photometric scheme which is suitable for the NIRSpec MSA

target selection. I note that some of the Harikane et al. (2016) objects which at face

value from their catalogue would be too faint for selection, after correction might

be appropriate for targeting. In Section 4.3.4 I go on to check the colours with the

revised and uniform photometry to see if high-z is still the preferred interpretation.

The goal is to obtain a refined target list of uniformly-selected galaxies, divided into

priority classes (see Section 4.3).

4.3.4 Colour - Colour redshift analysis

As discussed in Chapter 1, the comparison of a galaxy’s colours across adjacent broad-

band filters can be used to identify the presence of the Lyman break in the galaxy’s

spectrum and hence whether it lies within a certain redshift range. The primary

colour across the Lyman break should be red (the magnitude in the longer wave-

length filter above the break is brighter than that below the break). A second colour

is used to minimise contamination by low-z galaxies. These contaminants are most

often with an evolved stellar population producing a 4000Å break or dusty (reddened)

galaxies. Some low-mass stars in our own Galaxy (L- and T-dwarfs) can also mimic

the colours of Lyman break galaxies in some filters due to their complex absorption

spectra (including molecular lines). Criteria combining these two colours create a

selection window which is often a box in a the colour-colour diagram (e.g., see Fig-

ure 4.12) with a diagonal region removed to avoid the region occupied by stars and

the redshift tracks of evolved and dusty lower-z galaxies (e.g., Figure 4.10, showing

the redshift z∼ 7 dropout colour-colour diagram with tracks of various low-redshift

interlopers).
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Figure 4.8: Comparison of the remeasured 0.36”-diameter aperture F160W H-band
photometry corrected for aperture losses appropriate for a point source against the
(Top) Bouwens et al. (2015a) catalogue total Kron magnitudes and (Bottom) Harikane
et al. (2016) 0.35” aperture magnitudes. Top: good agreement in the photometry is
found at fainter magnitudes (dominated by compact galaxies) with poorer agree-
ment found for the brightest magnitudes (and typically larger galaxies), where the
fixed aperture captures less of the flux. Bottom: A systematic offset is found in the
Harikane et al. (2016) fluxes due to the addition of a correction for aperture flux losses
in this work. In both panels those galaxies within the HUDF region, where deeper
photometry is available, extend to fainter magnitudes and have tighter constraints at
a given magnitude than the remaining sample outside the HUDF coverage.
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Figure 4.10: The (J −H) vs. (z − Y ) colours used to select Lyman break galaxies,
with the selection box from Bouwens et al. (2015a) indicated. Tracks for low-redshift
templates from Coleman et al. (1980) are shown for several galaxy templates: Sbc
(blue), Scd (orange), Irregular (green) and Elliptical (red), with tick marks at redshift
intervals of ∆z = 1. The Madau (1995) IGM opacity has been used at z < 7, and
above this the Lyα forest is taken to be optically thick. Also plotted as diamonds are
the colours for L- and T-dwarf stars from Wilkins et al. (2014).
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Two of the three main LBG catalogues (Bouwens et al., 2015a; Harikane et al.,

2016) take the same set of colour cuts to identify LBG at different redshifts (while

Finkelstein et al. 2015 uses a photometric-redshift-based criterion). In my re-analysis

I adopt a colour-colour selection based on the Bouwens et al. (2015a) colour regions,

set out in Table 4.9, using the photometry re-measured in 0.36” diameter apertures

for the colours (employing an aperture correction). For the undetected bands (at

shorter wavelength) for each Lyman break selection, I also require S/N<2 in the

0.36” diameter aperture - a more stringent drop-out requirement.

Redshift y x break slope Cut out
range colour colour

2.4 < z < 4.5 B435 − V606 i775 − J125 y >1 x <1 y >1.6*x + 1
4.5 < z < 5.5 V606 − i775 z850 −H160 y >1.2 x <1.3 y >0.8*x + 1.2
5.5 < z < 6.3 i775 − z850 Y105 −H160 y >1 x <1 y >0.78*x + 1
6.3 < z < 7.3 z850 − Y105 J125 −H160 y >0.7 x <0.45 y >0.8*x + 0.7
7.3 < z < 9.0 Y105 − J125 J125 −H160 y >0.45 x <0.5 y >0.75*x + 0.525
9.0 < z < 10.3 J125 −H160 - y >1.2 - -

Table 4.9: The Bouwens et al. (2015a) colour-colour criteria for B-, V-, i-, z-, Y- and
J-band drop-outs, that I adopt for the Lyman break colour criteria. The expected
redshift distribution for galaxies selected in each drop-out filter overlaps, see Figure
4.11, and I adopt the Bouwens et al. (2015a) redshift dividers to separate between
drop-out filters. In addition to these criteria, non-detections are required in available
the wavebands below the Lyman break. I require S/N(B) < 2 for V-band dropouts,
S/N(B) and S/N(V) < 2 for i-band dropouts, S/N(B), S/N(V) and S/N(i) to be < 2
for z- and Y-band dropouts. For J-band drop-outs I do not have a longer wavelength
filter beyond the H-band to constrain the spectral slope colour and I use the break
colour alone, along with the condition that the S/N(B), S/N(V), S/N(i), S/N(z) and
S/N(Y) are all < 2.

Using the re-measured photometric magnitudes, or 2σ magnitude limits when ap-

propriate, colour-colour positions for each target are used to determine whether they

meet the Bouwens et al. (2015a) criteria for each redshift bin. Figures 4.12 and 4.13

provides the colour-colour diagrams for i-, z- and Y-band drop-outs for the Bouwens

et al. (2015a) GOODS and HUDF samples, the (Bouwens et al., 2015a) criteria set

as the purple box (B- and V-band drop-out colour diagrams for Bouwens et al. 2015a

and versions for the Finkelstein et al. 2015 and Harikane et al. 2016 samples are

placed in Appendix A.1). I assign quality flags to the galaxies on the basis of whether

the re-measured photometry meets the Lyman Break colour-colour selection require-

ment for each drop-out redshift range. Where the photometry sits within the colour
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Figure 4.11: The expected redshift distribution (left) and measured photometric red-
shift distribution (right) for B-, V-, i-, z−, Y- and J- band drop-outs selected using
Bouwens et al. (2015a) colour criteria. The agreement between their EAZY photo-
metric redshift estimates and the simulated expectation distribution demonstrates
the ability for the selection criteria to identify the redshift within a redshift window.
Taken from Bouwens et al. (2015a)

selection box, these galaxies are flagged as “good” (including where the filter short-

ward of the break is undetected, and the colour cut is met using the 2σ limit in this

waveband). I also flag as “possible high-z” those galaxies which are undetected in the

band shortward of the putative Lyman break, but whose lower limit on the colour

across the break falls outside the selection window (but where the limit means the

photometry may still be consistent with the galaxy being in the colour selection box).

Finally, I flag as “unlikely” those galaxies where the remeasured photometry places

them outside the colour selection box but within 1σ of the demarcation line, and flag

as “bad” those whose photometry is inconsistent at the > 1σ level of being in the

colour selection box. The number of good, possible high-z and unlikely galaxies is

presented in Table 4.10 for each drop-out redshift range.

Across the three main catalogues I find that there is good agreement with the

input catalogue redshift estimate (where Bouwens et al. 2015a and Finkelstein et al.

2015 each provide photometric redshift estimates, and Harikane et al. 2016 just sub-

divides into drop-out categories). In each of Bouwens et al. (2015a), Harikane et al.

(2016) and Finkelstein et al. (2015), 68%, 73% and 71% of galaxies have re-measured

photometry that agrees with the colour criteria for the photometric redshift bin from

the input catalogues. In Section 4.3.5 I go further to check the photometric redshifts
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Figure 4.12: Colour-colour diagram from the remeasured photometry for i-band drop-out
Lyman break candidates at z ∼ 6 from the Bouwens et al. (2015a) catalogue. Those within
the GOODS North and South fields are shown on the left, with those in the XDF/HUDF
shown on the right. The purple shaded region displays the LBG colour criteria for drop-out
selection adopted from (Bouwens et al., 2015a). I only plot those galaxies detected at 4σ
in the H-band, and where the re-measured position did not significantly shift (i.e. I am
analysing the same object as in Bouwens et al. 2015a), which form two of my selection
criteria. As is customary with colour-colour plots (Bouwens et al., 2015a; Harikane et al.,
2016), error bars have been removed to aid visualisation and due to the large number of
sources. For clarity a S/N cut in the Y -band has been set at 5 for the GOODS plot (so that
the figure is not swamped by low-significance points with large error bars), but all galaxies
are retained as part of the analysis. Galaxies are colour coded: green circles indicates
galaxies which are detected in all the filters plotted and which match the colour criteria
(the purple shaded region); orange circles have photometry just outside the colour selection
box, but lie within 1σ of it; and red circles indicate galaxies whose remeasured photometry
places them significantly outside the Lyman break colour selection region, and hence these
are no longer good high-z candidates. Where galaxies are not detected (< 1σ) in the i-band,
I plot the 2σ lower limit on the B − V colour. Green triangles are non-detections in the
drop-out filter (i-band) where the lower-limit on the B − V colour places them within the
Lyman break selection region; and blue triangles are non-detections in the i-band where the
limit on the colour may lie below the Lyman break selection, but as this is a lower limit on
the colour they may still be consistent with being at high-z. Some i-band galaxies would be
candidates for Priority class 4 in the JADES NIRSpec target selection, where we will give
priority to galaxies with high enough star formation rates for emission lines to be detectable
at high significance with NIRSpec and this translates to a magnitude limit on a rest-UV
waveband above the Lyα break (in the case of the i-drops this would be the F105W Y -
band). Those objects meeting this requirement of AB = 26.5mag for the Medium pointings
within GOODS, and 27.5mag in the Deep NIRSpec pointing on the HUDF, are shown as
bold symbols.
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Figure 4.13: As for Figure 4.12, but the z- and Y -band drop-outs at z∼ 7&8 are shown.
For clarity a Y -band S/N cut has been set at 5 for the z-band drop-out GOODS plot,
but all galaxies are retained as part of the analysis. Some z-drops would be candidates
for Priority class 4 in the JADES NIRSpec target selection, where we will give priority to
galaxies with high enough star formation rates for emission lines to be detectable at high
significance with NIRSpec and this translates to a magnitude limit on a rest-UV waveband
above the Lyα break (in the case of the z-drops this would be the J-band). Those objects
meeting this requirement of AB = 26.5mag for the Medium pointings within GOODS, and
27.5mag in the Deep pointing on the HUDF, are shown as bold symbols. Some Y -band
galaxies would be candidates for Priority classes 1 & 2, where we will give priority to the
high-z galaxies that are sufficiently bright to confirm the redshift with NIRSpec — this
translates to a magnitude limit for the Y -drops in the H-band. Those objects meeting this
requirement of AB = 28.5mag for the Medium pointings within GOODS, and 29.5mag in
the Deep pointing on the HUDF, are shown as bold symbols. Errorbars are presented for
the Y-band drop-out panels where the numbers are sufficiently low to avoid over-crowding.
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Bouwens et al. Harikane et al. Finkelstein et al.
(2015) (2016) (2015)

drop-out [#Agree (1σ) /total] [#Agree (1σ) /total] [#Agree (1σ) /total]

B − band 3581 (665) / 4974 3918 (725) / 5185 3253 (285) / 4068
V − band 1181 (151) / 1712 1296 (144) / 1821 1271 (193) / 2014
i− band 365 (58) / 613 399 (56) / 653 300 (63) / 666
z − band 184 (31) / 332 271 (59) / 428 159 (21) / 341
Y − band 80 (12) / 124 0 (0) / 0 65 (21) / 132
J − band 5 (0) / 6 0 (0) /0 0 (0) / 0

All 5395 (918) / 7761 5884 (984) / 8087 5048 (583) / 7221

Table 4.10: The fraction of galaxies where the agreement of the re-measured pho-
tometry with the colour-colour criteria for the input catalogues redshift is considered
to be good (either classed as “good” or “possible high-z”) or “unlikely”(those lying
within 1σ, given in brackets).

with the revised and uniform photometry and to see if high-z is still the preferred

interpretation.

4.3.5 Photometric redshifts of Lyman break galaxies

As discussed in the previous Section, the photometry of a galaxy in several broadband

filters can be used to identify candidate Lyman break galaxies in a colour-colour di-

agram, where the Lyman break falls between two adjacent filters for certain redshift

ranges. However, a drawback is that some lower-redshift galaxies and local brown

dwarf stars can mimic the colours of Lyman break dropouts in the selected filters.

To place further constraints on the redshift and to aid the rejection of lower redshift

interlopers, I make use of the additional re-measured photometry in all the available

wavebands. So, in addition to a Lyman break selection based on a small number

of colours (and non-detections in wave bands at wavelengths shortward of the pu-

tative spectral breaks), I also consider a full-SED fitting approach to determine the

photometric redshift. Here measurements of the photometry in multiple broadband

filters sample the SED of a galaxy, essentially providing a low resolution spectrum

with sensitivity to the overall spectral shape (in particular continuum breaks such as

the Lyman break and the Balmer and 4000Å break) and potentially extremely high

equivalent width emission lines (see Chapter 3). The shape and intensity of a galaxy’s

rest-frame SED is sensitive to many of the galaxy’s fundamental properties, includ-

ing stellar mass, star formation history, dust content, initial mass function (IMF)

and metallicity. By varying these properties, along with the redshift of a template

spectrum (and altering the normalisation to find the best-fit stellar mass), we can
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see what range of redshifts and galaxy properties are consistent with the photometry.

This is the basis of “photometric redshifts” (e.g., Lanzetta et al., 1996; Wolf et al.,

2001; Franx et al., 2003; Mobasher et al., 2004). Typically, simulated galaxy spec-

trum templates (e.g., Bruzual & Charlot 2003 population synthesis models) covering

a larger parameter space of galaxy properties are used to find the most likely redshift

and to identify the set of parameters that most closely replicate the observed SED.

It is now standard practice in studies of galaxies to process their SEDs through fit-

ting codes (e.g., BEAGLE, Chevallard & Charlot 2016; EAZY, Brammer et al. 2008;

MAGPHYS, da Cunha et al. 2008) to identify the photometric redshift and other

fundamental properties. Often these codes output probability density functions with

redshift, which show where there may be secondary redshift solutions which are pos-

sible (e.g. the aliasing of the Lyman break at high redshift with the Balmer break at

moderate redshift) and allowing the relative probabilities in these peaks to be assessed.

I provide a catalogue of the photometry flux densities and associated uncertainties

for photometric redshift fitting. I make use of the Bayesian code BEAGLE (Cheval-

lard & Charlot, 2016), which was previously used in Chapter 2. However, unlike

in Chapter 2, where I knew the redshift of the sources from the emission line spec-

troscopy and wanted to fit the galaxy properties to the photometry and line fluxes, for

this sample of candidate high redshift targets in the JADES fields we typically do not

know the true redshifts (except for a very small number of Lyα emitters or emission

line detections from ALMA), and hence I also treat the redshift as a free parameter

for BEAGLE to fit. BEAGLE is set up adopting a Chabrier IMF (Chabrier, 2003),

a linear-exponential star formation rate (SFR∝ t ∗ exp(−t/τ)) and a Charlot & Fall

(2000) two-component dust extinction law (the details of the parameter ranges are

given in Table 4.11). The combination of a linear and an exponential component

allows for a star forming history parameterisation that includes both a rising SFH

which is appropriate at high redshift (Salmon et al., 2015, e.g.,), and also a falling

SFH as is more appropriate at lower redshifts. The two-component Charlot & Fall

(2000) dust extinction model accounts for extinction on the continuum emission in

the ISM of the galaxy and the additional extinction experienced by nebular emission

which arises from the yet-to-be dispersed birth clouds that surround young-massive

stars, the regions from where the nebular emission is created (further details on the

application of this parameterisation are given in Chevallard & Charlot 2016). I

utilise the latest version of the Bruzual & Charlot (2003) spectral population synthe-

sis models (see Gutkin et al. 2016, section 2.1 for updates). A uniform prior is set
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Parameter Range Description

τ 6 < log10(τ/yr) < 12 Star formation timescale
Z −2.2 < log10(Z/Z⊙) < 0.4 Metallicity, Z⊙ = 0.01524
M 4 < log10(M/M⊙) < 13 Mass (integral of SFH)

max(Age) 6 < log10(max(Age/yr)) < 12 Maximum stellar age
z 0 < z < 15 Redshift

zform zform < 15 Maximum formation redshift∗

U −4 < log10(U) < −1 Galaxy-wide ionization parameter
ξd 0.1 < log10(ξd) < 0.5 Galaxy-wide dust-to-metal mass ratio

τveff 0 < τveff < 2 V-band attenuation optical depth

µ µ = 0.4
Relative V-band attenuation from
diffuse ISM to total∗∗

Table 4.11: Beagle (Chevallard & Charlot, 2016) parameter ranges set for photometric
redshift fitting, with uniform priors set over each.
∗ No model age allowed to exceed the age of the Universe
∗ ∗ See Charlot & Fall (2000); Chevallard & Charlot (2016) for definition.

over each of the model parameters (which are listed in Table 4.11). For each galaxy

BEAGLE returns a posterior distribution function (PDF, a probability distribution)

for the redshift. The PDF sometimes favours a single unambiguous redshift solution,

however instances do occur when multiple redshift solutions can fit the SED well.

BEAGLE provides warning flags when the PDF is ambiguous (with two or more

clear redshift solutions).

Across the three main catalogues of Bouwens et al. (2015a) (containing 7761 galax-

ies), Harikane et al. (2016) (containing 8087 galaxies) and Finkelstein et al. (2015)

(containing 7346 galaxies) with an overlap of 2828 galaxies appearing in all three,

BEAGLE was able to assign a single redshift solution to the majority of galaxies.

When the BEAGLE multinest peak-finding feature (which considers the posterior

density function of all parameters, not just the redshift) identifies only a single so-

lution, the redshift is determined to be unambiguous and a second redshift solution

isn’t reported. This accounts for 73.8%, 73.0% and 78.7% of galaxies in the Bouwens

et al. (2015a), Harikane et al. (2016) and Finkelstein et al. (2015) catalogues. The

remaining galaxies all report two redshift solutions as well as the ratio of integrated

probabilities between the two solutions. Here the redshift solution is ambiguous, be-

tween the primary (that with the higher integrated probability) and the secondary. I

consider the primary redshift solution to still be constraining if it’s maximum proba-

bility (P1) is over twice that of the secondary solution maximum probability (P2) e.g.,
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Figure 4.14: ∆z/(1 + zinput) distribution for the three main catalogues, where ∆z
= zbeagle − zinput, red lines denote 0.15 outlier tolerance. Top: The continuous pho-
tometric redshifts of Bouwens et al. (2015a) and Finkelstein et al. (2015) allow the
distributions to be plotted, highlighting the good agreement of the majority of galax-
ies and identifying a cloud of galaxies below ∆z/(1 + zinput) ∼ −0.3 that BEAGLE
determines to be lower redshift interlopers. Bottom: The discrete redshift values of
Harikane et al. (2016) at z=4, 5, 6 and 7 are presented as histograms, where again
a similar low level cloud of galaxies can be seen. The galaxies in this low redshift
solution cloud are flagged as potential interlopers.
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Table 4.12: The fraction of galaxies that had a photometric redshift in the same
drop-out filter redshift range as the input catalogue (designated either by the photo-
metric redshift from Finkelstein et al. 2015 or from the drop-out filter allocation from
Bouwens et al. 2015a; Harikane et al. 2016).

Redshift Bouwens et al. Harikane et al. Finkelstein et al.
range (2015) (2016) (2015)

2.4 < z < 4.5 4382 / 4974 4656 / 5185 3566 / 4068
4.5 < z < 5.5 1108 / 1712 1099 / 1821 1268 / 2014
5.5 < z < 6.3 344 / 613 358 / 653 378 / 666
6.3 < z < 7.3 155 / 332 197 / 428 171 / 341
7.3 < z < 9.0 69 / 124 0 / 0 92 / 132
9.0 < z < 10.3 5 / 6 0 / 0 0 / 0

all 5909 / 7761 (76%) 6310 / 8087 (78%) 5475 / 7221 (76%)

P2/P1 < 0.5. Galaxies with two redshift solutions with one dominating accounting

for 22.4%, 22.4% and 18.1%. The redshift solution for galaxies with a probability ra-

tio above 0.5 is considered to be ambiguous. This accounts for the remaining 3.79%,

4.65% and 3.18% of galaxies in the three main catalogues. Flags are assigned to the fi-

nal galaxy catalogue reflecting the unambiguous, ambiguous yet constraining (P2/P1

< 0.5), ambiguous and no redshift solutions (which accounts for a total of 5 galaxies

across the three catalogues). A more justified P1/P2 value could be obtained if I

considered the model comparison from the Bayesian evidence calculations in BEA-

GLE but this is beyond the scope of this work and not necessary for the project goals.

I consider how the BEAGLE photometric redshifts compare to the input catalogue

reported redshift and also the Lyman break selection. I would like to know whether

galaxies that did not match the Lyman break criteria for their input catalogue drop-

out filter redshift range have a BEAGLE photometric redshift that also disagrees

with that redshift range. As can be seen in Tables 4.12, 4.13 and 4.14, where the

fraction of objects with a BEAGLE redshift in agreement with the input catalogue

redshift increases for objects with “good” Lyman break colour-colour agreement and

is lower in galaxies which do not meet the colour criteria. This latter point highlights

particularly those galaxies that are likely to be in a neighbouring drop-out band or

those that are low redshift interlopers.

The majority of objects show consistency between the BEAGLE photometric red-

shifts and redshift ranges associated with the drop-out filter reported in the input

catalogues of Bouwens et al. (2015a) (76% agreement) and Harikane et al. (2016)

144



Table 4.13: The fraction of galaxies that had a photometric redshift in the same
drop-out filter redshift range as the input catalogue for the sources with Lyman break
colour-colour agreement (either classed as “good”, “possible high-z” or “unlikely”).
This Lyman break colour-colour agreement sample displays a higher agreement frac-
tion between the BEAGLE photometric and catalogue input redshift range than the
complete sample in Table 4.12

Redshift Bouwens et al. Harikane et al. Finkelstein et al.
(2015) (2016) (2015)

2.4 < z < 4.5 3910 / 4246 4247 / 4643 3263 / 3538
4.5 < z < 5.5 930 / 1332 945 / 1440 1061 / 1464
5.5 < z < 6.3 279 / 423 277 / 455 246 / 363
6.3 < z < 7.3 123 / 215 163 / 330 115 / 180
7.3 < z < 9.0 61 / 92 0 / 0 69 / 86
9.0 < z < 10.3 4 / 5 0 / 0 0 / 0

all 5307 / 6313 (84%) 5632 / 6868 (82%) 4754 / 5631 (84%)

Table 4.14: The fraction of galaxies that had a photometric redshift in the same
drop-out filter redshift range as the input catalogue for the sources with Lyman
break colour-colour disagreement (classed as “bad”). This Lyman break colour-colour
disagreement sample displays a lower agreement fraction between the BEAGLE pho-
tometric and catalogue input redshift range than the complete sample in Table 4.12

Redshift Bouwens et al. Harikane et al. Finkelstein et al.
(2015) (2016) (2015)

2.4 < z < 4.5 506 / 787 409 / 542 303 / 530
4.5 < z < 5.5 173 / 358 154 / 381 207 / 550
5.5 < z < 6.3 62 / 170 81 / 198 132 / 303
6.3 < z < 7.3 27 / 91 34 / 98 56 / 161
7.3 < z < 9.0 13 / 41 0 / 0 23 / 46
9.0 < z < 10.3 1 / 1 0 / 0 0 / 0

all 782 / 1448 (54%) 678 / 1219 (56%) 721 / 1590 (45%)
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(78% agreement), or with the same redshift range as the Finkelstein et al. (2015)

EAZY (Brammer et al., 2008) derived photometric redshifts (76% agreement). The

agreement is greater in objects with Lyman break colour criteria agreement (∼ 83%)

and lower in galaxies which do not meet the colour criteria (∼ 52%). I flag galaxies

where the photometric redshift does not match the input catalogue drop-out filter (or

respective redshift range). Photometric redshifts do not have the same limited ranges

as the Lyman-break colours, which typically have a top-hat (tending to Gaussian)

window function for selection with redshift (see e.g., Wilkins et al., 2011; Bouwens

et al., 2015a), so are potentially sensitive to a wider range of redshifts (although

much of the power will come from the dominant spectral feature, the Lyman break).

Although a potential disadvantage of photometric redshifts is that the assumed tem-

plates may not properly match the SED of high redshift galaxies (which we won’t

really know until NIRSpec). Here, potential Population III stars and the line emission

from EELGs may not be reflected in current template spectra, whereas the Lyman

break is a property extrinsic to the galaxy (dependent on the optical depth of the IGM

to Lyα) so may be more robust, but as stated, potentially less complete with redshift.

In addition to presenting the Lyman break colour selected drop-out filter, Bouwens

et al. (2015a) also determines the photometric redshifts for each galaxy (using the

SED fiting code EAZY Brammer et al. 2008). A comparison of the input catalogue

photometric redshift and my BEAGLE photometric redshift is plotted in Figure 4.14,

where the redshift difference (∆z = zbeagle − zinput) is normalised by the input cat-

alogue redshift (1 + zinput). To accommodate the Harikane et al. (2016) catalogue I

also present the histogram normalised redshift change for each drop-out filter sub-

sample, the input catalogue redshift for each galaxy in the drop-out filter is taken as

the redshift sub-division given by Harikane et al. (2016) (B-band is z = 4, V-band is

z = 5, i-band is z = 6 and z-band is z = 7). In these figures, galaxies with a negative

normalised ∆z are those that BEAGLE allocates to lower redshift solutions than the

input redshift estimate and I note the presence of a cloud of objects that BEAGLE

reports as being at much lower redshifts compared to the input catalogues, although

many of these have a secondary higher redshift solution. I also note the offset shift

in the Harikane et al. (2016) histograms where the mean ∆z/(1 + zinput) offset for

the catalogue is -0.07. This indicates that the adopted redshifts of z= 4, 5, 6 and 7

for each drop-out band are not accurate and slightly overestimate the typical redshift

for each band, which is not unexpected given the redshift breadth sensitive to each
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drop-out filter.

I note a small number of galaxies have been fitted with a primary redshift solution

at zbeagle > 11, a solution much higher than the input catalogue photometric redshift

and would place these galaxies in the top priority class for target selection (see Section

4.3). These photometric redshift solutions are identified to be overestimates, gener-

ated by a negative flux measured in the F140W JH-band and mimicking a JH- Lyman

break drop-out. Many of these galaxies have detections (S/N > 2) in the Y- or J-

band that contradict this redshift solution. In each of the ∼ 10 cases, the position of

the photometric aperture (fixed to the H-band detection image position) was partly

off image in the 3D-HST F140W JH-band (i.e., the 3D-HST JH-band imaging does

not have as complete coverage as the H-band image with small regions missing).

The majority of galaxies form a locus around ∆z ∼ 0 and for Bouwens et al.

(2015a); Harikane et al. (2016) and Finkelstein et al. (2015) 84%, 75% and 86% agree

within |∆z| /(1+zinput) < 0.15 (marked as red horizontal dashed lines in the Figures).

This is a tolerance that I adopt from galaxy surveys (e.g., Merlin et al., 2021), where

a measured spectroscopic redshift is compared to a photometric redshift estimate and

used to identify catastrophic outliers (when the photometric redshift is significantly

different to the spectroscopic value). In galaxy surveys catastrophic outlier rates are

typically found to be of order a few percent (e.g., Merlin et al., 2021), much lower

than what I recover in this work. Harikane et al. (2016) presents a higher fraction of

catastrophic outliers due to their sub-division of redshifts into discrete bins based on

the drop-out band rather than on continuous photometric redshifts (as do Bouwens

et al. 2015a; Finkelstein et al. 2015). If I restrict the catalogues to only those that

found “good” agreement with the Lyman break colour-colour selection (see Section

4.3.4) the catastrophic outlier rate decreases to a reasonable 5%, 12% and 3% in

Bouwens et al. (2015a); Harikane et al. (2016); Finkelstein et al. (2015) respectively,

this effect can be seen in Figure 4.15.

In light of the photometric redshift fits, and the re-analysis of the Lyman break

colour-colour selection, I am able to clean the target lists for JADES. I employ four

criteria to arrive at a catalogue of the most robust sources:

1. Detection in the H-band at S/N> 4 (0.36” diameter aperture)
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Figure 4.15: ∆z/(1 + zinput) distribution for the three main catalogues, where ∆z =
zbeagle− zinput, red lines denote 0.15 outlier tolerance. Sample restricted to those with
“Good” Lyman break colour-colour agreement and shows fewer catastrophic outliers
than the full sample in Figure 4.14. Top: The continuous photometric redshifts of
Bouwens et al. (2015a) and Finkelstein et al. (2015) allow the distributions to be
plotted, highlighting the better agreement of the majority of galaxies and a much
reduced cloud of galaxies below ∆z/(1 + zinput) ∼ −0.3 that BEAGLE determines
to be lower redshift interlopers. Bottom: The discrete redshift values of Harikane
et al. (2016) at z=4, 5, 6 and 7 are presented as histograms, where again a tighter
agreement is found with a reduced lower redshift cloud of galaxies.
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2. Not to be flagged for an astrometric offset10, to ensure I have the same object

3. Agreement with the colour criteria to be classed as “good”, “possible high-z”

or “unlikely”(those lying within 1σ of the colour criteria)

4. The BEAGLE photometric redshift to agree with the catalogue reported drop-

out filter redshift range (for Finkelstein et al. 2015 I require the catalogue pho-

tometric redshift and the BEAGLE redshift to lie in the same drop-out filter

redshift range) to remove galaxies with lower redshift solutions (interlopers).

The clean criteria reduces the Bouwens et al. (2015a); Harikane et al. (2016) and

Finkelstein et al. (2015) catalogues to 4402, 4537 and 4075 galaxies. Each criteria

step reduces the sample: ∼20% is removed by the H-band S/N cut, this reflects the

input catalogues source selection on a combined WFC3/IR detection image to select

galaxies that may be lower S/N in just the H-band; ∼3% is removed by astrometric

offset flag, noting cases when re-centring may have located on a nearby bright source;

∼11% is removed by the Lyman break drop-out colour criteria; and ∼ 10% is removed

by the photometric redshift criteria. Table 4.15 presents the break down of the clean

sample in each catalogue and the overlap between them, a total of 7221 unique

objects. These clean objects are sorted into their relevant priority class, Table 4.16

and Tables A.2 and A.7 in the Appendix, present the priority class 1-3 and 4-6 objects.

I retain the other targets which did not meet the above four criteria, and these are

placed in lower priority classes for potential targeting if there is space on the MSA -

we are in particular interested in getting spectroscopy for some galaxies just outside

the colour—colour selection windows used, or with ambiguous photometric redshifts,

so that we can assess the low-redshift contamination rate and effectiveness of the

selection. This will be important for other aspects of the JADES programme, in par-

ticular recovery of luminosity functions from Lyman break galaxies in the NIRCam

imaging (many of which will not have NIRSpec spectra). The validation of photo-

metric redshifts with our spectroscopy is also a key goal. For galaxies not meeting

the four criteria for “robustness” (detailed above), I demoted more marginal sources

potentially at the highest redshifts (z >∼ 8) from Classes 1 & 2 in Table 4.2 to Class

3. At z > 6, sources which are faint or less reliable are placed in Class 6 rather than

Class 4. For the lower-redshift Lyman break galaxies (z < 6), those that are less

reliable are moved from Class 7 to Class 8 where the chances of them being observed

10After correcting for the measured Bouwens et al. (2015a) systematic offset.
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are significantly reduced (and more reliable sources will instead be favoured in the

same region of sky competing for the same microshutters on NIRSpec).

4.3.6 Sizes and surface brightness profiles of Lyman break
galaxies

As noted previously, not only are the brightness and photometric redshift of galaxies

key considerations in the ranking of high redshift targets for observation with JWST-

NIRSpec, but also the size and surface brightness profile will affect the amount of light

entering a NIRSpec microshutter (along with how well centred the galaxy is within a

shutter). Hence, as well as the accurate astrometry and multi-waveband photometry,

I wish to measure the size and shape information for the potential targets - this will

ultimately be used to assess whether the S/N of the spectrum would be sufficient

for our science goals (i.e. determining whether an object is a worth targeting with

NIRSpec), and also for targeted objects this information is crucial to determine the

aperture corrections to the extracted spectrum which will be a strong function of

wavelength (due to the PSF varying with wavelength) - this is necessary to achieve

flux calibration and hence line ratios and spectral shape information.

GALFIT (Peng et al., 2002), is a surface brightness modelling and fitting tool

which determines the best-fit model that (once convolved with the PSF) minimises

the residuals in the model-subtracted image (e.g., see Figure 4.16). GALFIT is run

on each galaxy’s H-band image to provide measurements of its characteristic radius,

position angle and axis ratio. Although the resolution of HST is better at shorter

wavelengths, these Lyman break galaxies are often faint (or undetected if below Lyα)

in the ACS filters, which probe far into the rest-frame UV. Hence I use the F160W

H-band from WFC3 for determining the structural parameters. For the z ∼ 4 Lyman

breaks, the H-band corresponds approximately to the rest-frame B-band, but at the

highest redshifts we are targeting, the H-band will sample the rest-frame UV. Hence

the surface brightness profiles in this band may not fully reflect the underlying overall

stellar population (and such work will await imaging from JWST/NIRCam at longer

wavelengths), but the surface brightness profiles in the rest-UV will be indicative of

the young stellar population which will power the emission lines which we are sen-

sitive to with NIRSpec spectroscopy - and hence this is most suited to our JADES

catalogue for NIRSpec target selection. Equally the position angle and axis ratio can

also become useful parameters when designing the most efficient MSA configuration,

because the individual shutters are 0.2×0.4arcsec (i.e. oblong) and so the flux falling
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within the NIRSpec aperture also depends on the position angle and telescope roll

angle at the time of observation.

I note that most of the input catalogues used to form our reserved target list have

either no size information, or simply the FWHM output from SExtractor (Bertin &

Arnouts, 1996) (typically from one of the HST wave bands). The SExtractor val-

ues also have the effect of the telescope PSF at that wavelength. I would prefer to

recover the intrinsic size, accounting for the observed PSF, and this can be accom-

plished with GALFIT. The motivation here is that I would want to then re-convolve

with the JWST PSF to simulate the future observations (which is done in Chapter 5).

GALFIT can fit several analytic functional forms. I adopt a variable “Sérsic”

(Sérsic, 1968, 1963) profile with Sérsic index ‘n’. Here the intensity at a given radius

(R) is parameterised in terms of the half-light radius (Re, that containing half the

total light) and the intensity at that radius (Ie)

I(R) = Ie exp

{
−bn

[(
R

Re

)(1/n)

− 1

]}
. (4.2)

Standard values for the constant bn include b1 = 1.678 for a n=1 is exponential disk

(Freeman, 1970) and b4 = 7.669 for a n=4 de Vaucouleur profile (de Vaucouleurs,

1948) characteristic of bulges and elliptical galaxies (see e.g., Graham & Driver 2005

for discussion of bn). The fact that these galaxies are high redshift and there is also

size evolution (e.g., Oesch et al., 2010a) means the targets are small even at HST

resolution and extend over only a few pixels. For these compact objects the Sersic

shape index is typically poorly constrained. I fix n = 1, corresponding to an exponen-

tial disk (typical of a star-forming galaxy at low redshift). I note that Ravindranath

et al. (2006) fit Sérsic profiles for galaxies in the GOODS fields at 3 < z < 5 and find

that most have Sérsic indices n< 2 (with 40% having exponential profiles with n∼ 1,

and a further 30% with shallower profiles n< 0.8 which may be related to mergers

or multiple site of star formation within the same galaxy). van der Wel et al. (2012)

analysed the Sérsic indices in the same 3D-HST images that I am using, although

many of the faint Lyman break galaxies which I study here do not appear in their

catalogue which is tuned to lower redshifts (z∼0-3). van der Wel et al. (2012) find

that the distribution of Sérsic indices peak strongly around n ∼1 (their Figure 3). I

note that two other works on the surface brightness profiles of high redshift Lyman

break galaxies also force a small Sérsic index similar or equal to an exponential profile
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Figure 4.16: Left: original image of a centred high redshift target galaxy and right:
the image after GAFLIT morphological fitting and subtraction. The light profile of
the central galaxy has been modelled accurately and leaves minimal residuals after
subtraction.

(Ono et al. 2013 take n = 1 for 7 < z < 12, and Oesch et al. 2010a take n = 1.5 for

7 < z < 8). Hence the choice of forcing an n = 1 profile for GALFIT (to help the

fits converge) seems reasonable. To note, the conversion between the Sérsic effective

radius (equal to the half-light radius, Re) and the exponential characteristic radius

(which is returned by GALFIT) is given by Rexp = 1.678RSérsic.

GALFIT is run on all three catalogues with each galaxy image trimmed to 60”×60”

sub-image, and adopting the exponential light profile (Sérsic n = 1) and a uniform

sky background determined by GALFIT for each sub-image. I used for a PSF an

unsaturated star located in the same detector image as the galaxies in the GOODS

field (i.e. coming from the same set of observations taken at the same time as the

galaxy I wish to fit, so the roll angle between the PSF star and target will be identi-

cal). Across the three catalogues ∼ 30% of sources recover GALFIT solutions whilst

a further ∼ 50% return the GALFIT convergence warning, indicating that the target

covered too few pixels for the light profile to be modelled accurately, which is to

be expected for high-redshift galaxies which are well described as point-sources. For

1410 galaxies in GOODS North and 1037 in GOODS South overlap is found between

the 3 main catalogues and the 3D-HST sample of van der Wel et al. (2012) who

also present a GALFIT shape analysis. In Figure 4.17, I compare my own results
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of GALFIT on a sub-set of those of van der Wel et al. (2012). Here the half-light

radius, GALFIT derived H-band magnitude, axis ratio and position angle all find

good agreement when the Sérsic index of van der Wel et al. (2012) (which is left as a

free parameter 0.5 < n < 8) is close to 1, the fixed value for n I adopt. The scatter

between my GALFIT shape analysis and that of van der Wel et al. (2012) is larger

when the best fit Sérsic index does not agree with the n = 1 light profile adopted in

this work. This potential different in the measured shape parameters between a free

and fixed Sérsic index analysis may likely only be considerable for the lower-priority

low-redshift bright sources which are resolvable and will be minimal for the key high-

redshift targets which are more typically compact (n = 1).

4.4 Summary

In this Chapter I have looked at known existing targets falling within the JWST

JADES survey fields for potential follow-up with NIRSpec. The goal has been to

gather the Lyman break galaxies from the literature (and I focus on three large com-

pilations done in the GOODS fields) and re-measure the photometry and astrometry

for each using consistent well-reduced images (I use the 3D-HST reductions). This

is critical to our JADES survey to ensure that enough galaxy light does indeed fall

within an individual MSA microshutter of NIRSpec, and that we are targeting galax-

ies which are bright enough to achieve the science goals of our survey. I also check if

the candidate Lyman break galaxies from the literature hold up as good candidates

using the uniformly-measured photometry and photometric redshifts fits from BEA-

GLE.

I have identified an offset in the astrometry of one of the LBG catalogues (Bouwens

et al., 2015a), which while small (∼0.2arcsec) is significant in terms of the narrow

shutter size of the NIRSpec MSA, and would lead to missing many of these targets

if left uncorrected. I also identified that another of the catalogues (Harikane et al.,

2016) was reporting photometry apparently uncorrected for aperture losses.

A total of 4402, 4537 and 4075 galaxies survive the re-analysis in the Bouwens

et al. (2015a); Harikane et al. (2016); Finkelstein et al. (2015) catalogues which span

z > 3 to z ∼ 10. This produces a total of 13014 entries with 7221 unique galaxies.

The distribution of galaxies with redshift is presented in Table 4.15. Galaxies that
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Figure 4.17: Comparison of GALFIT derived surface brightness parameters: Half-
light radius (top-left panels), F160W H-band apparent magnitude (top-right panels),
axis ratio (bottom-left panels) and position angle (bottom-right panels). Reported
for the sub-set of galaxies matched to the 3D-HST van der Wel et al. (2012) sample
for the GOODS North (Top) and South (Bottom) fields. van der Wel et al. (2012)
fit the surface brightness profile with a Sérsic profile, allowing the Sérsic index (n)
to be a free parameter (the colour bars present 0 < n < 8 for the 3D-HST sample).
Good agreement is found at n=1, where in this work the Sérsic index has been fixed
to reflect the distribution of galaxies at high-z (e.g., Ravindranath et al., 2006).
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do not make the cut will be retained for the target list but are down-weighted in the

priority class (see Section 4.3.5 and Table 4.2). The cleaned galaxies can be separated

into the priority classes. The Y- and J-band drop-outs are potentially at z > 8, and

will be in priority Classes 1 & 2, and are among our highest priority targets which

drive the choice of exact telescope pointing to maximise the number observed and en-

sure the highest priority ones fall close to the centres of microshutters. There are 44 of

these z > 8 galaxies from the literature that survive the photometry checks and with

a magnitude in the rest-frame UV filter just longward of the Lyman break brighter

AB=29.5 in the XDF (6, for targetting in the NIRSpec DEEP tier of JADES) and

AB=28.5 in the other portions of the GOODS fields (38, corresponding to Medium).

A further 27 galaxies survive but have fainter magnitudes in their respective fields

and are placed in priority Class 3 (z > 8 and brighter than AB=30.5), these are all

presented in Table 4.16.

Appendix A.2 also presents the z > 6 candidates for spectroscopy from Class 4

of our JADES priority scheme — these objects have passed the “robustness” criteria

above, and have rest-UV fluxes (indicative of star formation rates, albeit lower limits

due to dust reddening) which would imply that we should be able to detect Hα with

NIRSpec at S/N > 25, and other key lines (such as Hβ, [OII] and [OIII]) at S/N > 8.

Detection of spectral lines at this significance would enable line diagnostics to be used

to constrain the dust attenuation, metallicity and ionisation parameter (as I did in

Chapter 2 for a lower redshift sample). For the XDF region (to be targeted with a

DEEP NIRSpec exposure) I have 7 sufficiently-bright candidates (AB < 27.5), and

for the rest of the GOODS fields (to be targeted with MEDIUM-duration JADES

NIRSpec spectroscopy) I have 46 candidates at AB < 26.5. A further 358 objects

enter the lower priority Class 6 (fainter z > 6 sources) with magnitudes brighter than

29.0 and 28.0 in the XDF/DEEP and GOODS/MEDIUM regions.

Details of the other existing targets (drawn from the three main input LBG cat-

alogues) which number several thousand and which occupy our lower-priority classes

(either because the Lyman break is in a short-wavelength filter, consistent with z < 6,

or they do not pass all the robustness criteria for the higher redshifts) are available

online in a machine-readable format11, with similar columns to the tables 4.16, and

tables A.2 and A.7 in Appendix. Previously in this Chapter I have shown plots of the

distribution of these galaxies in colour—colour space (see Section 4.3.4 and Figures

11https://github.com/Kitboyett/Supplementary-Thesis-material
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4.12 and 4.13) and the photometric redshift fits (Section 4.3.5 and Figures 4.14 and

4.15). A “read-me” column description for the machine-readable re-analysed cata-

logues containing all the galaxies in the input samples is given in Appendix A.2 and

the additional colour-colour diagrams for the (Bouwens et al., 2015a; Harikane et al.,

2016) catalogues are given in Appendix A.1.

As a result of the work done in this Chapter, I now have a target list of candidate

high-redshift galaxies for the JADES NIRSpec survey. In the case of the XDF/HUDF,

these existing targets (primarily selected from HST imaging) divided into our priority

categories are likely to form the bulk of the targets for the JADES Deep spectroscopy

on this particular field which is intended to be observed first by NIRSpec (before

NIRCam imaging is done). For other parts of the survey, where NIRCam imaging

will become available over the GOODS fields before we design our NIRSpec MSA

configurations, we will be able to update the photometry of our existing with deeper

and longer-wavelength NIRCam filters and refine the colour—colour selection and

photometric redshifts of our targets, while critically adding new objects (fainter and

redder) revealed in the NIRCam imaging which may potentially be at higher redshift.

A key consideration as to whether one of these targets actually has a microshutter

allocated is the amount of light entering this aperture, which depends no only on how

well centred with in the microshutter the source is, but also the wavelength of interest

and on the surface brightness profile of the source. In the next Chapter I simulate

this effect.
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Chapter 5

JADES Mini Data Challenge:
Simulating NIRSpec spectra of
high-z galaxies

In the previous chapter I outlined the selection criteria for candidate Lyman-break

galaxies suitable for spectroscopic follow-up with NIRSpec. Where potential targets

are split into priority categories. Similar priority classes are used for both exist-

ing known HST sources and for galaxies to be selected from future JWST-NIRCam

imaging. The selection requirements for each priority class (in particular the red-

shift and luminosity of the sources) are set such that JADES sciences goals should

be achievable (i.e, NIRspec spectroscopy should be sufficiently sensitive), as set out

in Table 4.2. I now want to ensure that this is the case by simulating the spectra

obtained by the Multi-Shutter Assembly (MSA) on NIRSpec. This is done as part

of the JADES Mini Data Challenge (MDC), where the JADES collaboration prac-

tices the reduction and analysis steps of the JADES-DEEP campaign using simulated

imaging and spectra in place of the future observations (discussed in the next section).

I wish to generate a realistic simulation of the JADES-DEEP MSA observation,

and to do this I need an input catalogue which reflects the number densities of galax-

ies for a range of redshifts from which targets can be drawn according to the JADES

selection criteria, and allocated to microshutters according to the priority class or-

der. For the simulation of NIRSpec observations I use the JAGUAR mock catalogue

produced by the JADES collaboration (Williams et al., 2018), which contains 10 in-

dependent realisations of 11’×11’ fields, each containing galaxies over a 0.2 < z < 10

redshift range and at masses > 106M⊙. The catalogue’s number counts and galaxy

properties reflect the observed mass and luminosity functions of both star-forming
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and quiescent galaxies, and the redshift evolution of colours, sizes, star-formation

and chemical properties of the observed galaxy population. JAGUAR also provides

size information and the idealised spectra for each galaxy generated by Chevallard &

Charlot (2016) based on their star formation history and redshift. Using this cata-

logue as an input allows the S/N with wavelength to be predicted for the NIRSpec

observations using the throughput of the instrument, sensitivity of the detector with

wavelength and other parameters such as dark current and read noise (many of which

have been determined in ground testing), along with the anticipated sky background

(predominantly from zodiacal light).

Importantly, during the real NIRSpec observations, objects will typically not be

positioned at the centre of each microshutter, since the pointing is set by a few high

priority objects, and the roll angle by the epoch of observation. Whilst the position

of an object within the microshutter is taken into consideration during the MSA con-

figuration optimisation process, targets may experience greater slit losses when they

are not well-centred or are spatially extended. This can be seen in Figure 5.1, where

extended objects and especially those that are not well-centred within the shutter will

suffer from slit-losses. I therefore want to simulate a “real world” example of an MSA

design to assess if the science goal objectives for each priority class (see Table 4.2) are

achievable for the JADES spectroscopy. Work by the NIRSpec instrument science

team in simulating NIRSpec spectra for the JADES observations has previously been

presented in Giardino et al. (2019), which was restricted to simulating all the objects

as point sources. The work presented here goes beyond that by treating objects as

extended, using the intrinsic sizes from the JAGUAR catalogue.

5.1 Introduction to the JADES Mini Data Chal-

lenge

The “Deep” NIRSpec spectroscopy part of JADES involves two pointings, both in

GOODS-South. The first will cover the HUDF to target existing HST sources (as

discussed in Chapter 4) and then the second will follow up deep NIRCam photometric

observations. The second pointing allows high priority galaxies that have not been

identified in existing deep HST imaging to be targeted. The period separating the

initial NIRCam DEEP observation and the follow up NIRSpec spectroscopy might

be as short as 45 days if both are scheduled in the same visibility window, set by the

pointing angles available to JWST during its orbit due to the required orientation

162



Figure 5.1: JAGUAR mock catalogue postage-stamps for a set of MDC targets,
each in a 2.5” by 1” window with a set of micro-shutter slits (each microshutter is
0.46”by 0.2”) overlaid on top. We show our observing mode of three open shutters,
dithered up and down by 1 shutter, sampling 5 spatial positions in total. Targets are
coloured based on their priority class, with red showing the highest priority objects
(z > 8) and light and dark blue showing the lower priority class 4 and 7 objects
(see Table 4.2). When two targeted objects are in close proximity (e.g., in 3687 and
3744) contamination may occur when the light from one source enters the shutter of
another object.
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of the solar-shield obscuring direct light from the sun1. Within this short window in

time the complete NIRCam DEEP observational data would need to be downloaded

from the telescope, reduced and calibrated, mosaiced into single images for each filter

and analysed (photometric catalogues built, including photometric redshift fitting)

to identify targets which are then to be prioritised into different classes of interest.

The multi-slit configuration is then designed to maximise the number of high priority

targets and the resulting MSA configuration passed on to STScI for checking prior to

the NIRSpec observation. The time restriction presents a data challenge as how to

effectively achieve each step and do so within the 45 day window.

In preparation for this objective, the JADES science group has set-up an internal

project consisting of multiple stages to go from NIRCam images to NIRSpec spectra

with the aim of testing the in-house pipelines and data product hand-over between

sub-groups. This project is called the “Mini Data Challenge” (MDC), and is intended

to replicate as closely as possible the full data reduction and analysis necessary on

a timescale of less than 45 days, enabling potential bottlenecks to be identified and

required pipeline improvements to be made before launch. The challenge is designed

to test whether the JADES pipelines achieve the standard of reduction, calibration

and analysis required, and whether the team can identify targets, prioritise them

into classes and generate the multi-shutter array configuration that maximises the

NIRSpec results. The Mini Data Challenge is then extended to test the NIRSpec

reduction, calibration and analysis pipelines. The MDC is a blind-exercise in the

sense that after creating the mock NIRCam imaging, the team does not know the

JAGUAR catalogue identity of any galaxy in the imaging. The challenge on the data

reduction strategy is to see how well we recover the ground truth.

Simulation of the NIRcam mock observation forms steps 1, and simulation of the

NIRSpec mock observations forms step 8 of the 11 step Mini Data Challenge. The

11 steps are each handled by a different sub-group within the JADES science team

and are briefly described in Table 5.1.

My role has been to lead step 8 of the Mini Data Challenge, where I am tasked

with simulating the NIRSpec raw observational data from the MSA configurations

1NIRSpec and NIRCam are inclined at 45degrees in the focal plane, see Figure 4.1, and the
telescope roll angle moves approximately 1 degree per day, so an interval of 45days means that the
NIRSpec detector footprint will align with that of the previous NIRCam observation
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generated in step 7 and passing the data products onto the analysis sub-groups. In

the run-up to the Mini Data Challenge I have updated the step 8 simulation to al-

low galaxies to be treated as extended sources rather than as point sources in the

mock observation, which had previously been the simulation default (see Giardino

et al. 2019). Accurately simulating the NIRSpec spectra of the targets that have

been allocated to MSA shutters gives the opportunity to assess whether the S/N of

these spectra (particularly key spectral features such as emission lines) are sufficient

to achieve the science goals. If this is not the case, it might be necessary to re-visit

the selection criteria (Table 4.2) for the various priority classes.

This chapter will cover the work I undertook during my long term attachment

at ESA-ESTEC, Noordwijk and the University of Leiden visiting JADES PI Pierre

Ferruit and JADES science team members Giovanna Giardino and Marijn Franx

(January-March 2020).

5.2 Mini Data Challenge strategy

The Mini Data Challenge follows the observational strategy of the DEEP part of the

JADES survey. I simulate mock NIRSpec observations for the same set of MSA con-

figurations, using the Prism (λ = 0.6 ∼ 5.3µm) and the medium resolution G235M

(λ = 1.7 ∼ 3.1µm) and G395M (λ = 2.9 ∼ 5.1µm) gratings (see Figure 5.2 for disper-

sion and resolution). The total exposure time of 100,828s for the Prism and 25,210s

for each grating, is split between three different “dithers” (3 different MSA configura-

tions). Each dither has a slightly offset pointing, to avoid bad pixels repeating. Such

a strategy could be used to fill in the gap between the two NIRSpec detectors (to com-

plete the wavelength coverage, particularly for the higher-dispersion gratings where

the spectra are longer on the detector). When optimising the MSA configuration

multiple successful configurations are created and three are selected. The pointing of

each of the three MSA configurations is set by the same highest priority class targets

in the field such that they will be always be allocated to microshutters and therefore

received the maximum total exposure time. Lower-priority class targets may appear

in 1, 2 or all 3 of the MSA configurations and may receive only one or two thirds

of the total exposure time. This efficient method ensures the maximum exposure

time for the highest priority targets whilst placing a greater number of lower-priority

class targets on the shutters, which may not require the maximum integration time to

achieve the desired science goals. The exposure time for each dither is then split into
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Step Title Description
0 Jaguar catalogue Mock catalogue of galaxies

1 Create raw images simulate raw NIRCam photometry

2 Ramps to Slopes reduce multiband photometry

3
Mosaic creation &
source extraction

create source catalogue

4
Photometric redshifts &
derived information

Value-added catalogue
(derived physical properties)

5 Spectroscopic candidate selection source lists for each target class

6
Image examination &

to refine spectroscopic candidate list
revised source lists

7 MOS configuration files generate MSA configuration

8 Create NIRSpec count-rate maps simulate count rate maps

9 Process NIRSpec count-rate maps
calibrated 2D spectra
for individual sources

10
Generate integrated spectra &

line fluxes
calibrated 1D spectra &

lines fluxes of individual sources.

11
Derivation of galaxy properties&

from spectroscopy
spectroscopic redshifts &

basic galaxy integrated properties

Table 5.1: Steps taken to undertake the Mini Data Challenge.
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thirds and shared between three noddings, where the MSA configuration is shifted

up and then down by one shutter to remove any shutter-to-shutter variation and to

be used in local background subtraction (three shutters along the spatial direction

are open for each object). Therefore a total of nine mock observations need to be

simulated for each of the three disperser modes.

For the Mini Data Challenge, three pointings (dither positions) were created fo-

cusing on the same patch of sky. These contained 98, 102 and 104 targets in each

pointing with 113 unique galaxies in total. Across the three dithers, 77.9% receive the

total exposure time, being included in each of the three MSA configurations, 13.3%

appear in 2/3 dithers and 6.8% appear in 1/3 of dithers (Table 5.2 breaks down the

allocation per priority class). The second and third dither are centred roughly +3

horizontal shutters and +0 or +1 vertical shutters from the first dither.

One immediate improvement that will be made in future data challenges and in

the real observations will be to increase the number of targets allocated to MSA mi-

croshutters for the Prism GWA mode. The low dispersion of the Prism produced

relatively short spectra of ∼ 400px, allowing multiple microshutters to be opened

on the same dispersion row across the two 2K detectors, which has not been taken

advantage of to its full extent here.

For the simulations I want to emulate the read-out strategy that the DEEP ob-

servations will use (i.e., number of groups, integrations per exposure). The NIRSpec

detectors enable a non-destructive up-the-ramp sampling approach (also called MUL-

TIACCUM), where the charge in each pixel is read out multiple times (“frames”)

during a given integration. To reduce data volumes multiple frames can be averaged

into a “group”. At the end of the integration the accumulated charge in each pixel

is then reset before the next integration begins. Each exposure can be made up of

multiple integrations, which is not the case for CCDs where when reading the charge,

the charge must be transferred from pixel-to-pixel during read out. Plotting the accu-

mulated charge as a function of time (i.e., the gradient) enables a recording of the flux

measured before a pixel saturates and for cosmic rays to be detected and potentially

removed in post-processing (a cosmic ray strike would produce a discontinuity in the

count rate with time). The simulations follow the JADES observation strategy and

employ the NIRSpec readout mode “IRS2” (which offers the greatest noise reduction)

and the readout pattern NRSIRS2 (5 frames per group, 72.944 seconds per group),
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Priority Unique Triple Double Single
Class targets exposed targets exposed targets exposed targets
1 6 6 - -
2 0 - - -
3 4 4 - -
4 2 2 - -
5 0 - - -
6 4 3 - 1
7 39 35 3 1
8 34 27 4 3
9 24 11 8 5

Combined 113 88 (77.9%) 15 (13.3%) 10 (6.8%)

Table 5.2: Number of MSA allocated unique targets per priority class, with the
number that appear in one, two or all three of the MSA configurations. These priority
classes reported here align roughly to those given in Table 4.2.

with each observation constructed from 19 groups, 2 integrations per exposure and the

required number of exposures to achieve the total exposure time, as mentioned above.

5.3 Mini Data Challenge - Step 8

I receive the MSA configuration files from the sub-group in charge of step 7 of the

Mini Data Challenge. The MSA configuration placed the majority of slits in two out

of the four MSA quadrants due to the layout of the target galaxies. In the simula-

tions a sub-set of the galaxies will be treated as extended objects, whilst the rest will

remain as point sources. For galaxies that are unresolved treatment as a point source

is appropriate and achieves realistic slit-losses, however, this is not true for extended

sources. In addition to examining the half-light radii of each target relative to the

JWST resolution, a visual inspection of each target’s realisation overlaid by the shut-

ter mask is used to further identify and check which were appropriate to be treated

as point-like. Figure 5.1 presents a selection of the target visualisations. Red, light

blue and dark blue crosses identify the location of the top and lower priority class tar-

gets. Grey boxes in each panel present the location of the three open MSA shutters

during noddings. Any additional coloured crosses within each panel identify close

proximity neighbours which may contaminate the observation. Certain targets such

as ID 4507, 4102 and 3804 can easily be seen to be extended sources, where treatment

as a point-like source would significantly underestimate the slit losses. After visual
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Figure 5.2: Left: Spectral dispersion of the PRISM, and the G235M and G395M
gratings (with fixed values of 10.68Å/pix and 17.95Å/pix). Right: Spectral resolution
of the same GWA modes. NIRSpec has a spatial resolution of 0.1” per pixel.

inspection, 37 of the 113 unique targets are chosen to be treated as extended, these in-

clude the 6 top priority class objects and 31 galaxies that are deemed to be resolvable.

Step 8 of the Mini Data Challenge takes the targets selected for the MSA config-

uration in step 7 and simulates the NIRSpec JADES observation. The simulation of

the mock observation breaks down into 4 stages.

• I. Inputs. Using the generated MSA configuration, the Right Ascension and

Declination of the selected targets are matched to the original JAGUAR cat-

alogue to retrieve the galaxy properties for each object (specifically the size,

shape and spectrum).

• II. Scenes. The retrieved properties and MSA configuration locations are used

to create a scene for each galaxy (which is a 2D representation of the intrinsic

light profile of each galaxy allocated to the MSA).

• III. Instrument Performance Simulator. The scenes are run through NIR-

Spec’s Instrument Performance Simulator (IPS) to generate electron-rate maps

of the mock observation, accounting for the instrument efficiency and the effect

of the point spread function (PSF).

• IV. Count-Rate Maps. The electron-rate maps are converted into count-rate

maps (including the effect of noise) using the desired observational strategy.

I will now go through each stage in more detail.
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5.3.1 Stage 1 - Inputs

The outputs of step 7 of the Mini Data Challenge are the MSA configuration files

which would be sent to JWST to define the NIRSpec observations (instructing which

microshutters to open). These MSA configuration files are used as the input to step

8 and contain the measured coordinates of each selected object. The MDC is a blind-

exercise and therefore I must first match the coordinates of each selected object back

to the JAGUAR catalogue, from which the imaging simulation was based, to retrieve

the galaxy information required to simulate the objects in the NIRSpec mock obser-

vation. This includes the galaxy size information and spectrum.

A galaxy property file is then created for the targets in the MSA configuration

containing all necessary galaxy information including the galaxy’s half-light radius

(the radius containing half the target’s total flux), redshift, Sérsic index and rest-

frame spectrum. The ellipticity of the target, as given in the JAGUAR catalogue,

can also be included in the simulation but for simplicity in the Mini Data Challenge

this is not employed and the targets are treated as circular.

5.3.2 Stage 2 - Scenes

Using the galaxy property file created in stage 1, a scene is created for each galaxy

in the MSA configuration to detail the spatial light profile of the source (before con-

volution with the telescope PSF). Galaxies can either be treated as a point source,

where the intrinsic input light profile is restricted to just the input coordinate, or

as an extended source, where the light is sampled over a 2-dimensional spatial grid

following the luminosity profile of the target.

For many galaxies treatment as point-like sources for the JADES Mini Data Chal-

lenge would not provide an accurate estimate of the slit losses (the portion of target

flux that does not reach the detector through the shutter aperture). At the angular

resolution of JWST (0.06” at 2µm), many of the high redshift target sources will

be spatially-resolved - as discussed in Chapter 4, the typical size of Lyman break

galaxies (at z = 7 and F160W MAB < −18.7) is 0.7kpc = 0.1”. Hence using realistic

input galaxy sizes and surface brightness profiles in simulating the NIRSpec spectra is

important in assessing if the signal-to-noise achieved is sufficient for the science goals

(a point source approximation would typically overestimate the S/N). Additionally,
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quantifying the aperture slit losses as a function of wavelength for a particular galaxy

is crucial for the flux calibration, and in particular for obtaining the true line flux

ratios for use in diagnostic diagrams.

When sampling the light profile of an extended object, to minimise computational

time the spatial extent on the focal plane over which the extended objects is sampled

is restricted to twice the half-light radius (as given by the JAGUAR catalogue) up

to a maximum size equivalent to 3 dispersion by 7 spatial shutters (there are 3 open

shutters in each exposure, and nodding up and down by ±1 spatial shutter means

5 shutters will be used and I consider ±1 shutter beyond this). The light profile is

sampled at above a Nyquist level (> 2px per resolution element) and scaled to achieve

the same integrated flux as a point source of the same brightness when interpolated

by the IPS. Figure 5.3 shows a spatial visualisation of a scene (the light profile before

convolution with the PSF), of a test galaxy at z=0.36 with a half-light radius of 0.2”

(1.1kpc), first treated as a point source and then as an extended source highlighting

that even before convolving with the PSF, a proportion of the total flux is outside

the shutter leading to greater slit-losses.

For the Mini Data Challenge the JAGUAR catalogue provides the spectral con-

tinuum of each target and the flux information for various emission lines, which are

treated as spectrally unresolved. Although the JAGUAR spectra contain emission

lines, the resolution of these spectra is lower than that achieved with the NIRSpec

gratings. Hence I use the JAGUAR spectra for the continuum flux, and add in lines

of the appropriate flux with a FWHM of ∼100km/s. To simplify the simulation, only

the emission lines of interest are included in each scene (given in Table 5.3), focus-

ing on the emission lines used in rest-optical line diagnostics (such as those used in

Chapters 2 and 3). These are typically the dominant lines in the spectrum and are

of interest for much of the core science for JADES. The IPS then takes the assump-

tion that the light profile of the emission lines is the same as the continuum, which

is a simplification as line emission typically comes from more compact HII regions

within a galaxy (although the rest-frame UV continuum may be a reasonable tracer

of star formation, although effected by dust obscuration). This will be tested for a

small number of galaxies using the integral field spectroscopy (IFS) mode of NIR-

Spec, which will comprise ∼ 300hours of the NIRSpec science team GTO (separate

to JADES).

171



Figure 5.3: An example visualisation of a target’s light profile within the central slit
before being convolved with with telescope PSF, treated as a point-source (Top) and as
an extended source (Bottom), with a half-light radius of 0.2” (1.1kpc at z=0.36). In both
visualisations the galaxy can be seen to be offset from the centre of the central mirco-shutter,
the two adjacent shutters open to allow the sky background to be measured as part of the
background subtraction strategy. Top: As a point-source the light profile of the galaxy is
treated as being a delta function at the input coordinate position. Bottom: When treated
as an extended source the light profile is sampled over a grid extending to the point where
the light profile would be consistent with the background noise. The sampling is weighted
relative to the Sérsic profile of the galaxy, with the same total flux as the point-source. It
can be seen that the extended source will suffer greater slit losses as a proportion of the
total flux lies outside the shutter even before being convolved with the PSF.
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Line Wavelength λvac (Å)
Lyα 1215.17
[OII] 3727.32
[OII] 3729.23
Hγ 4340.47
Hβ 4861.33

[OIII] 4958.91
[OIII] 5006.84
[NII] 6548.05
Hα 6562.82
[NII] 6583.45
[SII] 6716.44
[SII] 6730.82
Paβ 12818.07
Paα 18750.98

Table 5.3: Rest-frame optical diagnostic and scientific interest emission lines including
in NIRSpec IPS mock observation simulation.

The scenes also detail which shutters in the MSA are open for each object and

this follows the JADES strategy to initially place each target in the centre of three

open shutters along the spatial axis (perpendicular to the dispersion axis, 1×3, this

layout can be seen in Figure 5.1). As mentioned earlier, in subsequent exposures the

telescope is “nodded” to place the target in each of the two adjacent shutters. For

compact sources the two adjacent shutters provide a measure of the local background,

ideal for background subtraction (the background comes from various sources, such

as zodiacal light, scatter light and the detector dark current). For extended sources,

however care must be taken to avoid self-subtraction when the adjacent shutters

contain non-negligible contribution from the source itself. The NIRSpec Instrument

Science Team is also experimenting with “non-local” sky subtraction, where an aver-

age sky background spectrum for this telescope pointing can be used with an accurate

instrument model at the location of each shutter.

5.3.3 Stage 3 - Instrument Performance Simulator

The NIRSpec Instrument Performance Simulator (IPS) is a ray tracing simulation

that includes a geometrical model of NIRSpec and a Fourier optics treatment, which

accurately computes the distribution of photons landing on the detector from a given

light source on the focal plane (including diffraction effects). I note that the PSF
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can change greatly with wavelength, particular for the Prism that covers the largest

wavelength range (see Figure 5.6). A radiometric model of the throughput responses

within NIRSpec converts the simulated distribution of photons landing on the detec-

tors into an electron-rate map using wavelength-dependent quantum efficiency maps.

The electron-rate map presents an effectively noiseless observation of the targets.

The design of the IPS considers the whole MSA configuration and allows for the

contamination of a given target’s designated open microshutter with light from other

sources. However, in the simulation reported here I do not consider contamination

from objects that were not allocated to MSA microshutters, for reason of computa-

tional resources.

NIRSpec’s Grating Wheel Assembly (GWA) includes a prism, 6 gratings and a

mirror for target acquisition. Across the whole JADES programme the Prism and

a variety of gratings are used (see Table 4.1 for more details). The gratings each

provide a greater spectral resolution over a short wavelength range compared to the

Prism setting, the choice of GWA setting depending on the science goal in mind.

The IPS can simulate the mock observation using any of the GWA available settings,

with greater computational expense required by the higher resolution gratings than

the Prism (because the spectra span more pixels). In the Mini Data Challenge the

electron-rate maps of the Prism and two medium resolution gratings are simulated.

JADES will actually use all three medium gratings and one high resolution grating

in the DEEP strategy (see Table 4.1), but here I simulate a sub-set.

The electron-rate map for one such nodding of the MDC NIRSpec DEEP Prism

is shown in Figure 5.4. In this effectively noiseless observation, emission lines can

clearly be identified.

5.3.4 Stage 4 - Count rate maps

An observational strategy needs to be applied to the output electron-rate maps of

the IPS to appropriately model the noise expected from the JADES observations. In

the production of the count-rate maps the shot noise from the target’s signal and the

noise of the background as well as the detector’s readout noise, dark current and gain

are included and scaled to reflect the total integration time for each of the configura-

tion count-rate maps (see Table 4.1 and Section 5.5.2, later in this Chapter, for more

details). The appropriate treatment of the read-noise is set to be consistent with the
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readout pattern chosen for JADES, of 19 groups, 2 integrations per exposure. Addi-

tionally, a representative spatially-uniform sky background is included which I adopt

from Giardino et al. (2019). The background model includes a zodiacal light spec-

trum and a stray-light spectrum, from photons entering the telescope from Galactic

emission, scattered zodiacal light and thermal emission from the optical telescope ele-

ment (OTE). The dispersed light from the background will be present in all the MSA

configuration open shutters as well as the fixed slits and any “failed open” shutters.

I will show the extracted background from the IPS in Figure 5.9

The 2D count-rate map for one of the MDC NIRSpec DEEP Prism simulations

is shown in Figure 5.4. The addition of observational noise means only the strongest

emission lines can be identified at significant signal to noise (in contrast to the noise-

less electron-rate map in the same figure). The three-open-shutter MSA configuration

for each target is more prominently seen in the count-rate map than in the electron-

rate map, as the sky background illuminates each of the open shutters. A drop in

intensity between shutters can be seen due to obscuration by the microshutter pillars

(this can be seen more clearly in a cut out of the count-rate map in Figure 5.5).

The two outside open shutters, which will have minimal contribution from the source

unless significantly extended relative to the shutter size (0.2”×0.46”), will be used

for local-background during the extraction process.

From the step 7 input MSA configuration files, nine sets of 2D NIRSpec observa-

tions were created, comprising three dithers each with three noddings, for each of the

PRISM, and G235M and G395M gratings. A total of 27 count-rate maps are created,

and are handed over to step 9 of the Mini Data Challenge for the next stage, which

is 2D extraction of the target spectrum.

5.4 Extraction of spectra

Within the MDC, the count-rate maps that are created are handed over to the next

step (step 9, see Table 5.1), to exercise extracting the spectra from the mock obser-

vations and thereafter to analyse the results. For the purpose of inspecting the S/N

of the targets with wavelength, I also independently run the extraction pipeline and

analyse the spectra.
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Figure 5.4: TOP: Quadrant 4 of the electron-rate map of the Mini Data Challenge,
an effectively noiseless observation. Bottom: The corresponding Count-rate map,
set to the NIRSpec DEEP observing strategy with a uniform background. This sky
background can be seen clearly in the NIRSpec fixed slits at the top of the image,
and in individual cases of “failed-open” shutters.
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Two extraction pipelines are currently in development for the tracing and extrac-

tion of spectra from NIRSpec MSA observations, the ESA instrument science team’s

pipeline (NIPS) and the STScI pipeline (which is partly based on NIPS). While nei-

ther has finished development, NIPS can provide a rectified 2D and 1D extraction to

examine the results of the NIRSpec simulations.

NIPS achieves local sky background subtraction using the three noddings of a

given dither. These are flat-fielded and given the input microshutter and chosen

GWA mode, the curvature of the spectrum is traced, the spectrum is rectified and

extracted as a 2D sub-image (with a 5 pixel spatial aperture, roughly the height of a

microshutter on the NIRSpec 0.1” pixel scale) and each pixel assigned a wavelength.

The 2D spectrum is re-sampled onto a uniform wavelength grid. Local background

subtraction is achieved from the three-shutter configuration by averaging the spectra

from the two “background” microshutters (i.e., excluding the object shutter for that

particular dither). This is then subtracted from the “source” slit. The background-

subtracted 2D spectra (after rectification) from the three nod positions are then aver-

aged to obtain a final 2D spectrum. A 1D extraction of the dispersed light is created

by collapsing the 2D rectified spectrum spatially and a flux calibration is then applied

to the 2D and 1D spectra using a radiometric model to convert to fλ flux density units

of ergs−1cm−2 (see Giardino et al. 2019 and therein, for a more detailed description).

I inspected and confirmed the wavelength calibration by checking that the observed

wavelength of selected emission lines agreed with the expected wavelength, based on

their redshift. An example extracted and rectified 1D spectrum is shown in Figure

5.5 along with the JAGUAR input spectrum, and a cut out of the 2D count-rate map.

5.5 NIRSpec sensitivity from the IPS and the Ex-

posure Time Calculator

The generation of NIRSpec simulations in this work allows the signal to noise of tar-

gets to be estimated for this given observation strategy, enabling us to understand

whether the extracted spectra would meet the required S/N to achieve the desired

science goals. The first check on the achieved S/N is to compare the full IPS sim-

ulations to the STScI Exposure Time Calculator (ETC, Pontoppidan et al. 2016).

The ETC is a publicly available tool designed to allow astronomers to plan JWST

observations, in order to identify what observational strategy would best achieve their
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Figure 5.5: Example count-rate map cut-out and the 1D extraction of MDC target
against the JAGUAR input spectrum. JAGUAR ID 173079 at z = 3.0 is Priority
class 7 galaxy and has a half-light radius of 1.1kpc (∼ 0.24′′). The light profile of this
object is larger relative to the 0.2”×0.46” shutter and a median slit-losses across the
wavelength range can be seen to account for 69.9% of the flux. To simplify the simu-
lation, only emission lines in Table 5.3 are included and for this galaxies the recovered
emission lines are at a sufficiently high S/N to meet class 7 science requirements. In
the cut-out of the count-rate map, the obscuration of the microshutter pillars can be
seen in the horizontal bands of reduced intensity in the dispersed light. Bad pixel can
also be seen and are flagged.
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Figure 5.6: The point spread function of NIRSpec relative to the size of a 0.2”×0.46”
microshutter. The size of the PSF increases with wavelength, leading to greater slit-
losses. The diffraction pattern of the of JWST PSF is relative complex due to the
primary mirror being composed of 18 hexagonal segments and effect of the secondary
mirror supports, although the secondary maxima (Airy rings) can still be clearly seen
in the 2 and 3µm shutters. This figure has been taken from the STScI JWST user
documentation3.

desired science measurement.

The ETC for JWST runs the simulation code “Pandeia” (Pontoppidan et al.,

2016), and it allows the signal to noise of observables (e.g., emission lines) for a given

observing strategy and input astronomical target spectrum to be determined given a

wide variety of telescope and instrument configurations. This includes which of the

four science instruments is being used, the number of exposures and individual ex-

posure times, the detector readout-mode, any background subtraction strategy, and

the level of the wavelength-dependent background light (which depends on the date

of observation and the location of the target on the sky).

Compared to the IPS, Pandeia makes the compromise of improving the usability

and dramatically reducing the computational time by simplifying the simulations,

with the goal of providing sufficiently accurate S/N estimates to assess the feasibility

of JWST proposals. To reduce the computational time calculations are performed

3JWST User Documentation, available at https://jwst-docs.stsci.edu/near-infrared-
spectrograph/nirspec-apt-templates/nirspec-multi-object-spectroscopy-apt-template/nirspec-
mpt-planner
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over relatively small (∼few arcseconds) postage-stamp fields of view, unlike the IPS

which considers the full field of view of the instrument during simulations. Pandeia

also does not consider in detail issues such as the variation of sensitivity across the de-

tector field of view, arising from optical field distortion, PSF variation or the location

of bad pixels and failed microshutters. The ETC is deterministic in order to produce

the same result for the same input conditions, and so does not consider stochastic

effects such as cosmic rays (which the IPS can simulate).

In the 18 months since I ran the IPS simulations, the STScI has updated their

ETC, and I now compare the IPS results with those of the latest ETC for a few

representative sources from the MDC. I wish to understand what effect the treatment

of sources as extended (rather than point sources), or with a spatial offset away from

the centre of a microshutter, have on the simulations and the S/N characteristics of

the various GWA modes. I will consider each of these in the following sub-sections.

5.5.1 Evaluation of microshutter slit-losses

I use the ETC to test the estimated slit-losses for a set of increasingly realistic treat-

ments. For this test I set the GWA mode to the Prism to inspect the largest range in

wavelength, and set the read-out mode to follow the observation strategy of JADES

DEEP using NRSIRS2 pattern, with 5 frames per group, 19 groups, 2 integrations

per exposure and the respective number of exposures for the Prism to match the total

integration time of each dither (33ksec). I use as a test a z ∼ 7 JAGUAR spectrum

and set the size information to be representative of z ∼ 7 galaxies (half-light radius =

0.1”, Sérsic index n = 1, Oesch et al. 2010a, see discussion in Chapter 4). I first treat

the test galaxy as a well-centred point source where I would expect minimal slit losses,

then improve the realism of the estimated slit-losses and S/N by first considering the

galaxy as a point source at an off-centre position within the microshutter, then as a

well-centred extended source, and finally as an extended off-centred source (shown in

Figure 5.7). I test two background subtraction methods. First a local sky subtrac-

tion (left panel in Figure 5.7), where the two of the three shutters (not containing

the object) are used to measure the background at the location of the object, and

then a non-local sky subtraction (right panel in Figure 5.7) which uses an average sky

background spectrum for this telescope pointing. Non-local background subtraction

would reduce the noise but may leave systematic errors or artefacts
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Objects significantly offset from the centre of the shutter will have a greater pro-

portion of their flux fall outside the target microshutter aperture, and I consider a

point source in the corner of the shutter, with an offset position (+0.4, +0.4) frac-

tional shutters relative to the centre of the microshutter4. This offset reduces the

aperture flux to 43% (using local sky subtraction), compared to a point source with

the same input spectrum that is well-centred, equivalent to a slit-loss of 57% of the

flux (55% slit-loss is reported when using non-local sky subtraction, which avoids

self-subtraction). I next consider a well-centred extended source with the same input

spectrum, which has a 37% slit-loss relative a well-centred point source (35% for the

non-local subtraction). When the target is modelled as both extended and with an

offset, the slit-losses are far greater at 69% for local sky subtraction and 65% for

non-local, accounting for two-thirds the flux measured for a well-centred point source

now falling outside the microshutter. The few percentage difference in the slit-losses

between the background subtraction methods comes from self-subtraction of the sig-

nal during local sky subtraction, when a portion of a target’s flux enters the two outer

shutters and is then subtracted from the measured signal.

For an example from the MDC, I inspect JAGUAR ID 173079, a z=3 Prioirty

class 7 object which was identified as being extended relative to the shutter size and

was treated as extended in the simulation. This galaxy has a JAGUAR half-light

radius of 0.14” and a Sérsic index of n = 2.2. This galaxy also has fractional shutter

offset of (+0.14, +0.38) relative to the centre of the mircoshutter. Comparing the

NIPS 1D extraction of the IPS simulation to the JAGUAR input spectrum in Figure

5.5, the effect of slit-losses can be seen. The ratio of the input to the extracted spec-

trum has a median value of 3.33, equivalent to a slit-loss of 69.9%. In Figure 5.8 for

comparison I also plot the ETC estimated spectra for various combinations of point

source and extended source, well-centred and offset for the JAGUAR input spectrum

in the same manner as the example above, where I use local-sky subtraction (the

method used in the NIPS pipeline). When treated as an extended object with an

offset, the ETC estimated slit-loss is 66.7% (relative to a well-centred point source).

This slit-loss computed from the ETC has good agreement with that derived of the

IPS.

4where this fraction is in terms of the inter-shutter spacing, so ±0.5 in either direction is in the
middle of the bar separating the shutters and ±1 is the centre of the next shutter. The x,y offset is
in terms of the dispersion axis (x) and spatial axis (y).
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Figure 5.7: Top: ETC-estimated flux density (e/s/pixel) spectra for an example
redshift z=7 galaxy with size properties typical for that epoch, half-light radius =
0.1” and Sérsic index n = 1 (see Chapter 4). Overlaid are treatments of the same
input spectrum as a well-centred point source, an off-centre point source, a well
centred extended source, and an off-centre extended source (the colours represent the
same treatments in each panel). Offset sources are given a fractional shutter offset of
(+0.4, +0.4). Subtraction of the sky background was either done locally (left panels)
or non-locally (right panels). Bottom: the ratio of the estimated flux within an
aperture to that of a well-centred point source. The difference in estimated slit-losses
is dramatic between the different treatments. For a typical z ∼ 7 galaxy the ETC
expects a ∼30-63% slit-loss when treated as extended, depending on the position
within the microshutter. Local sky subtraction using the outer shutters of the 1×3
layout leads to greater loss of extracted flux due to self-subtraction, of roughly 4% in
this offset-extended scenario.
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Figure 5.8: Left: ETC estimated flux spectra for JAGUAR ID 173079 redshift z=3
galaxy with size properties, half-light radius = 0.14” and Sérsic index n = 2.2. I
over-plot the predicted spectrum for a well-centred point source, an off-centre point
source, a well centred extended source, and an off-centre extended source. Offset
sources are given a fractional shutter offset of (+0.14, +0.38). Right: the ratio of the
estimated flux to that of a well-centred point source with the same input spectrum.
The estimated slit-loss as an offset extended source from the ETC was ∼ 66.7% while
the measure ratio between the input spectrum and the IPS 1D extracted spectrum
had a median slit-loss of ∼ 69.9% (shown in red), larger than what the ETC predicted,
although not too dissimilar.
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5.5.2 Comparison of predicted S/N between ETC and IPS

Ground-based observations in the near-infrared are usually background-limited (i.e.

the noise is dominated by the photon-counting statistics of the bright sky background,

rather than those of the object counts, and this source of noise dominates over the

read-out noise introduced by the detector electronics). However, JWST is in a low-

background environment in the near-infrared. Hence the signal-to-noise calculation

must take into account all three main sources of stochastic noise (background, object

counts and detector noise), along with the additional noise introduced in the back-

ground subtraction using the spectra from adjacent microshutters5. The background

counts also include the contribution from the detector dark current, although this has

a negligible impact on the noise (with an average of 0.0092 and 0.0057 e/s/pix for the

two detector chips6).

The NIRSpec output spectra have units of electrons per second per pixel (the

gain correction from detector counts having already been applied, where the gain is

close to unity for the two NIRSpec 2K detectors, 0.996 and 1.137 respectively6). The

detector readout noise for the two NIRSpec detectors is 5.17 and 6.6 electrons for each

integration in the NRSIRS2 readout mode, and for each set of observations JADES

will do 2 integrations per exposure and either 1 or 4 repeats in the same observation

sequence per nod (for the grating and Prism observations in the JADES-DEEP).

Hence the noise per pixel for the combined spectrum from an observing sequence

should be given by:

Noise/pix =

√
((background+ source)× Texp) + (Nint × readnoise2)

Texp

(5.1)

(In units of electrons/s/pix). Where “background” and “source” are in units of

e/s/px, and readnoise in e/px. The number of integrations (Nint) is 2 or 8 and

the exposure time (Texp) is 2.8 or 11ksec for the grating and Prism observations re-

spectively per nod position. The total exposure times will be up to 9 times longer

(with three nod positions, and up to three dither positions for some objects).

5Systematic noise such as from undetected bad-pixels, cosmic rays or persistence is not considered
by the ETC and only in a limited manner by the IPS (some types of bad-pixels).

6JWST User Documentation. https://jwst-docs.stsci.edu/near-infrared-spectrograph/nirspec-
instrumentation/nirspec-detectors/nirspec-detector-performanceNIRSpecDetectorPerformance-
Darkcurrent
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Figure 5.9: The measured background flux density from the IPS and ETC. For the
ETC, a “medium” background at the position of the HUDF was chosen. For the IPS,
the background model includes contribution from a zodiacal light and a stray light
spectrum, following Giardino et al. (2019).

I have verified from the count rate map generated by the IPS that the quoted

readnoise is consistent with the standard deviation in the count rate measured in

unilluminated portions of the detector (σ ∼ 0.0014 e/s/pix). The sky background,

as a function of wavelength, used by the simulations are shown in Figure 5.9 (again

in units of e/s/pix). The shot noise from the background flux density is sufficiently

large for the background noise to dominate over the read-out noise over the whole

wavelength range of the Prism.

I also use the noise from the simulated spectra (from both the ETC and IPS) to

determine an estimate of the emission line sensitivity (as I discussed in the previous

chapter, see Figure 4.2). To do this, I need to convert from e/s/pix to a flux density -

I use the usual CGS units of erg/cm2/s/Å. I derive this conversion separately for the

IPS and the ETC. For the IPS, I have an extracted, wavelength-calibrated and flux-
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Figure 5.10: flux density calibration derived from a noiseless exposure time calculator
(ETC, black) simulated target and two Mini Data Challenge well-centred bright point
sources in the Prism IPS simulation (JAGUAR ID 24311 in blue and 85897 in orange).
Good agreement between the ETC and IPS flux calibration is found, with the IPS
containing noise.
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calibrated 1D spectrum output from the NIPS software task (in units of W/m2/m

which I scale by 10−7 to obtain erg/cm2/s/Å). I ratio this spectrum (which was ex-

tracted over the full microshutter height of 0.46pixels) to the noiseless electron rate

map derived from the source spectrum (summed over 5×0.1arcsec pixels to account

for the full microshutter extraction) to recover the calibration curve between e/s/pix

and flux density as a function of wavelength (see Figure 5.10), where the pixels in

the dispersion (wavelength) direction are the original size (the dispersion varies with

wavelength, see Figure 5.2) and are not re-sampled to avoid correlating the noise).

For the ETC, no flux-calibrated 1D extraction is generated, but an extracted noiseless

count rate map is produced by the software. I use this to ratio to the input spec-

trum7 in the case of a well-centred point source (where the slit losses are minimised).

I compare these two calibration curves for the IPS and ETC in Figure 5.10, and note

they are similar for the majority of the wavelength range, with some deviation at

longer wavelengths which I put down to greater noise in the IPS spectra.

I adopt the calibration curve from the ETC (which is based on the noiseless

electron rate maps) to flux calibrate the noise spectrum (that is the 1σ uncertainty

per pixel in the counts in units of electron/sec as a function of wavelength). Both the

ETC and the IPS output a noise (or variance) array for the simulated observations.

To derive the sensitivity for background-limited observations, for the ETC I input a

faint model continuum (AB = 32 magnitude and flat in fν), chosen so the contribution

of shot noise to the uncertainty would be minimal. For the IPS, I consider an empty

background shutter to get the sensitivity for a background-limited observation. I

assume a line of 3px width in the dispersion (wavelength) direction, and I sum over

5 pixels, ∼ 1.5*FWHM, to maximise S/N. The 10σ line sensitivity with wavelength

is given by:

fline(10σ) = 10× noise×
√
Npix × flux calibration× pixscale (5.2)

Where the “noise” is per spectral pixel in the 1D spectrum, extracted over a full

microshutter (i.e.,
√
5 times that for an individual pixel for background-limited ob-

servations, where 5 pixels is the microshutter height) and fline is in erg/s/cm2. “Pixs-

cale” is the number of Å/pixel, “flux calibration” is the conversion of e/s/pix to

erg/cm2/s/Å, and I sum the line flux over Npix pixels in the dispersion direction (I

take Npix=5).

7I took flat-in-lambda and AB=26mag at 2.19um for prism, AB=22mag for the grating
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I compare the 10σ emission line sensitivities predicted from the IPS and ETC in

Figures 5.11 and 5.12, where I have scaled the total integration times to a common

value of 10,000sec, by multiplying the sensitivity by sqrt(exposure time in seconds /

10,000s). In these figures I show the line sensitivity for when a fixed 5px aperture is

used across the whole wavelength range (top panels) and for when a variable aperture

is used (bottom panel). Above 2µm the telescope is diffraction limited and the PSF

of the telescope increases linearly with wavelength as the resolution is proportional to
λ

Dtelescope
(see Figure 5.6). At shorter wavelengths a narrower aperture could be used

to extracted the flux measurement from a compact source and in doing so reduce

the noise of the measurement. In the bottom panels I scale the noise to follow an

aperture with sensitivity ∝ λ
5µm

down to 2µm and set a fixed minimum aperture of

2pixels below this (where the NIRSpec pixels significantly under sample the PSF).

Both the ETC and the IPS show line sensitivities significantly below the legacy

claimed NIRSpec performance when a variable aperture is considered (the simulations

are more sensitive). The IPS Prism simulation is on average 1.14 times more sensitive

than the NIRSpec claimed line sensitivity when using a variable aperture, the IPS

G395M simulation is on average 1.76 times more sensitive while the IPS G235M grat-

ing simulation is on average twice (2.00×) as sensitive. However, the latest publically

available line sensitivity curves from the JWST user documentation are several years

old and were generated before instrument characterisation, which may explain the

improvement as the ETC and IPS are based on the latest detector characterised per-

formance. The ETC and IPS show rough consistency, although in the IPS the greater

signal (the IPS was based off a 27mag at ∼ 2µm JAGUAR spectrum, whereas the

ETC used a faint 32mag flat-in-lambda spectrum) and background (see Figure 5.9)

shot noise creates larger sensitivity variability (which I have smoothed at a 10 pixel

scale in the figures).

5.5.3 Prism and grating

As detailed in the JADES observing strategy, shown in Table 4.1, the DEEP ob-

servations will use the PRISM, all three medium resolution gratings and one high

resolution grating. Each mode brings its own advantages: the Prism covers a larger

wavelength range, whilst the higher resolution gratings allow more detailed study

of emission lines, including deblending nearby lines and measurements of velocity
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Figure 5.11: IPS derived line sensitivity for a 10ksec exposure. Top: fixed aperture
of 5×5 pixels in the dispersion×spatial axis. Bottom: a variable aperture to account
for the changing PSF size with wavelength, with the aperture scaled ∝ λ

5µm
above

2µm where the telescope is diffraction limited and fixed to 2pix below this.
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Figure 5.12: As in Figure 5.11, but for a line sensitivity derived from the ETC, for a
faint flat-in-lambda AB=32mag source. The background (shown in Figure 5.9) is set
to match the HUDF region for a medium sky brightness.
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widths. As shown in Figures 5.11 and 5.12, sensitivity to line emission is compara-

ble for the low-dispersion Prism and the medium-dispersion gratings above 3µm for

the same exposure time. At shorter wavelengths, the G235M grating shows greater

line sensitivity than the PRISM. The shorter wavelength G140M medium resolution

grating, which is not simulated in this work but will be used in the real observation,

also has greater emission line sensitivity than the Prism. In the real observations the

Prism will have a total integration time four times longer than any of the gratings,

providing a
√
4 improvement in the relative sensitivity.

Figure 5.13 shows the 1D extracted spectrum from the Prism and two gratings

overlaid together for an example galaxy, JAGUAR ID 288701 at z=7.3. For each

GWA mode, the 1D extracted spectra from each of the three dithers is averaged

to obtained the total exposure time of 100,828s for the Prism and 25,210s for the

gratings. The greater continuum sensitivity of the Prism is seen in stark contrast to

the two gratings, whilst in the sub-panels which focus on the [OII] and Hβ+[OIII]

emission lines show greater spectral resolution in the gratings.

A key feature of the JADES observations with NIRSpec is combining the low-

dispersion Prism with higher-dispersion gratings; while the Prism is more sensitive

(particularly given the total exposure is four times that of the individual gratings),

there is key science enabled by also having the higher spectral resolution - in par-

ticular when combined with high S/N measurements of the continuum flux from the

prism. For example, the deblending of Hα with the [NII] doublet will enable much

better metallicity measurements than was possible in Chapter 2; and the gratings will

yield more accurate redshifts and potentially evidence for outflows (different veloci-

ties of different ionisation species in spectral lines) as well as more general kinematics

(line broadening from motions of gas and stars, and even rotation curves seen across

the height of a microshutter which spans∼ 4 resolution elements at short wavelength).

For the JADES observations we will stack up to ∼ 4 short spectra in the dispersion

direction in the MSA design. The same design is used for the gratings, meaning the

spectra overlap - but because the gratings are borderline readnoise-dominated this

is not such a problem provided that we can identify which emission line comes from

which object - information we get from the Prism exposure.
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Figure 5.13: Overlaid Prism, G235M and G395M 1D extracted spectra for z=7.3 galaxy
JAGUAR ID: 288701. Top: full spectral range, the Prism (green) can be seen to have
greater sensitivity in the continuum compared to the G235M (blue) and G395M (orange)
gratings. Bottom: Zoom in of the [OII] doublet (left) and the Hβ + [OIII] complex (right),
where it can be seen that the gratings have the higher spectral resolution. Examples of bad
pixels and cosmic rays can be seen in the top panel. The negative feature at ∼ 4.125µm in
the G395M spectrum (lower right panel) is due to an emission line in the dispersed light
from another target galaxy overlapping with the sky subtraction aperture and hence causing
over-subtraction.
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5.6 Signal-to-noise achieved for galaxies in various

Priority classes

In the previous Chapter I discussed how targets are allocated into priority classes (see

Table 4.2). The top priority classes (1&2) include the highest redshifts candidates

(z ≳ 9) where the main goal of NIRSpec is to spectroscopically confirm the red-

shift. Other important targets are potential galaxies at z ∼ 6− 8 (within the epoch

of reionisation) which are sufficiently bright for JADES to be able to examine their

galaxy properties through emission line diagnostics (e.g., SFR, metallicity, ionisation

parameter, etc). To achieve these science objectives the recovered galaxy spectrum

must have a sufficient signal to noise (particularly in the emission lines). This has

led to magnitude requirements being placed on the highest priority classes at rest-

UV wavelengths (which is related to the ionising flux powering the line emission) to

ensure these signal-to-noise thresholds are likely to be met. Galaxies that are fainter

than these thresholds are retained for observation but are set to lower priority classes

to be used as filler objects in the MSA configuration.

For the galaxies from the JADES simulations which are allocated to microshutters

in the MDC, all of the extracted galaxy spectra are inspected and three representa-

tive galaxies from three priority classes are drawn out as examples, to understand

whether the priority class requirements achieve the S/N goals. First a priority class

1 object at high redshift, where I wish to determine whether the observing strategy

provides sufficient sensitivity to spectrally confirm the redshift. Second, a priority

class 4 object where I wish to measure the emission line S/N to determine whether

diagnostic analysis could be performed. Finally a priority class 7 objects at lower

redshift (z ∼3-4) where I wish to inspect the effect of the slit-losses on the achieved

S/N. The galaxy properties of these objects is shown in Table 5.4.

The S/N of the emission lines is measured for the three GWA modes. Tables 5.5,

5.6 and 5.7 present the measured fluxes for three example galaxies for the Prism,

G235M and G395M modes. The flux of each line is measured by summing pixels

over a wavelength range of ∼ 1.5×FWHM, after first subtracting away a model fitted

to the continuum level excluding emission lines and spectral breaks (I use splot in

IRAF, and fit the continuum using a cubic spline function of order 4). The quoted

uncertainty in the tables reflects the random noise within the same aperture, but I
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Jaguar
ID

priority
class

z MUV MF160W treatment HLRa nb offsetc

298414 1 8.74 -18.7 28.5 Extended 0.03” 0.7 -0.083, -0.037
288701 4 7.35 -20.0 27.0 Point - - -0.048, -0.331
173079 7 3.01 -20.9 23.7 Extended 0.14” 2.2 0.014, 0.377

Table 5.4: Galaxy properties for the three Priority class examples. For 298414 and
288701 (Y-band drop outs), the F160W H-band is the filter above the Lyman break
used for the priority class magnitude threshold. For 173079 (a B-band drop-out) the
threshold filter is the F775W i-band, which has a AB magnitude of 24.5. 288701 is
treated as a point-source and its Half-light radius and Sérsic index are not used in
the IPS simulation.
a The JAGUAR Half-light radius in arcesconds
b The JAGUAR Sérsic index
c The fractional inter-microshutter offset from the centre of the shutter for the 1st
MSA configuration.

note there may be additional systematic uncertainty introduced by fitting the con-

tinuum level.

The first example, Jaguar ID 298414 at z=8.74, is from the highest priority class

(comprising candidate high-redshift galaxies where we wish to spectroscopically con-

firm their redshifts). Figure 5.14 shows the 1D extracted spectrum from one dither

position of the Prism observations. The Lyman break is clearly visible in the extracted

spectrum and this alone could provide spectroscopic confirmation of the redshift. Ad-

ditionally, three emission lines ([OII], Hβ and [OIII) are also identifiable in the Prism

spectrum which would provide a conclusive redshift. The [OII] and [OIII] doublets

are both detected at a S/N∼ 20 in the 33ksec exposure time Prism spectrum (a third

of the total exposure time). Due to the shorter exposure time of the gratings (1/4 of

the Prism) the S/N of the [OII] doublet is lower at S/N∼ 12 in the G395M grating.

In this particular example the G395M spectrum fell across the detector gap, losing

coverage of the [OIII]+Hβ complex.

Combining the three dithers of the Prism observations (each of 33ksec) together

would result in a higher S/N of ∼ 29 for each of the [OIII] and [OII] lines, where I

have accounted for the additional noise associated with local sky subtraction (a 25%

increase of the background noise). This specific galaxy was treated as an extended

source and well centred in the microshutter (Table 5.4). The H-band magnitude of

MAB=28.5mag is 1 magnitude brighter than the threshold of 29.5mag for inclusion
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JAGUAR ID Emission Line input measured S/N Slit-loss
298414 [OII] 7.1e-19 5.5±0.3 e-19 16 23±4%
Class 1 Hβ 2.3e-19 2.1±0.4 e-19 6 9±19%

[OIII] 8.0e-18 ∗5.0±0.3 e-18 19 ∗38±4%
288701 [OII] 16.0e-19 15.3±0.4 e-19 38 4±3%
Class 4 Hβ 6.3e-19 5.9±0.3 e-19 23 6±5%

[OIII] 8.8e-19 8.3±0.3 e-19 30 6±3%
173079 [OII] 6.1e-17 1.09±0.01 e-17 126 82±0.1%
Class 7 Hβ + [OIII] 5.6e-17 1.15±0.01 e-17 113 79±0.2%

Hα 6.9e-17 1.30±0.01 e-17 213 81±0.1%

Table 5.5: Prism flux measurements taken from one dither (integrated exposure time
33ksec), whilst S/N measurements are representative of the random noise, the uncer-
tainty in fitting and subtracting the background level in the Prism is not accounted
for here. For local background subtraction the noise should be 25% higher (S/N
should be 20% lower). All flux and uncertainty units are given in erg/s/cm2
∗ may be underestimated due to coincidence with a bad pixel

JAGUAR ID Emission Line input measured S/N Slit-loss
288701 [OII] 16.0e-19 15.5±0.8 e-19 19 3±5%
Class 4 Hβ 6.3e-19 - - -

[OIII] 8.8e-19 - - -
173079 [OII] 6.1e-17 - - -
Class 7 Hβ 2.1e-17 0.61±0.02 e-17 38 71±1%

[OIII] 3.5e-17 1.1±0.02 e-17 56 69±1%
Hα 6.9e-17 2.0±0.02 e-17 131 71±0.2%

Table 5.6: G235M flux measurements. Same as Table 5.5 but for the medium resolu-
tion grating. Jaguar ID 298414 did not have emission lines in the wavelength range
covered by this grating and hence is not shown here. Units erg/s/cm2

JAGUAR ID Emission Line input measured S/N Slit-loss
298414 [OII] 7.1e-19 5.4±0.54 e-19 10 24±8%
Class 1 ∗∗Hβ 2.3e-19 - - -

∗∗[OIII] 8.0e-18 - - -
288701 [OII] 16.0e-19 15.9±0.5 e-19 31 0±3%
Class 4 Hβ 6.3e-19 5.9±0.5 e-19 12 6±8%

[OIII] 8.8e-19 8.1±0.5 e-19 17 8±5%

Table 5.7: G395M flux measurements. Same as Table 5.5 but for the medium resolu-
tion grating. Jaguar ID 173079 did not have emission lines in the wavelength range
covered by this grating and hence is not shown here. Units erg/s/cm2.
∗ ∗ Emission lines were compromised by the chip gap.
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in the top priority classes (see Table 4.2). Hence for a fainter object at the magnitude

threshold for inclusion in this priority class (and with similar spectral properties to

this example) I would expect the S/N to be reduced by a factor of 2.5, which would

be S/N∼ 12 for [OIII] and [OII]. This would represent a clear redshift confirmation,

and indeed I could tolerate slit losses of up to 60% (due to a source of such bright-

ness being extended and/or lying at the edge of a microshutter) and still achieve a

detection at S/N∼ 5 of these lines. I note that an even fainter high-z candidate than

the 29.5 magnitude threshold might potentially enter Class 3 (see Table 4.2) as a

lower-priority source, and JADES could potentially detect line emission at S/N∼ 4

for targets as faint as 30.5mag.

I also note that the continuum is significantly detected in the Prism spectrum

for this example galaxy. The signal-to-noise of the continuum per resolution element

(∼ 2 native pixels) for an 11ksec exposure, including the additional 25% noise from

local-background subtraction, is shown in Figure 5.14 with wavelength. For the full

100ksec exposure the S/N would be a factor 3 higher. To detect the Lyman break

I am interested in a significant detection above the break and no detection below.

For a galaxy at z ∼ 9, the Lyα break is at ∼1.2µm where the resolving power of the

R100 prism is only R ∼ 30, rising to R ∼50 at 2µm. Hence there are only about 10

resolution elements in the rest-frame spectral range 1216 < λ <1500Å(from Lyα to

CIV and He II), that avoid contamination from emission lines. In this wavelength

range above the Lyman break the continuum is detected at a S/N per resolution ele-

ment of ∼ 6− 8, and is well above the continuum S/N> 3 per spectral element goal

for Priority class 1. Summing across this narrow wavelength range gives a contin-

uum S/N∼20 in 11ksec and this would rise to SN=60 in 100Ksec. The faintest galaxy

to achieve a S/N=10 break would be at magnitude 30.5 - this includes class 3 objects.

The second example, Jaguar ID 288701 at z=7.35, is from priority class 4 (can-

didate z ∼ 6 − 8 galaxies where we desire sufficient signal to noise in the detected

emission lines to perform line ratio diagnostics, achievable with Hα at S/N >∼ 25

where this falls within the NIRSpec coverage). Figure 5.16 shows the 1D extracted

Prism spectrum for one 33ksec dither (and is also shown in Figure 5.13 for the 100ksec

exposure). This is a bright galaxy with MUV=-20.0, and the continuum is detected

at a high signal to noise. This galaxy was treated as a point source and the ratio of

the extracted continuum to the input JAGUAR continuum is consistent with mini-

mal slit-losses below 3µm with a median ratio of 0.95, measured avoiding emission
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Figure 5.14: Top: 1D extraction of the Prism simulation for one dither (blue), comb-
ing the three noddings (exposure time = 33ksec), for JAGUAR ID:298414: Priority
class 1, z=8.7. The input JAGUAR spectrum is shown in orange. This particular
galaxy was treated as an extended object although was compact (half-light radius
= 0.14”) and well-centred, and shows minimal slit-losses. The [OII], Hβ and [OIII]
emission lines are detected at a sufficient signal to noise to identify the redshift of
this galaxy. Bottom: The signal-to-noise of the continuum per resolution element
(∼ 2native pixels) for an 11ksec exposure, including the additional 25% noise from
local-background subtraction. For the full 100ksec exposure the S/N would be a fac-
tor 3 higher. The Lyman break can be clearly identified with the sensitivity of the
continuum and is well above the continuum S/N> 3 per spectral element goal for
Priority class 1. 197
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Figure 5.15: The ratio of the NIPS extracted flux density of galaxy 288701 to the
JAGUAR input spectrum. The fraction of recovered flux density drops at longer
wavelengths due to the larger PSF which is shown in Figure 5.6.

lines (as shown in Figure 5.15). However, at longer wavelengths the spectrum shows

increasing slit-losses as the PSF of the telescope increases in angular size (with a

median flux ratio of 0.84 above 4µm). The ratio of the measured emission line fluxes

to those of the input lines (in both Prism and gratings, see Tables 5.5 and 5.7), is

consistent with minimal slit-losses. I note that running the ETC with the same in-

put spectrum and same spatial offsets within the microshutter for this point source

returned a slightly higher slit-loss of 18%, rather than than the ∼ 6% calculated from

the IPS. The origin of this discrepancy is unclear.

For this z=7.3 galaxy, the Lyman break is clearly visible (Figure 5.16), as are mul-

tiple emission lines. In the Prism, the [OII] doublet, Hβ and [OIII] doublet can be

clearly identified and are detected above a S/N∼ 20 (Table 5.5). These provide a use-

ful measurements for line diagnostics, such as the R23 and O32 diagrams discussed in

Chapter 2. I also find broad agreement between the estimated S/N from the IPS and

that estimated by the ETC, once the different slit-loss and the slightly higher noise

in the ETC model (arising from a higher assumed background flux) are accounted for.
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Given that I have good detections at S/N∼20-30 of the key emission lines Hβ,

[OII] and [OIII] for this example Lyman break galaxy at z=7.3 in a single 33ksec

dither pointing with the R100 prism, I now consider how much fainter I could go in

the full 100ksec JADES-Deep Prism spectra and still achieve sufficient S/N for line

ratio diagnostic work (the main objective for Priority Class 4 galaxies). In estab-

lishing priority class 4, the JADES team took a fiducial limiting S/N∼25 for Hα (if

this falls within the NIRSpec spectral coverage at that redshift). The case B flux

ratio is f(Hα)/f(Hβ)=2.86 and hence Hβ would have S/N∼ 9 if Hα has S/N∼ 25

assuming no reddening and assuming fairly uniform line sensitivity with wavelength

(which is the case for from ∼ 2.5µm to ∼ 5µm, see Figure 5.11). For z=7.3 (the

redshift of the example JAGUAR 288701), Hα falls just beyond the long-wavelength

cut-off at 5.3µm, but I am sensitive to Hβ which is detected in the simulated 33ksec

spectrum at S/N=18 (assuming local sky subtraction using 2 adjacent microshut-

ters), which would be S/N=31 for the full 100ksec Deep observation. Hence I could

observe an Hβ line which is ∼ 3.5 times fainter than this example and still meet the

S/N requirement for inclusion in Class 4. This particular galaxy has a magnitude

of AB(F160W)=27.0mag, and JADES could potentially include galaxies as faint as

AB(F160W)=28.4mag in Class 4 (assuming the same redshift and spectral properties

as this example).

However, I note that the intensity of the emission lines relative to the UV contin-

uum depends in particular on the star formation history. In choosing the magnitude

threshold to achieve a Hα S/N, the Kennicutt (1998) relation between Lν(UV) and

Hα was adopted (for a continuous SFR and Salpeter IMF). Variation from this pre-

scription may see a change in the required magnitude threshold, and I find that

Jaguar 288701 does have a stronger Hβ line by ∼ 50% than would be predicted from

the Kennicutt (1998) prescription. This would allow a deeper limiting magnitude

cut for inclusion in class 4 (currently set at AB∼27.5, see Table 4.2), potentially by

∼0.5 mag if we are ∼ 50% more sensitive to line emission than the historic curves.

Alternatively, I can tolerate slit losses of up to 50% for AB=27.5mag or 28.0mag

(depending on if you’re using the conservative Kennicutt (1998) conversion to line

flux for a constant SFR)

Figure 5.13 shows the 1D extraction for the Prism and the G235M and G395M

gratings. It can be seen how that sensitivity in the continuum is lower in the grat-

ings, with the trade off for enhanced spectral resolution of the emission lines. When
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Figure 5.16: Top Panel: 1D extraction of MDC target compared to the JAGUAR
input spectrum. JAGUAR ID 288701 at z=7.3 is a Priority class 4 galaxy and is
compact relative to the microshutter, so treated as a point-source. To simplify the
simulation, only emission lines in Table 5.3 are included and for this galaxies the
recovered emission lines are at a sufficiently high S/N to meet the class 4 science
requirements. The input JAGUAR spectrum has higher spectral resolution than the
R∼100 Prism, hence the peak height of the emission lines is higher, although the
integrated flux is almost identical between the input and simulation (subject to the
same slit losses as the continuum). Bottom panel: Good agreement is found in
the residuals between the input and extracted spectra over the ’zoom-in’ range with
minimal slit-losses after scaling the input spectrum to the lower resolution of the
R∼ 100 Prism.
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the emission line fluxes are measured in each of the GWA modes, consistency is found.

A final check on this Class 4 example is to examine the sensitivity on some of the

derived properties (using the emission line flux measurements), such as the O32 and

R23 line ratio diagnostics discussed in Chapter 2. The O32 and R23 emission line

flux ratios for this example galaxy are calculated from the flux measurements (for this

33ksec dither pointing), and both have an achieved S/N of 18 (O32 = 0.407±0.022,

R23=4.00±0.22). Following the work in Chapter 2 these measurements can be used to

determine the metallicity using the Curti et al. (2017) strong line diagnostics (derived

from < 0.25 galaxies), which are 12+log10(O/H) = 8.583±0.009 and 8.640±0.017 for

the O32 and R23 diagnostic respectively. Despite this galaxy lying at z=7.35 and

using only a third of the maximum 100ksec exposure time, this simulated observation

provides smaller uncertainties on the strong-line derived metallicity than the typi-

cally 0.04 metallicity uncertainty found in the z ∼ 1 WISPS sample in Chapter 2,

which relied on shorter exposure time HST grism slitless and ground-based FORS2

spectroscopy.

The final example, JAGUAR ID 1730079 at z=3.01, is from priority class 7, which

comprises lower redshift z ∼ 3− 5 galaxies, where we desire sufficient S/N to use line

ratios and spectral continuum shapes to characterise stellar populations at these in-

termediate redshifts (after the epoch of reionisation). For any individual galaxy in

this low priority class, the probability of being allocated to a microshutter on NIR-

Spec is low, but there are a large number of Lyman break galaxies at these redshifts

to draw from (see Chapter 4) and can build up a statistically-significant sample. This

Priority class 7 may also contain higher-redshift candidates that were demoted due to

being too faint to achieve the anticipated sensitivity. At lower redshifts galaxies tend

to be spatially resolved (and physically large), which may lead to greater slit-losses.

I wish to inspect a bright galaxy that is extended to understand whether it is still

worth allocating to the MSA configuration even with substantial slit-losses. Jaguar

ID 173079 is a bright (MUV = -20.9) galaxy with a half-light radius of 0.14” and is

offset within the microshutter, with a large spatial-axis offset of (0.014, 0.377) frac-

tional microshutters. This galaxy was treated as extended in the IPS simulation. In

Section 5.5 I used the ETC to estimate a slit-loss of 68% which closely matched the

that derived from the extracted IPS of 69.9%.
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It can be clearly seen in Figure 5.5, that despite the substantial slit-losses (and

potentially some self-subtraction from the adjacent background shutters for this ex-

tended source), the spectrum is very high S/N in the continuum and in the emission

lines (e.g., Hα is detected at a S/N∼ 200 in 33ksec). The slit-losses in the measured

emission line flux agree between the Prism and the gratings, which are ∼ 80% in the

Prism and ∼ 70% in the grating. This is an example of a galaxy where I need only

hit it in 1 of 3 dithers to achieve the desired continuum and emission line sensitivity

(e.g., Hα S/N> 25). Alternatively observing in all three dithers would allow very

high S/N, ideal for studies such as the kinematics of emission lines, to look for the

presence of AGN components and outflows; for the spatial resolution along the slit

for velocity gradients, to measure the evolution of the Tully-Fisher relation (Tully &

Fisher, 1977); or to detect weak auroral lines, to provide better metallicity indicators

than strong lines.

5.7 Potential further development of the NIRSpec

simulations and data reduction pipeline

The Mini Data Challenge took place between December 2019 and February 2020 to

emulate the possible 45 day interval between NIRCam and NIRSpec observations

within the same visibility window. This first time-limited stage of the MDC cul-

minated in the design of NIRSpec MSA configurations, and then this was used to

simulate NIRSpec spectroscopy which has been described in this Chapter. With the

first NIRSpec observations after telescope commissioning coming no sooner than mid-

2022 (and delays still possible) there will be time available to run another mini data

challenge to test the improvements identified in the first challenge, and to further

prepare the JADES science team for the real observations. Improvements to step 8

that could be implemented for a second MDC would improve on the previous sim-

plification of treating the targets as circular by using the JAGUAR ellipticity for the

input galaxies. For a highly elliptical target the slit losses suffered would be strongly

dependent on the orientation of the major axis relative to the rectangular microshut-

ter (See ID 3982 in Figure 5.1 for example of highly elliptical target lying along the

open shutters). Further, emission lines could be treated as spectrally resolved to al-

low outflow and kinematic velocity field physics to be tested during step 11 (which

is the derivation of galaxy proprieties from the NIRSpec spectroscopy) - in the cur-

rent simulations in this Chapter I assumed a narrow intrinsic line width of 100km/s
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(spectrally unresolved).

NIPS currently provides a basic 1D extraction, collapsing the 2D spectrum on

the detector in the spatial direction over a fixed aperture (the full illuminated extent

of a single microshutter). However, the microshutter height of 0.46” (sampled by

5 pixels) is much larger than the size of the PSF, and hence for a compact source

an improvement in the S/N could be achieved by using a spatial extraction that is

smaller than the full shutter height and better matched to the PSF size (which is

wavelength-dependent, see Figure 5.6). A future improvement of the NIPS extrac-

tion pipeline could be a variable extract width (depending on the intrinsic size of the

target, perhaps inferred from NIRCam imaging, and wavelength) to maximise the

S/N of the 1D spectrum. The NIRCam photometry and size/shape measurements

will also enable the wavelength-dependent slit loss corrections to total flux to be de-

termined for spectro-photometry.

Several artefacts can be found in the IPS simulations (e.g., the bad pixels visi-

ble in the count-rate map in Figure 5.4). As a result of this experiment with the

simulations presented in this Chapter, a bad pixel flag has now been added to the

count-rate maps and to the NIPS extraction pipeline. This bad pixel mask (made

from flat field and dark current exposures) is added as an additional file extension

to the 2D count-rate maps. Ultimately, when different nod and dither positions are

combined for the same galaxy, the data flagged from the bad pixel can be excluded

in the co-addition, so that the 1D extracted spectrum will not suffer from individual

bad pixels.

As mentioned in Section 5.5.3, the JADES observations will maximise the number

of objects allocated to shutters by stacking up to ∼ 4 short spectra in the dispersion

direction in the MSA design. However, since the same design is used for the gratings,

the dispersed light of multiple targets will overlap as the grating spectrum covers a

greater pixel range. The NIPS pipeline therefore must be able to identify which emis-

sion lines come from which object using the information from the Prism exposure,

but must also be able to avoid subtracting emission lines from overlapping spectra

from an individual target’s extracted spectrum.

Finally, in the JADES observations careful selection of three MSA configurations

for the three dithers will be used to greater effect to create a dither pattern that spans
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the detector chip gap. Such that the portion of a spectrum’s wavelength coverage lost

to the gap in one dither can be recovered in another dither. This is of particular im-

portance for the gratings which span a large pixel range.

5.8 Summary

In this Chapter I have simulated NIRSpec spectra for a realistic set of observations

based on the JAGUAR mock catalogue of galaxies. I consider both the low-dispersion

Prism (R∼100) and two medium-dispersion gratings (R∼1000) and I replicate the

observing strategy that JADES will employ in the Deep tier of the NIRSpec spec-

troscopy. The simulated spectra include the effects of the galaxies being off-centre in

the microshutters, and also model many of the galaxies as being spatially resolved.

From this I am able to determine the slit losses (light falling outside the microshut-

ter) as a function of wavelength. I determine the signal-to-noise ratio of the NIRSpec

spectra, accounting for the noise from the background light, the photon counting

statistics of the source, and the readout noise of the detector. I compare the antici-

pated emission line flux sensitivity (as a function of wavelength) with older estimates

for NIRSpec, and find that the IPS is more sensitive (now that the instrument perfor-

mance has been better characterised in ground-based testing). The IPS is on average

1.14 times more sensitive in the Prism, 1.76 times more sensitive in the G395M and

on average 2.00 times more sensitive in the G235M grating compared to the claimed

line sensitivity, when a wavelength dependent variable aperture is used.

I consider whether the mock catalogue galaxies allocated to different priority

classes result in spectra of sufficient quality (S/N) to achieve the various science goals

(for example: redshift determination of the most distant candidate galaxies from line

emission or the Lyα spectral break at z ≳ 9; line ratio diagnostics for star-forming

galaxies at z ∼6-8; and characterising stellar populations from the continuum shape

and emission lines at z ∼2-6). I conclude that the proposed brightness limits from

broad-band photometry for the various priority classes in JADES are realistic, and

will result in spectra which meet the science requirements even with significant slit

losses.
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Chapter 6

Conclusion

In this Thesis I have sought to understand the star forming galaxies which are ob-

served to exhibit large nebular emission line equivalent widths. These may be good

low-redshift analogues of galaxies beyond z > 6 which are believed to drive the ion-

ising radiation field during the Epoch of Reionisation. Through two spectroscopic

studies at intermediate redshifts I have utilised HST/WFC3 slitless spectroscopy to

select galaxies directly on their emission line strength, and then to create a sample

of star-forming galaxies from which the abundance of extreme emission line galaxies

(those with high nebular emission line EW) can be determined and their properties

studied. I also looked at expanding this work on star-forming galaxies to higher

redshifts, which will be made possible through deep extra-galactic surveys using the

next generation imaging and multi-object spectroscopy facilities on JWST. NIRSpec

spectroscopic follow-up of high redshift galaxies requires a reliable target sample, and

I have discussed how a list of potential candidates for NIRSpec spectroscopy has been

drawn up from LBGs in the JADES fields and how my uniform re-analysis has al-

lowed these to be compared and prioritised. Finally, I simulated the NIRSpec spectra

for high redshift galaxies similar to our potential JADES targets, to determine if our

key science goals can be met with the achieved signal-to-noise (in particular redshift

confirmation, and metallicity measurements from line ratio diagnostics).

In Chapter 2 I have followed-up galaxies identified through line emission in the

near-infrared in the slitless HST/WFC3 WISP survey, using VLT/FORS2 optical

spectroscopy to confirm the redshifts and to study the reddening and metallicity of

this emission line selected population. Follow-up of these targets is of particular in-

terest, as the typical galaxy in my WISPS sample is fainter than HAB = 24mag, and

so would not have been included in many well known spectroscopic surveys based on
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broad-band magnitude selection. Over 4 WISPS fields, I targeted 85 out of 138 emis-

sion line selected objects identified in the WFC3 slitless spectra over a redshift range

0.4 < z < 2 and I confirm 95% of the initial WFC3 grism redshifts in the 38 cases

where lines were detected in the FORS2 spectra, an important result for the WISPS

programme, especially because in many cases the WFC3 spectra showed only a single

emission line (usually assumed to be Hα). For these single-line WFC3 sources, the

FORS2 spectroscopy confirmed the redshifts of 15 out of 17 galaxies (88%).

I measured the Balmer decrement to determine for reddening (after correcting for

stellar absorption and blended [NII] emission), and found that the extinction of the

WISPS galaxies is consistent with A(Hα) = 1mag with some evidence for an increase

in reddening with Hα luminosity, and less reddening than seen in z ∼ 0 samples.

After correction for reddening, good agreement was found between star formation

rates derived from the Hα emission line, the rest-frame UV continuum (LUV ) and

BEAGLE SED fitting (with near-linear slopes of SFR(LUV ) = [SFR(Hα)]1.15±0.10

and SFR(LSED) = [SFR(Hα)]1.04±0.08). SED-fitting of the stellar population deter-

mined the sample spanned a broad mass range, with a median log10(M/M⊙) = 8.94,

and that these emission line selected galaxies have high specific star formation rates

and lie above the star-forming main-sequence.

After two likely AGN (∼5% of the sample) were removed, identified using the

[SII]-BPT and mass-excitation (MEx) diagnostics, I used the [OII], Hβ and [OIII]

line fluxes to derive gas-phase metallicities using the strong-line O32 and R23 diag-

nostics (using calibrations from Curti et al. 2017). Individual and stacks of galaxies

are typically sub-solar metalicity, with a trend of metallicity decreasing with increas-

ing redshift. I also recover the mass–metallicity relation, with the sample lying at

lower metallicities than the z = 0 relation, consistent with the evolution seen in other

high redshift studies, along with evidence for a fundamental relation between SFR,

stellar mass and metallicity.

Within this emission line selected sample I find strong dependence of the rest-frame

Hα equivalent width of galaxies with redshift, evolving as EW0(Hα) ∝ (1+z)1.88±0.32,

consistent with what has been seen in samples at similar redshifts with typically higher

masses. Importantly for the study of low-redshift analogues to galaxies during the

EOR, when I split the sample by Hα equivalent width at EW0(Hα) = 100 Å, I found
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that higher EW galaxies have a larger [OIII]/Hβ and O32 ratio on average, suggest-

ing a lower metallicity or higher ionisation parameter in these extreme emission line

galaxies.

In Chapter 3, I investigated the population of extreme emission line galaxies at

1.700 < z < 2.274, which are seen as low-redshift analogues of the galaxies dur-

ing the epoch of reionisation responsible for the strong UV-ionising background. I

determine the [OIII]λ5007 equivalent width distribution of rest-frame UV-selected

(MUV < −19) star forming galaxies in the GOODS North and South fields, mak-

ing use of deep HDUV broadband photometry catalogues for selection and 3D-HST

WFC3/IR grism spectra for measurement of line properties.

The [OIII]λ5007 EW distribution allows the measurement of the abundance of

extreme emission line galaxies within this population. I model a log-normal distri-

bution to the [OIII]λ5007 equivalent widths of galaxies in the sample, with a best fit

location parameter µ = 4.24 ± 0.07 and variance parameter σ = 1.33 ± 0.06, with a

mean [OIII]λ5007 EW of 168±1Å. The fractions of z ∼ 2 rest-UV-selected galaxies

with [OIII]λ5007 EWs greater than 500, 750 and 1000Å are measured to be 6.8+1.0
−0.9%,

3.6+0.7
−0.6%, and 2.2+0.5

−0.4% respectively. I determine that the EELG fractions do not vary

strongly with UV luminosity in the range −21.6 < MUV < −19.0 considered in this

work (consistent with findings at higher redshifts).

I compare my z ∼ 2 results to studies at z ∼ 5 and z ∼ 7 where candidate EELGs

have been discovered through Spitzer/IRAC colours, and I identify rapid evolution

with redshift in the fraction of star forming galaxies observed in an extreme emission

line phase (a rise by a factor ∼ 10 between z ∼ 2 and z ∼ 7). This evolution is con-

sistent with an increased incidence of strong bursts in the galaxy population during

the reionisation era. While I determine that this population makes a sub-dominant

contribution of the ionising emissivity at z ≃ 2, EELGs are likely to dominate the

ionising output in the EOR.

Looking towards the future of this field of research, the imminent launch of JWST

presents a huge leap forward in the facilities at the community’s disposal. I am mem-

ber of the JADES collaboration, a joint NIRSpec and NIRCam instrument science

team GTO programme. The deepest part of the JADES NIRSpec spectroscopy con-

sists of two 100ksec integrated exposures with the goal of observing the most distance
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galaxies. One of these exposures will focus on the HUDF in GOODS-South, where

existing known targets from deep HST observations will be followed-up, whilst the

other will follow up high redshift candidates selected from deep NIRCam imaging,

and will include high redshift galaxies that have not been detected in existing HST

observations.

In preparation for the follow-up of existing known HST sources, in Chapter 4

I took candidate Lyman break galaxies from the literature, focusing on three large

compilations done in the GOODS fields, and I undertook a re-analysis to determine

a catalogue of uniform galaxy property measurements to allow comparison for tar-

get prioritisation. My re-measurements of the photometry and astrometry for each

catalogue used the same well-reduced images (the 3D-HST and the XDF reductions)

and was critical to the JADES survey to ensure that we know the correct positions

for the galaxies we will target (so that the light will enter the narrow microshutters),

and that they are bright enough to achieve the science goals of our survey. As part of

the re-analysis I also check if the candidate Lyman break galaxies from the literature

hold up as good candidates using our uniformly-measured photometry, and produce

photometric redshifts fits from BEAGLE and size information measurements from

GALFIT. The result of this work was a target catalogue of 7221 unique galaxies be-

tween 3 < z < 10 that satisfied my re-analysis criteria, including 44 of the highest

priority class 1 or 2 galaxies at z > 8. Candidate targets that did not make the cut

are retained for the target list but are down-weighted to lower priority classes. Within

this chapter, systematic offsets were identified in the astrometry of one of the LBG

catalogues (Bouwens et al., 2015a), which were significant for the narrow shutter size

of the NIRSpec MSA, and would have led targets to have been missed if left uncor-

rected. A photometric offset was also identified in another input LBG catalogue’s

reported H-band magnitude, and we bring all the targets onto a uniform photometric

and astrometric scheme, and confirm whether or not the Lyman break colours and

photometric redshifts are robust, ready for target prioritisation for observation with

JWST-NIRSpec in the JADES programme.

The target catalogue of re-analysed galaxies is sorted into the various priority

classes based on their redshift and brightness. In Chapter 5, I wished to understand

whether these required conditions of our priority classes should achieve the desired

signal-to-noise in the NIRSpec observations for our science goals. To this end I cre-
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ated a set of mock observation simulations as part of the JADES Mini Data Challenge.

The Mini Data Challenge focused on a simulation of the raw data NIRCam DEEP

imaging observations, with the reduction and analysis of these images used to create

a source catalogue from which galaxy candidates were selected and allocated to NIR-

Spec microshutters according to our target priority classes. I led the simulation of the

NIRSpec DEEP (100ksec) mock observations using these targets selected by JADES

team members from the mock NIRCam observations. In preparation of the Mini

Data Challenge, I developed the NIRSpec simulation for the treatment of galaxies as

extended objects, to improve the realism of the slit-losses created by the microshutter

apertures.

I created 9 NIRSpec simulations (three dithers with three noddings each) for

each of the low-resolution Prism, and the G235M and G395M medium resolution

gratings (a sub-set of the modes that will be used in the real strategy). I used

the in-development ESA science team extraction pipeline to produce 1D rectified

wavelength- and flux-calibrated spectra for each target allocated to the simulated

MSA configuration. For a representative example target from each priority class, I

measured the continuum and emission line slit-losses, which were consistent with the

estimates from the JWST STScI Exposure Time Calculator (ETC). For a typical

z ∼ 7 galaxy (Sersic n = 1, half-light radius = 0.1”) the change in the estimated

slit-losses was 33% higher for a well-centred source treated as extended rather than

as a point source. This increased up to 69% if the object is also offset 80% of the

way to the corner of the illuminated region of the microshutter. I determined that for

each of the priority class examples, the NIRSpec sensitivity was sufficient to achieve

the desired S/N for the JADES science goals.

This thesis has looked at galaxy evolution, in Chapters 2 & 3 I looked specifically

at how the population of actively star forming galaxies (selected through rest-optical

emission lines with high equivalent width) changes with redshift. My observations

have explored this at z 0.5-2 using existing HST data (coupled with ground-based

follow-up to determine metallicities), and JWST-NIRSpec will continue these studies

to higher redshifts, potentially z ∼ 7 using Hα, and z ∼ 9 using [OIII]. Key goals of

the JADES GTO programme are to characterise the star formation rates, the assem-

bly of stellar mass, and the chemical enrichment of galaxies over cosmic time, and
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to assess the contribution of star forming galaxies to the ultraviolet ionising back-

ground (particularly in the epoch of reionisation) using similar analysis techniques to

my work at lower redshifts. The impact of the work I have done in this thesis is in

the measurement that the fraction of extreme equivalent width emission line galaxies

increases with increasing redshift, meaning that JWST-NIRSpec spectroscopy will

likely be very successful at identifying these objects at high redshifts (being highly

sensitive to emission lines). In Chapter 4 I have identified good candidate Lyman

break galaxies in the JADES fields (including young star-forming galaxies within the

EOR which may well be EELGs) and in Chapter 5 I have checked that the proposed

selection criteria for NIRSpec spectroscopic targets at high-redshift will deliver suffi-

cient S/N of key spectral features to confirm (or disprove) the photometric redshift

estimates, enabling real science to be done without the inherent uncertainties of using

estimated redshifts. For the brighter galaxies targeted for specific sub-programmes

(which form some high priority selection in the JADES project), I show that NIRSpec

has sufficient sensitivity to go beyond simple redshift confirmation, and to determine

metallicity, dust attenuation and other physical conditions in these distant galaxies.

All the work in this thesis will allow me, as a JADES science team member, to

leverage the optimum target selection and strategy design to study galaxy evolution.

As part of my upcoming post-doctoral research fellowship at the University of Mel-

bourne, I will improve the constraints I made on the EW distribution redshift evolu-

tion using higher redshift galaxy samples and will push my study of Hα-derived SFRs

beyond the redshift range probed by WISPS out to z ∼ 7. I will also be involved in

the early release science (ERS) programme GLASS (the successor to the HST Grism

Lens-Amplified Survey from Space “GLASS” programme) and the General Observer

(GO) programme PASSAGE (A pure-parallel slitless spectroscopy programme).
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Appendix A

Appendix to JADES - Target
selection

A.1 Additional colour-colour diagrams

In addition to the colour-colour diagrams for the i-, z- and Y-band drop-outs presented

in Figures 4.12 and 4.13, I now present the B- and V-band drop-out colour-colour

diagrams for the Bouwens et al. (2015a) catalogue galaxies. I also present the respec-

tive B-, V-, i-, z- and Y-band drop-out colour-colour diagrams for the Harikane et al.

(2016) and Finkelstein et al. (2015) catalogue galaxies. These are shown in Figures

A.1 to A.6. The colour-colour space criteria for each drop-out filter is identified by

the purple shaded region, and is adopted from Bouwens et al. (2015a) (see Table 4.9).

A.2 Target selection priority Class 4 & 6 cata-

logues and catalogue column description

In Table 4.16 I presented the re-measured 0.36” diameter aperture photometry (cor-

rected for aperture losses appropriate for a point-source) for the priority class 1& 2

Y- and J-band drop-out galaxies from Bouwens et al. (2015a) and Finkelstein et al.

(2015) that met the re-analysis criteria set out in Chapter 4 (the Harikane et al.

2016 catalogue did not include any Y- or J-band drop-outs). The criteria imposed

to clean the catalogue included: detection of the target at > 4σ in the H-band; not

to be flagged for an astrometric offset1, to ensure I have the same object; agreement

with the colour criteria to be classed as “good”, “possible high-z” or “unlikely”(those

lying within 1σ of the colour criteria); the BEAGLE photometric redshift to agree

1After correcting for the measured Bouwens et al. (2015a) systematic offset.
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Figure A.1: As for Figure 4.12, but the B- and V -band drop-outs in Bouwens et al.
(2015a) at z∼ 4&5 are shown. For clarity a S/N cut in the i- and z-band has
been set at 10 (in both the GOODS and HUDF fields) and at 5 (in the GOODS
fields) respectively for B- and V -band drop-outs in this plot (so that the figure is
not swamped by low-significance points with large error bars), but all galaxies are
retained as part of the analysis. Some B- and V -band galaxies would be candidates
for Priority class 7 in the JADES NIRSpec target selection, where we will give priority
to galaxies with high enough star formation rates for emission lines to be detectable at
high significance with NIRSpec — this translates to a magnitude limit on a rest-UV
waveband above the Lyα break (in the case of the B-drops this would be the F775W
i-band, and for V -drops this would be F850LP z-band). Those objects meeting
this requirement of AB = 26.5mag for the Medium pointings within GOODS, and
27.5mag in the Deep NIRSpec pointing on the HUDF, are shown as bold symbols.
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Figure A.2: As for Figure 4.12, but the B- and V -band drop-outs in Harikane et al.
(2016) at z∼ 4&5 are shown. For clarity a S/N cut in the i- and z-band has been set at
10 (in both the GOODS and HUDF fields) and at 5 (in the GOODS fields) respectively
for B- and V -band drop-outs in this plot (so that the figure is not swamped by low-
significance points with large error bars), but all galaxies are retained as part of the
analysis. Some B- and V -band galaxies would be candidates for Priority class 7 in the
JADES NIRSpec target selection, where we will give priority to galaxies with high
enough star formation rates for emission lines to be detectable at high significance
with NIRSpec and this translates to a magnitude limit on a rest-UV waveband above
the Lyα break (in the case of the B-drops this would be the F775W i-band, and for
V -drops this would be F850LP z-band). Those objects meeting this requirement of
AB = 26.5mag for the Medium pointings within GOODS, and 27.5mag in the Deep
NIRSpec pointing on the HUDF, are shown as bold symbols.
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Figure A.3: As for Figure 4.12, but the i- and z-band drop-outs in Harikane et al.
(2016) at z∼ 6&7 are shown. For clarity a Y -band S/N cut has been set at 5 for
the i and z-band drop-out GOODS plots, but all galaxies are retained as part of the
analysis. Some i- and z-drops would be candidates for Priority class 4 in the JADES
NIRSpec target selection, where we will give priority to galaxies with high enough star
formation rates for emission lines to be detectable at high significance with NIRSpec
and this translates to a magnitude limit on a rest-UV waveband above the Lyα
break (in the case of the z-drops this would be the J-band). Those objects meeting
this requirement of AB = 26.5mag for the Medium pointings within GOODS, and
27.5mag in the Deep pointing on the HUDF, are shown as bold symbols.
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Figure A.4: As for Figure 4.12, but the z∼ 4&5 Finkelstein et al. (2015) galaxies that
correspond to B- and V -band drop-outs are shown. For clarity a S/N cut in the i- and
z-band has been set at 10 (in both the GOODS and HUDF fields) and at 5 (in the GOODS
fields) respectively for B- and V -band drop-outs in this plot, but all galaxies are retained
as part of the analysis. Some B- and V -band galaxies would be candidates for Priority
class 7 in the JADES NIRSpec target selection, where we will give priority to galaxies with
high enough star formation rates for emission lines to be detectable at high significance
with NIRSpec and this translates to a magnitude limit on a rest-UV waveband above the
Lyα break (in the case of the B-drops this would be the F775W i-band, and for V -drops
this would be F850LP z-band). Those objects meeting this requirement of AB = 26.5mag
for the Medium pointings within GOODS, and 27.5mag in the Deep NIRSpec pointing on
the HUDF, are shown as bold symbols. Finkelstein et al. (2015) selected high-z candidates
through photometric redshifts and did not enforce colour criteria, hence allowing galaxies
with redder spectral slopes and weaker breaks to enter the sample compared to Bouwens
et al. (2015a) and Harikane et al. (2016) who enforce the colour cuts and this can be seen
in the broader distribution of points in this sample.
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Figure A.5: As for Figure 4.12, but the z∼ 6&7 Finkelstein et al. (2015) galaxies
that correspond to i- and z-band drop-outs are shown. For clarity a Y -band S/N
cut has been set at 5 for the i and z-band drop-out GOODS plots, but all galaxies
are retained as part of the analysis. Some i- and z-drops would be candidates for
Priority class 4 in the JADES NIRSpec target selection, where we will give priority to
galaxies with high enough star formation rates for emission lines to be detectable at
high significance with NIRSpec and this translates to a magnitude limit on a rest-UV
waveband above the Lyα break (in the case of the z-drops this would be the J-band).
Those objects meeting this requirement of AB = 26.5mag for the Medium pointings
within GOODS, and 27.5mag in the Deep pointing on the HUDF, are shown as bold
symbols.
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Figure A.6: As for Figure 4.12, but the z∼ 8 Finkelstein et al. (2015) galaxies that
correspond to Y -band drop-outs are shown. Some Y -band galaxies would be candi-
dates for Priority classes 1& 2, where we will give priority to the high-z galaxies that
are sufficiently bright to confirm the redshift with NIRSpec and this translates to a
magnitude limit for the Y -drops in the H-band. Those objects meeting this require-
ment of AB = 28.5mag for the Medium pointings within GOODS, and 29.5mag in
the Deep pointing on the HUDF, are also in bold. Errorbars are presented for the
Y-band drop-out panels as the numbers are sufficiently low to avoid over-crowding.
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with the catalogue reported drop-out filter redshift range (for Finkelstein et al. 2015

I require the catalogue photometric redshift and the BEAGLE redshift to lie in the

same drop-out filter redshift range) to remove galaxies with lower redshift solutions

(interlopers). I also matched galaxies that appeared in multiple catalogues, so only

one entry per unique galaxy was presented.

The priority class 4 and 6 galaxies taken from the i- and z-band drop-outs that

meet the re-analysis criteria are presented in Tables A.2 and A.7. The magnitude

limits imposed for the Class 4 objects are 27.5mag in the DEEP and 26.5mag in

the MEDIUM, in the a band longer than the drop-out filter. This is the Y-band for

i-band drop-outs and the J-band for the z-band drop-outs. Galaxies fainter than this

are down weighted to Class 6, where objects have a 28 and 29 magnitude requirement

in the MEDIUM and DEEP fields respectively (in the previously mentioned bands

above the drop-out filter). Galaxies fainter still or those that didn’t met the criteria

are retained in the catalogues for lower priority follow-up.

I also provide three machine-readable tables2 for the complete galaxy sample, in-

cluding the galaxies that did not meet the re-analysis criteria. These tables are split

by the three input catalogues and are provided for 0.36” and 0.6” diameter aperture

photometry (corrected for aperture losses). These tables contain the flux density and

uncertainty in each of the 8 filters (B-, V-, i-, z-, Y-, J-, JH- and H-band) as well as

additional flags, galaxy properties (as measured through GALFIT surface brightness

profile analysis, see Section 4.3.6) and redshift information (from the input catalogue

and the BEAGLE photometric redshift analysis, see Section 4.3.5). The complete list

of columns presented is given in Table A.1. Which I will now go through in further

detail.

From the astrometric analysis, the astrometric flag identifies galaxies that are

greater than 3σ from the average positional offset, as defined by fitting a Gaussian

to the distribution of position changes (input to re-centred coordinates). During

photometry re-measurement using IRAF.phot, I set warning flags (mag flag) for the

when the H-band photometry is at a low significance (< 2σ) or off image (returning

INDEF), and for when there was a reasonably large change in the magnitude between

the input catalogue photometry and the re-measured value. During the Lyman break

colour-colour analysis, the Colour Flag is set to between 1 and 7 depending on how

2https://github.com/Kitboyett/Supplementary-Thesis-material
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well a galaxy met the colour criteria. If a galaxy’s photometry met the colour criteria

this was set to 1. When a galaxy was non-detected in the drop-out band and is

consistent with being a high redshift object, this was set to 2. When a galaxy was

within 1σ of the criteria, this was set to 3. The remaining targets are given codes

4-7 if they are considered to not meet the criteria, present detections below the drop-

out filter, present non-detections above the drop-out filter, or lack coverage in any

of the criteria filters respectively. Finally, during GALFIT analysis, quality flags are

added to the GALFIT output parameters to highlight poor convergence. If Galfit

cannot converge it does not provide an output and a Galfit Error code of 1 is given.

Galfit results are then also flagged as follows; (+2) if the Galfit magnitude, used as a

parameter in the model light profile, varies by ∆mag ≥ 2.5 from the phot value; (+4)

if the Galfit centred coordinate, which is free to vary up to a max of 2px, is more

than ∆Position = 1.9px in either RA or Dec from the input position, highlighting

targets where Galfit has mistakenly converge on a nearby bright object; (+8) if Galfit

returns a double star warning ‘**’ where the measured axis ratio is < 0.1 or the Galfit

characteristic radius is < 0.5px and Galfit is known to no longer effectively converge

as it cannot achieve a required pixel gradient. These errors are additive so an error of

‘6’ would pick out a galaxy which converged but has poor agreement with the input

magnitude and coordinates.
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Column Units Column Description

X Deg, Y Deg Degrees 0, 1 H-band centred position in Degrees, using IRAF.center
X pix, Y Pix – 2, 3 H-band centred position in Pixels, for the appropriate image given in column ’Image used’

X-band Flux erg/s/cm2/Hz 4 - 19 Phot 0.36” or 0.6” diameter aperture flux density in band ‘X’, with applied aperture and
zeropoint correction. -99 if off-image.

X-band error erg/s/cm2/Hz – Phot 0.36” or 0.6” diameter aperture flux density error in band ‘X’, with applied aperture and
zeropoint correction. -99 if off-image

Image used – 20 North, South or XDF - which set of images the analysis was carried out on

Rs Pixels 21 Galfit’s Characteristic radius parameter using an Exponential light profile model.
Where effective radii is given by Re = 1.678Rs

Axis Ratio – 22 Galfit’s Axis ratio parameter given as the ratio of the semi-minor axis to the semi-major axis.
Position Angle Degrees Degrees 23 Galfit’s Position Angle Parameter, given in Degrees.

Increasing as the Semi-major axis moves away - anti-clockwise - from the Y axis.
Galfit Error Code – 24 Galfit Error Warning

0: No Galfit error warning
1: Galfit could not converge
+2: ∆ H-Mag ≥ 2.5 between Galfit Magnitude parameter and H-band Phot Magnitude
+4: ∆RA|∆Dec ≥ 1.9px between the H-band center position and the Galfit Centred position
+8: Double starred warning, Axis Ratio <0.1 and/or Rs < 0.5px

Astrometric Flag – 25 0: within 3σ of Gaussian offset
99: H-band Centered position is greater than 3σ from the fitted Gaussian distribution offset

A CIER – 26 IRAF.center output error code:
0: No center error warning
107: Big Shift: greater than 1px
103: Low S/N
101: Off image (If 101: All Galfit and Astrometric Flag values are set to 101)

Mag Flag – 27

Warning flag comparing Catalogued and Phot Magnitude
0: No warning : ∆ H-mag < 0.2 or 5σ
99: INDEF in H-band
98: 2σ flux limited in H-band
97: ∆ H-mag ≥ 0.2 and 5σ

Colour Flag – 28

Warning flag based on Colour criteria for each drop-out filter
1: meets the appropriate colour criteria
2: non-detection (< 2σ) in drop-out filter and consistent with remaining colour criteria
3: Within 1σ of colour criteria
4: detected (> 2σ) in waveband shorter than the drop-out filter
5: Any criteria filter or H-band had no coverage (off-image)
6: non-detection (< 2σ) in a band above the drop-out filter
7: Does not match the colour criteria within 1σ

input z – 29
Input catalogue redshift (photometric redshift for Bouwens et al. 2015a; Finkelstein et al. 2015
and drop-out redshift for Harikane et al. 2016)

redshift beagle 1 – 30 BEAGLE primary redshift solution

Outlier value – 31
Normalised offset between BEAGLE primary redshift solution and input catalogue redshift
|∆z| / (1 + zinput) < 0.15 are considered good candidates

P1/P2 – 32
BEAGLE ratio of primary and secondary redshift solution probabilities.
Redshift solutions with P1/P2 < 2 are ambiguous.

drop out agree – 33 1: agreement between beagle redshift solution and input catalogue (-99 if disagreement)

Table A.1: The column descriptions for the full sample re-analysed catalogues.
Note 1: In addition to these columns the original catalogues take up columns
34− 44 for (Bouwens et al., 2015a) and (Finkelstein et al., 2015) and 34− 56 for
(Harikane et al., 2016)
Note 2: X-band is in order B, V, i, z, Y, J, JH, H
Note 3: The Finkelstein et al. (2015) catalogue does not contain H-band magnitudes
for their galaxies and therefore no comparison can be made, this limits the use of
the Mag Flag. For those targets the flags are 0, 98 and 99 with no 97 warnings.
Note 4: Not all bands have complete coverage of the fields, JH and Y particularly
have ‘holes’ within the image. A target detected in the H-band that is off-image in
another band will have ’-101’ recorded in the photometry.

220



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
N
W

Z
-7
25
65
17
43
4

z7
G
N
W

24
44
3

z7
gd

n
w

30
22
3

18
9.
35
68
68
9

62
.2
95
32
59

0.
73
1±

0.
06
8

2.
15
1±

0.
08
9

3.
39
1±

0.
12

3.
16
2±

0.
11
9

G
S
D
Z
-2
37
28
48
54
6

-
-

53
.1
55
32
27

-2
7.
81
51
65
6

0.
29
6±

0.
01
6

1.
41
7±

0.
03
5

1.
86
1±

0.
04
4

1.
79
6±

0.
06
4

-
z7

G
N
W

17
00
1

z7
gd

n
w

14
85
6

18
9.
03
24
96
4

62
.2
16
41
58

0.
25
±
0.
05
2

1.
10
8±

0.
08
7

1.
75
9±

0.
10
3

1.
63
3±

0.
09
7

G
N
D
Z
-6
44
67
16
15
4

-
-

18
9.
18
62
19
8

62
.2
70
85
62

0.
09
8±

0.
06

0.
85
4±

0.
10
3

1.
19
4±

0.
06
7

1.
55
±
0.
08
5

-
-

z7
gd

n
d
31
25
8

18
9.
17
92
82
8

62
.2
75
91
12

0.
06
±
0.
07
2

0.
73
9±

0.
12
9

1.
06
8±

0.
06
4

1.
13
±
0.
08

G
N
D
Z
-6
54
92
12
14
7

z7
G
N
D

34
86
0

z7
gd

n
d
14
32
8

18
9.
22
88
57
9

62
.2
04
01
07

0.
32
±
0.
06
1

0.
81
5±

0.
04
5

0.
97
1±

0.
05
5

1.
13
±
0.
07
7

G
N
D
Z
-6
54
20
12
15
5

z7
G
N
D

34
73
0

z7
gd

n
d
14
37
2

18
9.
22
58
31
7

62
.2
04
21
71

0.
24
3±

0.
05
8

0.
57
9±

0.
04
9

1.
05
4±

0.
06
5

1.
07
6±

0.
08
6

-
z7

G
N
D

29
55
6

-
18
9.
09
58
76
9

62
.2
20
07
29

0.
17
1±

0.
06
1

0.
31
6±

0.
13
5

0.
87
8±

0.
08

1.
06
2±

0.
09
4

G
N
W

Z
-7
22
21
18
31
0

z7
G
N
W

22
37
5

z7
gd

n
w

32
31
9

18
9.
34
26
05
0

62
.3
08
52
39

0.
15
2±

0.
06
6

0.
58
3±

0.
09
3

0.
79
8±

0.
11
7

0.
93
±
0.
11
9

-
-

z7
gd

sd
19
89
0

53
.0
48
56
90

-2
7.
83
17
84
2

0.
23
5±

0.
07

0.
52
4±

0.
06
1

0.
73
7±

0.
05
8

0.
91
5±

0.
07
7

G
S
D
Z
-2
36
00
44
41
7

z7
G
S
D

12
73

-
53
.1
50
02
18

-2
7.
74
49
24
1

0.
12
2±

0.
06
9

0.
73
1±

0.
03
7

0.
93
8±

0.
06
1

0.
90
4±

0.
07
5

G
N
W

Z
-6
08
64
08
59
9

z7
G
N
W

72
84

z7
gd

n
w

33
83

18
9.
03
60
59
7

62
.1
49
91
46

0.
02
8±

0.
07
7

0.
47
3±

0.
08
8

0.
61
9±

0.
10
6

0.
87
5±

0.
16

-
-

z7
gd

sd
23
88
2

53
.1
54
93
64

-2
7.
81
57
35
5

0.
04
2±

0.
05
8

0.
48
3±

0.
02
9

0.
70
5±

0.
04
6

0.
87
±
0.
06
7

-
z6

G
N
D

20
07
4

z7
gd

n
d
24
39
7

18
9.
28
10
19
9

62
.2
47
31
57

0.
24
4±

0.
06
3

0.
56
4±

0.
05
5

0.
70
8±

0.
05
4

0.
86
5±

0.
07
4

G
N
D
Z
-6
33
58
18
30
4

-
-

18
9.
13
99
41
2

62
.3
08
36
16

0.
33
1±

0.
06
4

0.
55
5±

0.
15
8

0.
76
8±

0.
05
9

0.
84
8±

0.
07
5

G
N
W

Z
-7
45
52
18
08
8

z7
G
N
W

23
31
7

-
18
9.
43
96
82
5

62
.3
02
38
66

0.
03
1±

0.
06
2

0.
37
5±

0.
10
4

0.
67
1±

0.
12
3

0.
78
±
0.
11
8

-
z7

G
S
W

96
85

z7
gd

sw
33
70

53
.1
03
24
52

-2
7.
90
57
21
9

0.
05
1±

0.
07
8

0.
55
7±

0.
09
4

0.
58
4±

0.
12
7

0.
77
8±

0.
14
9

G
N
D
Z
-7
20
93
12
06
0

-
z7

gd
n
d
13
80
9

18
9.
33
72
24
4

62
.2
01
58
48

0.
26
3±

0.
06
3

0.
58
7±

0.
04
3

0.
75
5±

0.
05
5

0.
77
1±

0.
07
1

G
S
D
Z
-2
40
69
44
16
7

z7
G
S
D

56
8

z7
gd

sd
43
75
6

53
.1
69
55
64

-2
7.
73
79
76
7

0.
04
4±

0.
07

0.
44
1±

0.
04

0.
69
±
0.
05

0.
75
8±

0.
07
1

-
z6

G
N
D

10
24
5

z7
gd

n
d
31
39
6

18
9.
27
74
13
8

62
.2
76
40
52

0.
23
7±

0.
06
1

0.
76
7±

0.
06
9

0.
84
3±

0.
05
3

0.
75
8±

0.
06
7

G
S
D
Z
-2
37
18
48
56
6

-
-

53
.1
54
93
40

-2
7.
81
57
26
0

0.
07
2±

0.
01
5

0.
53
5±

0.
03
4

0.
62
7±

0.
04

0.
73
±
0.
05
7

-
z7

G
N
W

32
65
3

z7
gd

n
w

36
75
0

18
9.
27
87
58
9

62
.3
57
47
97

0.
01
4±

0.
06
5

0.
56
1±

0.
08
4

0.
57
±
0.
13
2

0.
72
3±

0.
11
8

G
N
D
Z
-7
13
07
12
06
3

z7
G
N
D

35
50
7

z7
gd

n
d
13
82
8

18
9.
30
44
62
7

62
.2
01
68
64

0.
10
7±

0.
06
7

0.
41
3±

0.
04
5

0.
55
1±

0.
05
4

0.
71
9±

0.
07
2

G
N
W

Z
-7
10
30
21
59
6

z6
G
N
W

18
53
2

-
18
9.
29
29
45
8

62
.3
66
48
99

0.
40
3±

0.
06
5

0.
72
4±

0.
10
4

0.
98
5±

0.
15
3

0.
71
3±

0.
15
9

-
z7

G
N
W

20
32
9

-
18
9.
25
49
46
7

62
.3
21
87
96

0.
06
4±

0.
06

0.
63
8±

0.
1

0.
52
3±

0.
08
6

0.
70
7±

0.
10
4

T
ab

le
A
.2
:
P
h
ot
om

et
ri
c
0.
36
”
d
ia
m
et
er

ap
er
tu
re

fl
u
x
d
en
si
ti
es

w
it
h
a
co
rr
ec
ti
on

fo
r
ap

er
tu
re

lo
ss
es

fo
r
th
e
p
ri
or
it
y
cl
as
s
4

sa
m
p
le
s,

co
n
st
ru
ct
ed

fo
rm

B
ou

w
en
s
et

al
.
(2
01
5a
);

F
in
ke
ls
te
in

et
al
.
(2
01
5)
;
H
ar
ik
an

e
et

al
.
(2
01
6)

(B
15
,
F
15
,
H
16
)
z-
b
an

d
d
ro
p
-o
u
ts

th
at

m
ee
t
th
e
re
-a
n
al
y
si
s
cr
it
er
ia
.
F
lu
x
es

an
d
er
ro
rs

ar
e
gi
ve
n
in

[1
x
e-
30

er
g/
s/
cm

2/
H
z]
.
A
ll
ob

je
ct
s
ar
e
u
n
d
et
ec
te
d

in
th
e
B
-,
V
-,
i-
b
an

d
A
C
S
fi
lt
er
s.

S
in
ce

J
H

is
n
ot

u
se
d
in

th
e
co
lo
u
r-
co
lo
u
r
w
or
k
in

S
ec
ti
on

4.
3.
4
it
is
n
ot

re
p
or
te
d
h
er
e
b
u
t
is

p
ar
t
of

th
e
on

li
n
e
m
at
er
ia
l
m
ad

e
av
ai
la
b
le
,
as

ar
e
th
e
A
C
S
fi
lt
er

fl
u
x
es

an
d
th
e
0.
6”

d
ia
m
et
er

ap
er
tu
re

p
h
ot
om

et
ry

ca
ta
lo
gu

es
fo
r
al
l
th
e
ga
la
x
ie
s
in

ea
ch

ca
ta
lo
gu

e.
G
al
ax

ie
s
th
at

ap
p
ea
r
in

m
u
lt
ip
le

ca
ta
lo
gu

es
h
av
e
on

ly
b
ee
n
en
te
re
d
on

ce
.
T
h
e
h
or
iz
on

ta
l

li
n
e
re
p
re
se
n
ts

H
-b
an

d
26
.5

m
ag
n
it
u
d
e
li
m
it
fo
r
M
E
D
IU

M
su
rv
ey
s
in

th
e
G
O
O
D
S
fi
el
d
.

221



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
N
D
Z
-7
21
46
11
05
5

z7
G
N
D

40
05
7

z7
gd

n
d
98
68

18
9.
33
94
49
8

62
.1
84
76
23

0.
04
7±

0.
07

0.
44
2±

0.
04
3

0.
43
1±

0.
05
7

0.
70
1±

0.
07
2

G
S
W

Z
-2
36
71
54
42
0

z6
G
S
W

10
66
1

z7
gd

sw
26
81

53
.1
52
97
56

-2
7.
91
16
68
3

0.
24
3±

0.
06
4

0.
64
±
0.
09
1

0.
56
1±

0.
08
1

0.
69
8±

0.
10
9

-
z6

G
S
W

39
93

z7
gd

sw
79
06

53
.2
40
08
67

-2
7.
87
70
43
9

0.
30
1±

0.
07
6

0.
71
9±

0.
09
9

0.
55
6±

0.
10
8

0.
69
±
0.
15
9

-
z7

G
N
W

10
65
8

z7
gd

n
w

61
37

18
9.
02
46
76
4

62
.1
70
66
22

0.
12
8±

0.
07

0.
50
4±

0.
08
1

0.
61
5±

0.
10
1

0.
68
5±

0.
12
4

-
z6

G
N
W

73
17

z7
gd

n
w

34
09

18
9.
06
92
38
9

62
.1
50
18
49

0.
25
3±

0.
06
6

0.
53
7±

0.
09
6

0.
66
1±

0.
09
3

0.
68
4±

0.
11
5

G
N
D
Z
-6
42
03
16
56
4

-
-

18
9.
17
51
21
0

62
.2
82
26
45

0.
32
±
0.
06
6

0.
49
7±

0.
09
7

0.
71
9±

0.
06
5

0.
68
3±

0.
06
9

G
N
D
Z
-6
47
41
13
37
4

z6
G
N
D

27
27
3

-
18
9.
19
75
76
1

62
.2
27
02
37

0.
18
9±

0.
06
6

0.
59
3±

0.
06
9

0.
60
1±

0.
05
7

0.
66
6±

0.
07
2

G
N
D
Z
-7
03
58
15
57
1

z7
G
N
D

13
45
6

z7
gd

n
d
28
89
1

18
9.
26
49
73
8

62
.2
65
79
91

0.
11
2±

0.
05
4

0.
51
3±

0.
06
1

0.
80
2±

0.
05
9

0.
65
7±

0.
07
6

-
-

z7
gd

n
w

32
81

18
9.
18
31
51
7

62
.1
49
31
32

0.
09
4±

0.
06
7

0.
28
5±

0.
11
7

0.
63
7±

0.
08
1

0.
65
5±

0.
10
3

-
z6

G
N
D

18
69
6

-
18
9.
30
29
03
6

62
.2
51
21
20

0.
18
6±

0.
06
6

0.
33
8±

0.
06
6

0.
45
4±

0.
06
3

0.
64
9±

0.
08
7

G
N
W

Z
-7
17
94
19
17
5

z6
G
N
W

20
45
6

z7
gd

n
w

34
02
6

18
9.
32
47
64
7

62
.3
21
44
61

0.
19
2±

0.
05
2

0.
50
1±

0.
09
9

0.
70
6±

0.
11
8

0.
64
7±

0.
13

-
z7

G
S
D

49
68

z7
gd

sd
37
89
2

53
.0
83
35
81

-2
7.
76
43
87
6

0.
15
2±

0.
07
1

0.
46
9±

0.
05
6

0.
50
2±

0.
06
9

0.
64
7±

0.
08

-
z6

G
S
W

63
95

z7
gd

sw
56
34

53
.2
39
10
54

-2
7.
88
94
01
3

0.
27
1±

0.
07

0.
77
9±

0.
09
4

0.
76
3±

0.
10
7

0.
64
1±

0.
14
5

X
D
F
Z
-2
42
56
46
56
6

-
z7

x
d
f
38
86

53
.1
77
31
75

-2
7.
78
23
93
1

0.
10
8±

0.
01
6

0.
51
9±

0.
00
9

0.
58
9±

0.
01
1

0.
63
4±

0.
01
1

-
z7

G
N
D

83
89

z7
gd

n
d
33
55
4

18
9.
22
51
43
1

62
.2
86
28
78

0.
03
2±

0.
06
2

0.
24
5±

0.
04
5

0.
47
9±

0.
06

0.
62
8±

0.
07
5

G
N
W

Z
-7
26
81
17
40
0

-
z7

gd
n
w

30
09
9

18
9.
36
17
12
7

62
.2
94
38
97

0.
06
1±

0.
06
3

0.
55
1±

0.
08
7

0.
86
8±

0.
11
8

0.
62
1±

0.
12

G
N
D
Z
-6
45
20
18
11
3

z7
G
N
D

42
80
8

-
18
9.
18
83
95
0

62
.3
03
03
74

0.
08
5±

0.
05
3

0.
79
9±

0.
22
2

0.
72
8±

0.
04
5

0.
61
2±

0.
05
8

G
N
D
Z
-6
37
27
17
11
5

z7
G
N
D

83
58

z7
gd

n
d
33
58
9

18
9.
15
53
02
7

62
.2
86
46
20

0.
12
±
0.
06
5

0.
55
1±

0.
04
3

0.
67
2±

0.
05
4

0.
60
1±

0.
06
6

G
S
D
Z
-2
28
85
49
12
6

z7
G
S
D

22
76
0

z7
gd

sd
22
81
3

53
.1
20
25
59

-2
7.
82
01
98
6

0.
15
8±

0.
07
1

0.
28
6±

0.
03
8

0.
47
8±

0.
06
1

0.
59
7±

0.
07
5

-
-

z7
gd

n
d
24
00
6

18
9.
36
06
32
6

62
.2
45
57
04

0.
00
5±

0.
06
4

0.
26
2±

0.
04
7

0.
46
7±

0.
05
6

0.
59
6±

0.
07
3

-
z7

G
S
D

15
59

-
53
.1
99
79
36

-2
7.
74
73
30
0

0.
11
8±

0.
09
2

0.
19
5±

0.
04
1

0.
45
6±

0.
05
5

0.
59
2±

0.
07
6

G
N
D
Z
-6
36
47
15
35
0

z7
G
N
D

15
64
2

z7
gd

n
d
27
38
8

18
9.
15
19
93
3

62
.2
59
63
07

0.
21
2±

0.
06
4

0.
41
5±

0.
09
3

0.
55
5±

0.
05
2

0.
58
5±

0.
07

G
S
D
Z
-2
19
93
47
10
6

z7
G
S
D

11
73
0

z7
gd

sd
31
74
4

53
.0
83
06
51

-2
7.
78
62
66
9

0.
01
1±

0.
07
2

0.
43
±
0.
04
7

0.
41
3±

0.
05
1

0.
57
9±

0.
06
9

G
N
D
Z
-7
07
83
16
21
4

z6
G
N
D

11
30
4

z7
gd

n
d
30
55
9

18
9.
28
26
61
2

62
.2
72
49
86

0.
14
±
0.
06
3

0.
35
2±

0.
06
5

0.
52
5±

0.
05
5

0.
56
9±

0.
06
9

G
S
D
Z
-2
30
79
50
27
2

z7
G
S
D

29
43
0

-
53
.1
28
30
46

-2
7.
84
08
87
8

0.
03
8±

0.
07
2

0.
25
9±

0.
04
2

0.
42
9±

0.
05
5

0.
55
7±

0.
06
9

G
N
W

Z
-7
25
94
18
09
2

z7
G
N
W

23
36
0

z7
gd

n
w

31
41
0

18
9.
35
80
58
4

62
.3
02
48
07

0.
14
±
0.
06
1

0.
50
2±

0.
1

0.
67
9±

0.
12
1

0.
55
6±

0.
11
4

G
N
W

Z
-8
02
43
16
29
1

z7
G
N
W

28
18
2

-
18
9.
51
01
23
1

62
.2
74
64
25

0.
1±

0.
06
1

0.
48
±
0.
09
6

0.
49
1±

0.
10
5

0.
55
±
0.
13
1

-
-

z7
gd

sd
21
66
6

53
.1
48
60
36

-2
7.
82
49
69
5

0.
06
5±

0.
05
3

0.
25
7±

0.
04
2

0.
35
4±

0.
05
3

0.
54
6±

0.
06
9

-
z7

G
S
W

12
15
5

-
53
.1
40
22
49

-2
7.
92
30
77
5

0.
01
5±

0.
07
1

0.
34
9±

0.
10
2

0.
36
1±

0.
10
2

0.
54
6±

0.
13
5

G
N
D
Z
-6
49
26
14
44
2

-
-

18
9.
20
52
39
2

62
.2
45
53
81

-0
.0
14
±
0.
06
4

0.
35
3±

0.
07

0.
49
1±

0.
05
4

0.
54
5±

0.
07
5

G
N
W

Z
-5
51
65
10
35
7

z7
G
N
W

11
59
5

-
18
8.
96
52
80
1

62
.1
76
49
44

0.
07
4±

0.
06
7

0.
32
3±

0.
09
9

0.
54
2±

0.
11
9

0.
54
1±

0.
11
5

G
N
W

Z
-7
15
29
17
45
8

-
-

18
9.
31
37
28
5

62
.2
95
97
06

0.
33
3±

0.
06
7

0.
60
4±

0.
09
4

0.
5±

0.
10
7

0.
54
1±

0.
11
8

G
N
D
Z
-7
06
22
15
37
4

-
-

18
9.
27
59
29
4

62
.2
60
32
14

0.
09
6±

0.
06
7

0.
25
±
0.
06
3

0.
46
1±

0.
05
7

0.
53
7±

0.
07
5

-
z6

G
S
D

18
94
2

z7
gd

sd
25
69
7

53
.1
98
50
28

-2
7.
80
81
14
5

0.
10
1±

0.
06
6

0.
33
3±

0.
03
9

0.
31
9±

0.
05
5

0.
52
3±

0.
07

G
S
D
I-
23
73
55
22
29

-
z7

gd
sw

87
83

53
.1
55
62
68

-2
7.
87
30
61
7

0.
28
6±

0.
07

0.
51
6±

0.
10
5

0.
63
3±

0.
07
1

0.
50
2±

0.
08
8

T
ab

le
A
.3
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.2

222



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
-

z7
gd

sw
62
62

53
.1
52
61
17

-2
7.
88
58
03
6

-0
.0
2±

0.
07
3

0.
21
±
0.
09
1

0.
32
5±

0.
07
3

0.
49
7±

0.
10
2

-
z7

G
N
W

24
67
1

-
18
9.
36
17
52
8

62
.2
94
36
15

0.
17
5±

0.
06
4

0.
48
1±

0.
08
7

0.
78
6±

0.
11
4

0.
49
6±

0.
11
8

G
N
D
Z
-7
08
10
16
20
4

-
-

18
9.
28
37
10
9

62
.2
72
24
52

0.
05
3±

0.
06
5

0.
22
1±

0.
06
2

0.
40
5±

0.
05
7

0.
49
5±

0.
07
5

-
-

z7
gd

sd
28
93
7

53
.1
39
26
68

-2
7.
79
57
99
9

0.
29
7±

0.
07
1

0.
55
3±

0.
03
9

0.
55
3±

0.
05
6

0.
48
7±

0.
06
7

G
N
D
Z
-6
43
90
12
55
5

-
-

18
9.
18
29
44
0

62
.2
15
33
71

0.
01
7±

0.
07
8

0.
39
±
0.
10
5

0.
33
±
0.
06
5

0.
48
7±

0.
10
1

-
z6

G
N
W

15
43
5

-
18
8.
97
96
07
0

62
.2
01
39
52

0.
17
2±

0.
07
1

0.
31
2±

0.
10
5

0.
38
4±

0.
09
6

0.
48
5±

0.
12

G
N
D
Z
-6
37
11
17
34
7

z7
G
N
D

43
95
1

z7
gd

n
d
34
93
0

18
9.
15
46
09
2

62
.2
92
91
53

0.
05
3±

0.
06
5

0.
41
±
0.
04
6

0.
52
±
0.
04
8

0.
48
4±

0.
06
3

G
N
D
Z
-6
33
24
16
32
4

-
z7

gd
n
d
31
24
3

18
9.
13
85
28
9

62
.2
75
60
64

0.
00
5±

0.
06
5

0.
35
2±

0.
04
6

0.
51
7±

0.
05
3

0.
48
2±

0.
07
4

G
N
D
Z
-6
48
61
16
32
1

z7
G
N
D

10
52
7

z7
gd

n
d
31
22
9

18
9.
20
25
80
1

62
.2
75
51
24

0.
10
8±

0.
06
3

0.
57
1±

0.
09
7

0.
51
8±

0.
05
9

0.
47
8±

0.
07
5

G
S
D
Z
-2
31
37
50
34
7

-
z7

gd
sd

16
89
7

53
.1
30
72
12

-2
7.
84
29
79
4

0.
00
5±

0.
07
1

0.
25
7±

0.
03
8

0.
41
1±

0.
05
4

0.
47
7±

0.
06
9

G
N
W

Z
-7
21
60
17
38
7

-
-

18
9.
34
00
03
0

62
.2
94
01
96

0.
05
7±

0.
06
1

0.
22
4±

0.
09
9

0.
43
6±

0.
10
7

0.
47
7±

0.
10
4

G
S
D
Z
-2
16
06
47
57
6

z7
G
S
D

16
13
7

z7
gd

sd
27
95
2

53
.0
66
93
57

-2
7.
79
93
60
7

0.
11
9±

0.
07
1

0.
38
3±

0.
05

0.
40
2±

0.
05
1

0.
47
±
0.
07
1

-
z6

G
N
D

39
94
6

-
18
9.
31
95
54
8

62
.1
85
24
90

0.
10
6±

0.
07
1

0.
27
4±

0.
05
3

0.
45
9±

0.
06

0.
46
7±

0.
08
1

G
S
D
Z
-2
35
50
51
09
1

z7
G
S
D

32
34
2

z7
gd

sd
14
11
0

53
.1
47
93
44

-2
7.
85
25
24
7

0.
09
4±

0.
06
3

0.
32
7±

0.
03
8

0.
50
3±

0.
05
1

0.
46
4±

0.
06
5

-
z7

G
N
D

34
20
4

z7
gd

n
d
14
82
2

18
9.
35
96
72
9

62
.2
05
98
01

0.
04
4±

0.
06
1

0.
25
2±

0.
05
4

0.
44
7±

0.
05
8

0.
46
2±

0.
07
3

-
z7

G
S
D

22
84
2

z7
gd

sd
22
75
6

53
.0
99
05
19

-2
7.
82
04
54
1

-0
.0
74
±
0.
06
3

0.
41
4±

0.
05

0.
53
4±

0.
04
9

0.
46
1±

0.
05
8

-
-

z7
gd

sw
68
39

53
.1
47
22
78

-2
7.
88
25
68
5

0.
07
7±

0.
06

0.
25
6±

0.
1

0.
23
9±

0.
07
8

0.
45
9±

0.
10
4

G
N
D
Z
-6
37
93
17
00
5

-
z7

gd
n
d
32
96
2

18
9.
15
80
57
3

62
.2
83
40
10

-0
.0
02
±
0.
06
3

0.
30
8±

0.
04
7

0.
40
6±

0.
05
6

0.
45
8±

0.
06
5

G
N
D
Z
-6
52
66
14
18
0

z7
G
N
D

23
28
8

-
18
9.
21
93
87
2

62
.2
38
23
89

0.
18
7±

0.
06

0.
28
3±

0.
07
5

0.
53
7±

0.
05
8

0.
45
2±

0.
07
5

-
z7

G
N
D

39
52
8

z7
gd

n
d
10
48
5

18
9.
30
65
65
8

62
.1
87
45
26

0.
20
3±

0.
06
7

0.
39
3±

0.
05

0.
35
7±

0.
05
6

0.
44
1±

0.
06
9

-
z7

G
N
D

37
64
5

z7
gd

n
d
12
00
2

18
9.
18
95
38
3

62
.1
93
90
09

0.
07
5±

0.
06
8

0.
18
2±

0.
04
4

0.
30
2±

0.
05
3

0.
44
1±

0.
07
5

G
N
D
Z
-6
42
75
18
38
5

z7
G
N
D

41
64
7

-
18
9.
17
81
23
0

62
.3
10
63
63

0.
07
1±

0.
06
8

0.
43
2±

0.
18
8

0.
40
8±

0.
05

0.
44
±
0.
06
8

G
N
D
Z
-6
28
88
17
41
7

z7
G
N
D

43
79
7

z7
gd

n
d
35
40
7

18
9.
12
03
23
6

62
.2
94
87
36

-0
.0
23
±
0.
06
7

0.
32
9±

0.
04
7

0.
35
6±

0.
06
3

0.
43
6±

0.
08
2

G
N
D
Z
-6
35
56
14
17
3

-
-

18
9.
14
81
88
6

62
.2
38
06
37

0.
03
9±

0.
04
8

0.
19
4±

0.
08
8

0.
38
2±

0.
05
8

0.
42
6±

0.
07
3

G
N
D
Z
-6
33
14
16
28
2

-
-

18
9.
13
81
14
8

62
.2
74
42
66

-0
.0
07
±
0.
06
4

0.
24
8±

0.
04
5

0.
33
2±

0.
05
3

0.
42
4±

0.
06
9

G
N
D
Z
-7
07
08
10
47
4

-
z7

gd
n
d
88
21

18
9.
27
95
32
8

62
.1
79
76
49

0.
08
2±

0.
06
8

0.
28
±
0.
04
5

0.
39
5±

0.
05
7

0.
40
6±

0.
07
2

-
-

z7
gd

sd
31
67
4

53
.1
27
14
09

-2
7.
78
65
73
4

0.
08
6±

0.
07
2

0.
27
1±

0.
03
8

0.
31
8±

0.
05

0.
39
9±

0.
07

G
S
D
Z
-2
18
06
50
49
3

-
-

53
.0
75
26
50

-2
7.
84
70
14
0

0.
14
8±

0.
07
8

0.
27
1±

0.
05
6

0.
42
±
0.
04
8

0.
39
5±

0.
07

G
N
D
Z
-7
29
47
14
25
6

z7
G
N
D

22
52
5

z7
gd

n
d
22
77
8

18
9.
37
28
18
4

62
.2
40
37
05

0.
05
±
0.
06
4

0.
32
2±

0.
05
1

0.
36
8±

0.
05
9

0.
39
4±

0.
08
8

G
N
D
Z
-6
48
90
16
06
6

z7
G
N
D

12
62
1

z7
gd

n
d
29
56
0

18
9.
20
37
17
4

62
.2
68
42
16

0.
05
9±

0.
06
2

0.
39
4±

0.
09
7

0.
38
5±

0.
05
4

0.
39
1±

0.
07

G
N
D
Z
-7
01
91
09
47
6

-
-

18
9.
25
78
66
3

62
.1
63
13
32

0.
01
8±

0.
06
2

0.
14
5±

0.
04
2

0.
25
2±

0.
05
2

0.
38
4±

0.
07
1

G
N
D
Z
-6
33
39
16
31
3

z7
G
N
D

10
56
8

z7
gd

n
d
31
18
4

18
9.
13
91
59
5

62
.2
75
30
90

0.
04
7±

0.
06
8

0.
22
7±

0.
05
7

0.
26
5±

0.
06
5

0.
38
1±

0.
07
8

-
-

z7
gd

sd
23
28
7

53
.1
08
62
79

-2
7.
81
82
31
2

0.
05
9±

0.
07
2

0.
27
6±

0.
05
4

0.
24
7±

0.
04
8

0.
37
3±

0.
06
7

G
N
D
Z
-7
02
79
17
00
1

z7
G
N
D

88
88

z7
gd

n
d
32
93
7

18
9.
26
16
59
8

62
.2
83
26
59

0.
00
6±

0.
06
6

0.
3±

0.
04
5

0.
34
2±

0.
05
2

0.
37
1±

0.
07
4

-
z7

G
S
D

14
55
8

-
53
.0
46
91
84

-2
7.
79
46
21
4

-0
.0
04
±
0.
06
7

0.
14
1±

0.
04
8

0.
24
2±

0.
05
2

0.
37
±
0.
07
2

T
ab

le
A
.4
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.2

223



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
z7

G
S
D

62
39

-
53
.0
62
36
00

-2
7.
76
94
88
0

-0
.0
4±

0.
07
8

0.
28
1±

0.
06
3

0.
37
6±

0.
06
4

0.
36
7±

0.
08
3

-
z7

G
N
D

41
31
9

-
18
9.
22
97
25
1

62
.3
02
71
10

0.
00
4±

0.
06
3

0.
14
6±

0.
04
6

0.
20
4±

0.
05
1

0.
36
7±

0.
07

G
S
D
Z
-2
45
59
50
17
5

z6
G
S
D

28
70
5

z7
gd

sd
18
21
9

53
.1
89
98
48

-2
7.
83
82
06
1

0.
15
±
0.
07
8

0.
36
4±

0.
04
2

0.
55
6±

0.
06
8

0.
36
7±

0.
07
4

-
z7

G
N
D

84
50

-
18
9.
12
77
45
9

62
.2
88
92
72

0.
09
5±

0.
07

0.
17
±
0.
04
7

0.
24
3±

0.
05
1

0.
36
6±

0.
06
9

G
S
D
Z
-2
37
22
45
38
3

-
-

53
.1
55
12
45

-2
7.
76
06
54
5

0.
20
4±

0.
01
6

0.
50
4±

0.
04

0.
44
3±

0.
02
9

0.
36
5±

0.
04
4

-
z7

G
N
D

21
73

z7
gd

n
d
66
27

18
9.
27
27
38
5

62
.1
67
42
79

0.
04
6±

0.
05
3

0.
24
7±

0.
04
2

0.
39
±
0.
05
3

0.
35
8±

0.
07

-
-

z7
gd

sd
21
52
3

53
.2
14
52
72

-2
7.
82
55
63
2

0.
07
4±

0.
07
3

0.
15
8±

0.
04
8

0.
38
9±

0.
05
1

0.
35
5±

0.
07
1

-
-

z7
gd

sd
16
79
1

53
.0
79
22
47

-2
7.
84
33
18
7

0.
08
1±

0.
06
4

0.
18
3±

0.
05
6

0.
31
3±

0.
04
4

0.
35
5±

0.
06
1

G
S
D
Z
-2
06
74
47
15
8

-
z7

gd
sd

31
27
7

53
.0
28
11
80

-2
7.
78
77
06
3

-0
.0
61
±
0.
09
2

0.
19
7±

0.
05

0.
34
7±

0.
06
2

0.
35
4±

0.
08
3

G
N
D
Z
-6
39
18
16
55
0

z7
G
N
D

44
85
9

-
18
9.
16
32
67
9

62
.2
81
86
86

-0
.0
15
±
0.
06
6

0.
23
3±

0.
04
6

0.
25
9±

0.
05
9

0.
35
1±

0.
07
5

-
z6

G
N
D

17
02
0

-
18
9.
36
26
59
7

62
.2
55
81
85

0.
15
9±

0.
06
4

0.
44
3±

0.
05

0.
44
2±

0.
06

0.
35
±
0.
07
9

-
z7

G
N
D

30
55
4

-
18
9.
39
40
11
3

62
.2
17
04
45

0.
02
8±

0.
06
3

0.
24
±
0.
05
6

0.
21
±
0.
05
6

0.
34
8±

0.
07
3

-
-

z7
gd

n
d
33
30
8

18
9.
24
31
42
4

62
.2
85
03
84

0.
08
6±

0.
05
9

0.
46
8±

0.
04
4

0.
52
5±

0.
05
3

0.
34
7±

0.
07
2

-
-

z7
gd

sd
32
64
6

53
.0
42
75
22

-2
7.
78
36
03
7

0.
00
5±

0.
07
4

0.
14
5±

0.
04
6

0.
25
6±

0.
05
3

0.
34
7±

0.
06
9

-
-

z7
gd

sd
26
05
8

53
.1
00
19
22

-2
7.
80
65
29
9

0.
24
3±

0.
07

0.
43
7±

0.
05

0.
40
7±

0.
05
1

0.
34
4±

0.
06
9

G
N
D
Z
-6
18
79
14
12
6

z6
G
N
D

23
76
3

z7
gd

n
d
21
96
5

18
9.
07
83
09
3

62
.2
36
76
49

0.
09
2±

0.
06
2

0.
37
5±

0.
09
1

0.
43
6±

0.
05
9

0.
34
3±

0.
07
9

-
-

z7
gd

sd
35
26
8

53
.0
70
01
57

-2
7.
77
47
63
8

0.
02
2±

0.
07
1

0.
30
4±

0.
04
9

0.
21
5±

0.
05
4

0.
34
3±

0.
07
4

G
S
D
Z
-2
12
50
47
56
8

z7
G
S
D

16
07
8

z7
gd

sd
28
03
5

53
.0
52
12
39

-2
7.
79
91
24
2

0.
13
4±

0.
06

0.
29
5±

0.
04
9

0.
40
6±

0.
05

0.
34
1±

0.
06
5

G
N
D
Z
-7
27
03
15
21
3

-
-

18
9.
36
26
44
0

62
.2
55
86
54

-0
.0
54
±
0.
06
1

0.
30
5±

0.
05
1

0.
23
7±

0.
06
1

0.
33
9±

0.
08

G
N
D
Z
-6
43
15
16
56
9

-
-

18
9.
17
98
24
3

62
.2
82
39
45

0.
01
±
0.
06
2

0.
31
7±

0.
08
8

0.
34
6±

0.
06

0.
33
6±

0.
07

-
-

z7
gd

sd
36
17
7

53
.1
25
79
57

-2
7.
77
12
83
3

0.
02
6±

0.
07
2

0.
23
8±

0.
03
7

0.
35
3±

0.
05
5

0.
33
3±

0.
06
7

-
-

z7
gd

n
d
28
59
3

18
9.
17
68
42
2

62
.2
64
53
87

0.
06
7±

0.
05
6

0.
27
9±

0.
09

0.
24
8±

0.
05
4

0.
32
5±

0.
08
1

G
N
D
Z
-7
08
86
16
40
2

z7
G
N
D

99
08

-
18
9.
28
70
02
2

62
.2
77
77
59

-0
.0
83
±
0.
06
1

0.
22
8±

0.
06
2

0.
21
2±

0.
05
9

0.
31
7±

0.
06
9

G
N
D
Z
-6
57
79
14
33
8

-
-

18
9.
24
08
50
0

62
.2
42
62
37

0.
19
7±

0.
07
1

0.
46
8±

0.
07
3

0.
45
±
0.
05
5

0.
31
1±

0.
07
6

G
S
D
I-
23
64
74
52
40

-
z7

gd
sd

39
59
8

53
.1
51
96
05

-2
7.
75
66
92
3

0.
15
±
0.
06
3

0.
24
7±

0.
03
9

0.
23
±
0.
05
4

0.
30
7±

0.
06
8

G
N
D
Z
-7
29
16
12
31
1

-
z7

gd
n
d
15
50
2

18
9.
37
15
25
8

62
.2
08
58
12

0.
11
8±

0.
05
3

0.
35
8±

0.
05
8

0.
30
2±

0.
05
4

0.
30
1±

0.
06
9

G
N
D
Z
-7
23
91
12
25
9

-
-

18
9.
34
96
12
5

62
.2
07
13
78

-0
.0
33
±
0.
06
5

0.
21
3±

0.
04
3

0.
18
8±

0.
05
3

0.
29
8±

0.
07
4

-
-

z7
gd

n
d
32
45
2

18
9.
14
87
31
2

62
.2
80
94
66

-0
.0
25
±
0.
06
1

0.
21
8±

0.
04
8

0.
31
3±

0.
05
8

0.
29
5±

0.
07
3

-
-

z7
gd

sd
30
00
3

53
.1
24
56
12

-2
7.
79
22
27
4

0.
03
5±

0.
06
9

0.
08
8±

0.
03
8

0.
18
±
0.
05
3

0.
29
2±

0.
06
8

-
-

z7
gd

sd
21
12
4

53
.1
03
47
11

-2
7.
82
71
99
5

0.
05
2±

0.
05
7

0.
13
4±

0.
05

0.
25
1±

0.
04
4

0.
28
8±

0.
05
9

G
S
D
Z
-2
40
67
45
11
6

z6
G
S
D

25
45

z7
gd

sd
40
41
4

53
.1
69
47
89

-2
7.
75
32
14
3

0.
00
8±

0.
08
6

0.
26
6±

0.
04
6

0.
34
±
0.
05
4

0.
28
7±

0.
07

G
S
D
Z
-2
36
14
51
03
0

z7
G
S
D

32
05
4

z7
gd

sd
14
71
5

53
.1
50
58
50

-2
7.
85
08
59
2

0.
01
2±

0.
06
4

0.
28
2±

0.
04
4

0.
24
1±

0.
05
2

0.
27
4±

0.
06
7

-
-

z7
gd

sd
37
73
0

53
.1
37
38
50

-2
7.
76
51
12
3

0.
07
5±

0.
07
1

0.
29
8±

0.
03
8

0.
42
2±

0.
04
9

0.
27
2±

0.
06
7

X
D
F
Z
-2
42
18
46
27
7

-
-

53
.1
75
79
67

-2
7.
77
43
99
4

0.
10
4±

0.
01
5

0.
26
3±

0.
00
9

0.
26
±
0.
01
2

0.
24
5±

0.
01
2

X
D
F
Z
-2
36
77
47
53
6

z6
M
A
IN

55
07

z7
x
d
f
15
50

53
.1
53
21
85

-2
7.
79
82
20
1

0.
12
7±

0.
01
6

0.
25
2±

0.
00
7

0.
23
5±

0.
01
1

0.
22
1±

0.
01

T
ab

le
A
.5
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.2
.
L
in
e
re
p
re
se
n
ts

H
-b
an

d
27
.5

m
ag
n
it
u
d
e
li
m
it

fo
r
M
E
D
IU

M
su
rv
ey
s
in

th
e

X
D
F
fi
el
d
.
D
ou

b
le

h
or
iz
on

ta
l
li
n
es

re
p
re
se
n
t
H
-b
an

d
28

m
ag
n
it
u
d
e
p
ri
or
it
y
cl
as
s
6
li
m
it
fo
r
M
E
D
IU

M
su
rv
ey
s.

224



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
z6

M
A
IN

25
68

z7
x
d
f
41
35

53
.1
56
01
15

-2
7.
78
09
04
4

0.
08
5±

0.
01
4

0.
22
2±

0.
00
8

0.
21
1±

0.
01
2

0.
18
4±

0.
01

X
D
F
Z
-2
36
37
47
16
2

-
z7

x
d
f
30
21

53
.1
51
57
66

-2
7.
78
78
37
6

0.
04
2±

0.
01
3

0.
18
3±

0.
00
8

0.
18
5±

0.
01

0.
15
8±

0.
01
1

X
D
F
Z
-2
38
35
46
11
8

z7
M
A
IN

93
8

z7
x
d
f
54
35

53
.1
59
83
11

-2
7.
76
99
69
7

0.
04
6±

0.
01
7

0.
12
9±

0.
00
9

0.
17
9±

0.
01
2

0.
15
6±

0.
01
4

X
D
F
Z
-2
40
56
46
43
5

z7
M
A
IN

21
84

z7
x
d
f
44
51

53
.1
69
02
59

-2
7.
77
87
65
5

0.
07
7±

0.
01
4

0.
18
±
0.
00
8

0.
15
9±

0.
01
1

0.
15
2±

0.
01

X
D
F
Z
-2
41
59
47
04
4

z6
M
A
IN

33
38

z7
x
d
f
35
88

53
.1
73
31
55

-2
7.
78
45
77
6

0.
05
1±

0.
01
4

0.
15
±
0.
00
7

0.
14
1±

0.
01
1

0.
13
±
0.
01
1

X
D
F
Z
-2
44
30
46
45
2

-
z7

x
d
f
43
91

53
.1
84
61
29

-2
7.
77
92
07
4

0.
08
6±

0.
01
4

0.
16
1±

0.
00
8

0.
15
4±

0.
01
1

0.
12
4±

0.
01

T
ab

le
A
.6
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.2
.
T
h
e
h
or
iz
on

ta
l
li
n
e
re
p
re
se
n
ts

H
-b
an

d
29

m
ag
n
it
u
d
e
p
ri
or
it
y
cl
as
s
6
li
m
it
fo
r

D
E
E
P
su
rv
ey
s.

225



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
z6

G
N
W

15
54
9

-
18
8.
92
76
02
1

62
.2
02
41
93

0.
32
4±

0.
05
4

1.
34
9±

0.
06
7

2.
05
5±

0.
12
6

2.
72
6±

0.
18
1

G
S
W

I-
23
90
35
22
30

-
-

53
.1
62
60
83

-2
7.
87
30
77
3

0.
31
2±

0.
05
9

1.
68
±
0.
07
8

1.
91
2±

0.
11

2.
61
6±

0.
13

G
N
D
I-
71
71
61
72
47

z6
G
N
W

25
62
0

-
18
9.
32
14
68
4

62
.2
90
09
93

0.
12
5±

0.
04
7

0.
94
±
0.
06
5

1.
18
1±

0.
08
1

2.
17
3±

0.
10
4

-
z6

G
S
D

21
66
6

z6
gd

sd
23
55
0

53
.0
54
46
08

-2
7.
81
68
73
2

0.
24
1±

0.
05
6

1.
62
1±

0.
07
5

1.
99
3±

0.
06
6

2.
13
9±

0.
09

G
N
W

I-
71
24
21
82
84

z6
G
N
W

22
55
5

z6
gd

n
w

32
16
8

18
9.
30
17
48
8

62
.3
07
81
01

0.
05
5±

0.
04
4

1.
11
9±

0.
05
7

1.
66
1±

0.
10
7

1.
82
6±

0.
14
3

G
N
W

I-
55
90
11
24
56

z6
G
N
W

16
61
8

z6
gd

n
w

14
07
3

18
8.
99
58
76
0

62
.2
12
57
48

0.
33
3±

0.
04
7

1.
24
2±

0.
06
2

1.
35
6±

0.
09
5

1.
77
2±

0.
13
6

G
S
D
I-
21
82
94
85
56

-
z6

gd
sd

23
99
0

53
.0
76
24
20

-2
7.
81
54
47
2

0.
00
2±

0.
05
5

0.
83
7±

0.
07
2

1.
43
3±

0.
05
8

1.
70
7±

0.
07
1

G
N
D
I-
73
26
61
41
65

z6
G
N
D

23
38
2

z6
gd

n
d
22
13
6

18
9.
38
61
25
6

62
.2
37
84
99

0.
14
±
0.
05

0.
96
2±

0.
06
6

1.
11
5±

0.
10
4

1.
68
9±

0.
07
6

-
-

z6
gd

sd
22
47
6

53
.2
25
38
97

-2
7.
82
10
90
4

0.
05
±
0.
07
4

0.
85
±
0.
10
7

1.
29
4±

0.
06
5

1.
68
4±

0.
09
2

G
S
D
I-
25
40
94
91
59

-
-

53
.2
25
40
94

-2
7.
82
10
84
7

0.
07
4±

0.
07
5

0.
99
1±

0.
10
9

1.
27
1±

0.
06
6

1.
65
2±

0.
09
3

G
S
D
I-
24
33
44
92
03

-
z6

gd
sd

22
25
0

53
.1
80
60
85

-2
7.
82
23
19
8

0.
28
5±

0.
05
4

0.
82
2±

0.
07
2

1.
14
3±

0.
02
7

1.
53
1±

0.
06
4

G
N
D
I-
64
96
11
03
93

z6
G
N
D

36
49

z6
gd

n
d
83
36

18
9.
20
67
31
1

62
.1
77
50
73

0.
14
8±

0.
05
3

0.
82
3±

0.
06
2

1.
0±

0.
04
6

1.
52
9±

0.
07
6

-
z6

G
S
W

99
70

z6
gd

sw
31
61

53
.2
16
35
83

-2
7.
90
73
22
5

0.
39
2±

0.
05
3

1.
50
8±

0.
07
1

1.
20
8±

0.
10
3

1.
51
4±

0.
15
7

G
N
D
I-
65
96
91
45
47

-
-

18
9.
24
87
42
2

62
.2
48
45
38

0.
27
1±

0.
05
4

0.
83
2±

0.
06
6

1.
14
2±

0.
07
2

1.
43
4±

0.
07
5

G
S
D
I-
21
75
54
62
51

z6
G
S
D

75
00

z6
gd

sd
35
52
2

53
.0
73
12
27

-2
7.
77
36
36
5

0.
27
1±

0.
05
9

0.
94
4±

0.
08
3

0.
9±

0.
05
7

1.
36
1±

0.
07
5

-
z6

G
N
W

32
73
1

-
18
9.
25
53
89
1

62
.3
57
75
07

0.
23
6±

0.
05
1

0.
92
1±

0.
06
5

0.
92
7±

0.
13
1

1.
33
±
0.
21

-
z6

G
N
W

21
77
3

z6
gd

n
w

32
89
7

18
9.
35
49
92
9

62
.3
12
61
59

0.
44
5±

0.
04
6

1.
25
8±

0.
06
9

1.
21
6±

0.
1

1.
31
9±

0.
12
7

G
S
D
I-
22
81
84
81
86

z6
G
S
D

17
98
5

z6
gd

sd
26
35
7

53
.1
17
45
82

-2
7.
80
51
83
6

0.
14
2±

0.
05
4

0.
8±

0.
07
3

1.
07
3±

0.
03
6

1.
29
3±

0.
07
2

G
S
W

I-
25
19
15
42
63

-
-

53
.2
16
29
87

-2
7.
90
73
12
0

0.
22
6±

0.
05
3

0.
83
8±

0.
07
1

0.
73
5±

0.
10
4

1.
28
7±

0.
15
6

G
N
W

I-
54
89
61
22
51

z6
G
N
W

16
07
0

z6
gd

n
w

12
95
2

18
8.
95
40
09
9

62
.2
06
89
24

0.
20
3±

0.
05
1

0.
83
8±

0.
06
3

1.
00
3±

0.
1

1.
28
5±

0.
13

-
-

z6
gd

sd
38
35
2

53
.1
70
76
60

-2
7.
76
22
16
2

0.
23
5±

0.
04
4

0.
76
7±

0.
05
7

0.
94
6±

0.
04
5

1.
28
4±

0.
07
2

G
N
W

I-
62
41
41
14
35

z6
G
N
W

14
51
1

z6
gd

n
w

10
56
8

18
9.
10
05
43
6

62
.1
95
35
45

0.
15
7±

0.
05
5

0.
70
6±

0.
06
8

0.
77
1±

0.
09
8

1.
26
6±

0.
22

-
-

z6
gd

n
w

67
88

18
9.
06
84
23
4

62
.1
74
93
00

0.
36
7±

0.
05
2

0.
9±

0.
06
9

1.
01
8±

0.
10
8

1.
26
1±

0.
21
8

G
N
W

I-
55
08
81
15
87

z6
G
N
W

15
18
0

z6
gd

n
w

11
49
2

18
8.
96
20
35
8

62
.1
99
58
27

0.
20
8±

0.
05
4

1.
10
8±

0.
07
1

1.
18
9±

0.
10
4

1.
21
7±

0.
14
6

G
N
D
I-
63
77
81
03
56

z6
G
N
W

11
54
3

z6
gd

n
w

70
29

18
9.
15
74
56
4

62
.1
76
49
44

0.
33
8±

0.
04
7

1.
13
7±

0.
06
1

1.
39
2±

0.
09
7

1.
21
±
0.
10
9

T
ab

le
A
.7
:
P
h
ot
om

et
ri
c
0.
36
”
d
ia
m
et
er

ap
er
tu
re

fl
u
x
d
en
si
ti
es

w
it
h
a
co
rr
ec
ti
on

fo
r
ap

er
tu
re

lo
ss
es

fo
r
th
e
p
ri
or
it
y
cl
as
s
4

sa
m
p
le
s,

co
n
st
ru
ct
ed

fo
rm

B
ou

w
en
s
et

al
.
(2
01
5a
);

F
in
ke
ls
te
in

et
al
.
(2
01
5)
;
H
ar
ik
an

e
et

al
.
(2
01
6)

(B
15
,
F
15
,
H
16
)
i-
b
an

d
d
ro
p
-o
u
ts

th
at

m
ee
t
th
e
re
-a
n
al
y
si
s
cr
it
er
ia
.
F
lu
x
es

an
d
er
ro
rs

ar
e
gi
ve
n
in

[1
x
e-
30

er
g/
s/
cm

2/
H
z]
.
A
ll
ob

je
ct
s
ar
e
u
n
d
et
ec
te
d

in
th
e
B
-,
V
-b
an

d
A
C
S
fi
lt
er
s.

S
in
ce

J
H

is
n
ot

u
se
d
in

th
e
co
lo
u
r-
co
lo
u
r
w
or
k
in

S
ec
ti
on

4.
3.
4
it
is
n
ot

re
p
or
te
d
h
er
e
b
u
t
is
p
ar
t

of
th
e
on

li
n
e
m
at
er
ia
l
m
ad

e
av
ai
la
b
le
,
as

ar
e
th
e
A
C
S
fi
lt
er

fl
u
x
es

an
d
th
e
0.
6”

d
ia
m
et
er

ap
er
tu
re

p
h
ot
om

et
ry

ca
ta
lo
gu

es
fo
r
al
l

th
e
ga
la
x
ie
s
in

ea
ch

ca
ta
lo
gu

e.
G
al
ax

ie
s
th
at

ap
p
ea
r
in

m
u
lt
ip
le

ca
ta
lo
gu

es
h
av
e
on

ly
b
ee
n
en
te
re
d
on

ce
.

226



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
z5

G
N
D

33
50
0

-
18
9.
26
13
28
0

62
.2
08
01
53

0.
31
1±

0.
05
1

0.
94
8±

0.
06
7

0.
94
8±

0.
04
6

1.
20
9±

0.
07
5

G
N
W

I-
61
64
11
03
00

z5
G
N
W

11
32
4

-
18
9.
06
83
87
7

62
.1
74
93
12

0.
37
6±

0.
05
2

0.
98
8±

0.
07

1.
09
3±

0.
10
6

1.
20
4±

0.
21
9

G
N
D
I-
61
66
71
53
43

-
-

18
9.
06
94
90
7

62
.2
59
42
52

0.
30
3±

0.
05

0.
86
8±

0.
06
2

0.
84
5±

0.
06
6

1.
17
4±

0.
08
3

-
-

z6
gd

n
w

33
88

18
9.
17
56
98
2

62
.1
50
48
14

0.
10
4±

0.
04
6

0.
61
5±

0.
05
8

0.
72
±
0.
14
6

1.
17
3±

0.
13
4

-
z6

G
S
D

29
07
4

-
53
.1
56
78
64

-2
7.
83
95
52
1

0.
30
5±

0.
05
5

0.
86
7±

0.
07

0.
96
7±

0.
04
3

1.
16
2±

0.
06
7

G
S
W

I-
23
68
35
20
10

z6
G
S
W

22
02

z6
gd

sw
10
29
7

53
.1
53
46
11

-2
7.
86
69
56
0

0.
15
1±

0.
05
5

0.
73
2±

0.
07
3

0.
81
6±

0.
11

1.
13
5±

0.
09

G
S
D
I-
23
76
25
02
24

-
-

53
.1
56
76
41

-2
7.
83
95
39
3

0.
29
6±

0.
05
6

0.
85
7±

0.
06
9

0.
88
5±

0.
04
3

1.
12
1±

0.
06
7

G
S
D
I-
24
52
34
90
98

-
-

53
.1
88
46
53

-2
7.
81
94
03
7

0.
37
6±

0.
05
3

0.
92
6±

0.
07
1

0.
99
2±

0.
02
9

1.
10
7±

0.
06
2

G
S
D
I-
24
60
34
92
97

z6
G
S
D

24
28
2

z6
gd

sd
21
64
4

53
.1
91
81
71

-2
7.
82
49
17
8

0.
21
9±

0.
05
3

1.
08
9±

0.
07
2

0.
96
1±

0.
03
3

1.
10
7±

0.
07
1

G
S
W

I-
23
64
15
32
67

z6
G
S
W

66
59

z6
gd

sw
53
79

53
.1
51
72
88

-2
7.
89
07
40
4

0.
13
2±

0.
05
3

0.
87
2±

0.
07
4

0.
89
±
0.
09
3

1.
09
8±

0.
12

G
N
W

I-
54
87
81
22
57

z6
G
N
W

16
08
8

z6
gd

n
w

13
02
3

18
8.
95
32
50
1

62
.2
07
07
95

0.
34
±
0.
05
4

0.
90
2±

0.
06
4

0.
95
8±

0.
10
8

1.
09
8±

0.
12
2

-
z6

M
A
IN

18
64

z6
x
d
f
44
24

53
.1
51
93
28

-2
7.
77
81
81
5

0.
06
1±

0.
00
8

0.
74
8±

0.
01
5

1.
08
±
0.
01

1.
08
1±

0.
01
3

G
N
D
I-
61
38
61
42
16

z6
G
N
D

22
78
9

z6
gd

n
d
22
51
5

18
9.
05
77
65
0

62
.2
39
26
40

0.
24
2±

0.
05
2

0.
75
2±

0.
06
5

1.
01
6±

0.
06
4

1.
06
7±

0.
07
3

G
S
W

I-
22
23
35
54
38

z6
G
S
W

12
72
8

z6
gd

sw
12
48

53
.0
93
04
00

-2
7.
92
88
36
6

0.
17
6±

0.
05
7

0.
59
4±

0.
07
9

0.
69
2±

0.
10
8

1.
06
1±

0.
14
3

-
z5

G
N
D

14
43
0

-
18
9.
34
23
03
9

62
.2
62
83
08

0.
37
4±

0.
04
4

0.
99
4±

0.
05
6

0.
93
6±

0.
04
7

1.
05
8±

0.
08
8

G
N
W

I-
73
31
11
80
44

z6
G
N
W

23
43
7

z6
gd

n
w

31
18
1

18
9.
38
79
94
8

62
.3
01
17
81

0.
12
1±

0.
05
2

0.
68
5±

0.
06
7

1.
11
8±

0.
09
2

1.
04
±
0.
12
7

-
z6

G
S
D

17
53
0

z6
gd

sd
26
64
5

53
.0
74
12
13

-2
7.
80
37
76
1

0.
24
6±

0.
04
6

0.
71
3±

0.
06
7

0.
79
±
0.
05
5

1.
04
±
0.
07
6

G
N
W

I-
62
82
30
95
37

z6
G
N
W

97
70

z6
gd

n
w

53
10

18
9.
11
76
56
0

62
.1
64
82
87

0.
06
5±

0.
05
8

0.
51
8±

0.
07
1

0.
61
1±

0.
10
4

1.
03
4±

0.
12
7

-
-

z6
gd

n
w

23
60
5

18
9.
45
51
34
2

62
.2
60
62
00

0.
16
8±

0.
04
8

0.
73
6±

0.
06
2

0.
49
1±

0.
09

1.
01
±
0.
16
6

G
N
D
I-
62
12
61
42
24

-
-

18
9.
08
86
55
4

62
.2
39
48
56

0.
24
5±

0.
04
9

0.
68
2±

0.
06
4

0.
60
5±

0.
09
2

0.
98
4±

0.
07
7

-
-

z6
gd

sw
17
58

53
.1
26
14
74

-2
7.
92
19
91
8

0.
11
±
0.
05
6

0.
63
5±

0.
07
5

0.
81
3±

0.
11
2

0.
97
2±

0.
14
8

G
S
D
I-
22
60
34
64
50

z6
G
S
D

92
55

z6
gd

sd
33
92
0

53
.1
08
46
92

-2
7.
77
91
70
0

0.
04
4±

0.
04
5

0.
36
5±

0.
06
7

0.
54
8±

0.
03
8

0.
96
9±

0.
07
4

G
N
W

I-
55
88
61
01
75

z6
G
N
W

10
82
2

z6
gd

n
w

62
75

18
8.
99
52
72
1

62
.1
71
48
05

0.
21
1±

0.
05
2

0.
61
8±

0.
06
1

0.
67
1±

0.
08
8

0.
96
8±

0.
12
6

-
z6

G
N
W

10
89
7

-
18
8.
97
60
80
4

62
.1
71
90
07

0.
33
3±

0.
05
1

0.
90
4±

0.
06
4

0.
99
9±

0.
10
7

0.
95
9±

0.
14
9

G
N
W

I-
73
98
91
95
96

z6
G
N
W

22
71
7

z6
gd

n
w

35
23
0

18
9.
41
61
67
6

62
.3
33
14
66

0.
24
3±

0.
05
2

0.
66
8±

0.
06
9

0.
82
1±

0.
11
3

0.
95
5±

0.
11
7

-
-

z6
gd

sd
39
47
5

53
.1
30
37
43

-2
7.
75
69
94
9

0.
13
1±

0.
05
6

0.
60
4±

0.
07
5

0.
48
6±

0.
03
6

0.
94
6±

0.
06
8

G
N
W

I-
71
65
42
12
39

z6
G
N
W

32
54
3

z6
gd

n
w

36
71
0

18
9.
31
89
24
0

62
.3
56
55
04

0.
13
3±

0.
05
5

0.
74
4±

0.
06
6

0.
99
9±

0.
1

0.
94
5±

0.
11
6

G
S
D
I-
25
22
34
80
46

z6
G
S
D

16
76
3

z6
gd

sd
27
37
6

53
.2
17
58
02

-2
7.
80
13
17
1

0.
08
4±

0.
05
4

0.
70
5±

0.
07

0.
84
8±

0.
04
9

0.
94
5±

0.
08
1

G
S
D
I-
22
63
34
82
66

z6
G
S
D

18
69
1

z6
gd

sd
25
81
6

53
.1
09
73
19

-2
7.
80
74
07
4

0.
04
4±

0.
05
2

0.
57
2±

0.
07
2

0.
55
±
0.
03
9

0.
91
7±

0.
07
6

G
S
D
I-
24
84
84
85
88

z6
G
S
D

21
57
6

z6
gd

sd
23
75
3

53
.2
02
03
28

-2
7.
81
63
61
6

0.
12
±
0.
05
4

0.
57
6±

0.
07
4

0.
81
7±

0.
04

0.
91
5±

0.
07

G
N
D
I-
64
58
91
15
85

z6
G
N
D

36
10
0

z6
gd

n
d
13
21
9

18
9.
19
12
65
5

62
.1
99
50
89

0.
23
5±

0.
05
8

0.
75
2±

0.
06
8

0.
72
7±

0.
10
8

0.
91
2±

0.
08
3

G
S
D
I-
23
12
94
52
51

-
-

53
.1
30
37
31

-2
7.
75
69
63
8

0.
20
6±

0.
05
6

0.
60
5±

0.
07
4

0.
53
3±

0.
03
6

0.
89
9±

0.
06
7

X
D
F
I-
23
40
94
64
72

z6
M
A
IN

23
45

z6
x
d
f
42
90

53
.1
42
05
37

-2
7.
77
97
80
4

0.
08
6±

0.
00
8

0.
73
5±

0.
01
5

0.
94
2±

0.
00
7

0.
89
7±

0.
00
9

G
N
D
I-
73
10
81
31
24

z6
G
N
D

29
56
4

z6
gd

n
d
18
08
9

18
9.
37
95
60
0

62
.2
20
03
22

0.
10
3±

0.
05
3

0.
65
8±

0.
06
8

0.
58
4±

0.
06

0.
89
1±

0.
07
6

G
S
W

I-
22
96
45
50
45

-
-

53
.1
23
54
10

-2
7.
91
79
07
5

0.
12
4±

0.
05
2

0.
47
7±

0.
07
4

0.
69
6±

0.
10
4

0.
88
7±

0.
14
4

T
ab

le
A
.8
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.
T
h
e
H
or
iz
on

ta
l
li
n
e
re
p
re
se
n
ts

H
-b
an

d
26
.5

m
ag
n
it
u
d
e
li
m
it

fo
r
th
e
p
ri
or
it
y

cl
as
s
4
M
E
D
IU

M
su
rv
ey
s
in

th
e
G
O
O
D
S
fi
el
d
.

227



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
S
W

I-
22
63
55
62
67

z6
G
S
W

13
47
2

z6
gd

sw
50
4

53
.1
09
80
57

-2
7.
94
07
72
7

0.
00
4±

0.
05
4

0.
43
8±

0.
07

0.
62
±
0.
10
6

0.
88
2±

0.
15
3

G
S
D
I-
24
99
84
65
61

z6
G
S
D

10
36
7

-
53
.2
08
25
34

-2
7.
78
22
69
7

0.
28
5±

0.
05
9

1.
21
8±

0.
07
6

0.
92
7±

0.
03
7

0.
88
1±

0.
06
9

G
S
D
I-
22
73
84
72
82

z6
G
S
D

13
40
3

-
53
.1
14
10
87

-2
7.
79
11
83
6

0.
14
±
0.
05
3

0.
74
3±

0.
07
1

0.
73
2±

0.
04

0.
86
7±

0.
06
9

-
z6

G
S
D

35
01
6

z6
gd

sd
10
18
9

53
.0
59
96
36

-2
7.
86
74
02
6

0.
18
1±

0.
05
7

0.
45
3±

0.
07
7

0.
58
6±

0.
06

0.
86
2±

0.
08

G
N
W

I-
75
38
11
63
28

z6
G
N
W

27
91
5

-
18
9.
47
41
90
5

62
.2
75
68
10

0.
28
1±

0.
06
3

0.
79
7±

0.
07
6

0.
74
2±

0.
09
4

0.
86
±
0.
12
4

G
S
W

I-
25
38
15
14
96

z6
G
S
W

16
98

z6
gd

sw
11
17
8

53
.2
24
19
05

-2
7.
86
37
76
9

-0
.0
52
±
0.
05
7

0.
45
3±

0.
06
8

0.
63
8±

0.
10
5

0.
85
9±

0.
14
7

G
S
W

I-
20
63
14
63
44

z6
G
S
D

83
50

-
53
.0
26
27
18

-2
7.
77
62
29
0

0.
19
4±

0.
05
2

0.
7±

0.
07
2

0.
58
6±

0.
06
1

0.
85
±
0.
12
4

-
z6

G
N
W

13
25
6

z6
gd

n
w

90
54

18
8.
94
55
76
6

62
.1
87
48
63

0.
08
2±

0.
05
3

0.
59
4±

0.
06
6

0.
57
9±

0.
10
6

0.
85
±
0.
17
4

-
z6

G
N
W

30
05
1

-
18
9.
45
51
93
4

62
.2
60
63
76

0.
24
9±

0.
04
9

0.
80
8±

0.
06
3

0.
60
3±

0.
09
4

0.
85
±
0.
16
4

G
N
W

I-
63
76
00
65
58

z6
G
N
W

20
45

z6
gd

n
w

67
8

18
9.
15
66
81
6

62
.1
15
42
61

0.
04
4±

0.
05
1

0.
40
5±

0.
06
4

0.
47
6±

0.
09
4

0.
84
9±

0.
13
3

G
S
D
I-
21
34
14
64
63

z6
G
S
D

94
00

-
53
.0
55
89
31

-2
7.
77
95
57
4

-0
.0
21
±
0.
05
5

0.
68
4±

0.
07

0.
65
8±

0.
05
2

0.
84
6±

0.
07
4

-
z6

G
N
W

21
40
4

z6
gd

n
w

33
31
5

18
9.
40
36
21
7

62
.3
15
53
01

0.
25
±
0.
05
5

0.
77
7±

0.
06
6

0.
93
3±

0.
09
8

0.
83
6±

0.
12
6

G
N
D
I-
70
92
81
61
89

z6
G
N
D

11
49
4

z6
gd

n
d
30
39
2

18
9.
28
86
65
1

62
.2
71
81
08

0.
07
7±

0.
04
8

0.
67
1±

0.
06
2

0.
76
3±

0.
06
5

0.
83
4±

0.
07
8

-
z6

G
S
D

18
52

-
53
.1
47
33
27

-2
7.
74
92
00
5

0.
20
3±

0.
05
4

0.
74
8±

0.
06
9

0.
74
1±

0.
04

0.
83
1±

0.
06
9

-
z6

G
N
D

98
13

-
18
9.
11
15
38
9

62
.2
77
93
73

0.
04
3±

0.
04
8

0.
51
2±

0.
06
9

0.
59
1±

0.
07
4

0.
82
4±

0.
07
8

G
S
W

I-
22
25
15
62
75

z6
G
S
W

13
48
0

z6
gd

sw
49
7

53
.0
93
82
79

-2
7.
94
09
73
8

0.
06
9±

0.
05
2

0.
63
9±

0.
06
7

0.
80
7±

0.
11
3

0.
81
6±

0.
13
2

-
z5

G
N
D

13
99
6

z6
gd

n
d
28
37
7

18
9.
16
21
43
1

62
.2
63
81
52

-0
.0
19
±
0.
04
3

0.
36
4±

0.
05
9

0.
57
2±

0.
09
5

0.
79
5±

0.
07
4

G
S
D
I-
21
43
95
20
25

-
-

53
.0
59
94
59

-2
7.
86
74
08
5

0.
13
2±

0.
05
6

0.
38
8±

0.
07
7

0.
58
6±

0.
06

0.
79
4±

0.
08

G
S
D
I-
21
50
24
95
06

z6
G
S
D

26
18
6

-
53
.0
62
60
29

-2
7.
83
07
34
5

0.
10
6±

0.
06
8

0.
51
2±

0.
08
5

0.
59
2±

0.
07
5

0.
78
6±

0.
08
1

G
N
D
I-
72
86
31
44
15

z6
G
N
D

20
87
9

z6
gd

n
d
23
78
6

18
9.
36
93
10
6

62
.2
44
80
12

-0
.0
1±

0.
04
8

0.
47
±
0.
06
5

0.
54
±
0.
05
1

0.
78
1±

0.
06
6

G
N
D
I-
64
53
81
80
26

z6
G
N
D

43
12
5

-
18
9.
18
91
37
6

62
.3
00
66
19

0.
16
9±

0.
04
3

0.
73
3±

0.
05
7

0.
97
5±

0.
22
9

0.
78
1±

0.
06
1

-
z6

G
N
W

14
53
4

-
18
8.
98
59
82
3

62
.1
95
33
44

0.
36
1±

0.
05
4

0.
86
7±

0.
06
5

0.
85
1±

0.
10
1

0.
77
9±

0.
12
6

-
z6

G
S
W

82
03

z6
gd

sw
42
68

53
.0
81
62
62

-2
7.
89
85
79
4

0.
13
7±

0.
05
5

0.
41
5±

0.
07
7

0.
57
±
0.
1

0.
77
2±

0.
13
3

-
z6

G
S
W

13
28
9

z6
gd

sw
71
5

53
.1
04
03
27

-2
7.
93
71
47
1

0.
01
4±

0.
05
7

0.
63
8±

0.
08
2

0.
43
7±

0.
12
2

0.
76
5±

0.
17
5

G
N
D
I-
62
67
81
25
56

-
-

18
9.
11
16
26
3

62
.2
15
39
80

0.
05
7±

0.
04
6

0.
43
2±

0.
05
8

0.
63
4±

0.
09
7

0.
76
2±

0.
08
9

G
S
W

I-
22
43
10
47
98

z6
G
S
D

30
91
2

z6
gd

sd
15
87
6

53
.1
01
41
12

-2
7.
84
66
70
8

0.
11
8±

0.
05
5

0.
62
±
0.
07

0.
74
±
0.
05
1

0.
76
1±

0.
06
9

G
S
D
I-
21
86
04
75
90

z6
G
S
D

16
27
7

z6
gd

sd
27
76
1

53
.0
77
52
00

-2
7.
79
97
34
6

0.
10
6±

0.
05
2

0.
54
1±

0.
07
4

0.
50
5±

0.
04
6

0.
75
6±

0.
07
2

G
N
W

I-
61
75
20
90
83

-
z6

gd
n
w

36
66

18
9.
07
29
89
7

62
.1
52
24
13

-0
.0
54
±
0.
05
3

0.
32
8±

0.
06
5

0.
50
7±

0.
10
4

0.
75
4±

0.
13
4

G
S
W

I-
20
86
34
63
49

z6
G
S
D

83
91

z6
gd

sd
34
79
4

53
.0
35
96
45

-2
7.
77
63
82
2

0.
14
4±

0.
05
4

0.
41
4±

0.
07
5

0.
55
2±

0.
05
1

0.
75
2±

0.
07
7

-
z5

G
S
D

11
27
8

-
53
.0
71
05
48

-2
7.
78
49
99
6

0.
19
6±

0.
05
2

0.
43
±
0.
07
3

0.
66
2±

0.
05
5

0.
74
2±

0.
07
1

G
N
W

I-
60
46
11
22
81

z6
G
N
W

16
14
1

z6
gd

n
w

13
11
6

18
9.
01
92
57
5

62
.2
07
72
35

0.
11
7±

0.
05
2

0.
48
6±

0.
06
4

0.
65
6±

0.
09
1

0.
74
±
0.
11
9

G
S
D
I-
20
60
44
70
55

z6
G
S
D

11
22
4

-
53
.0
25
18
15

-2
7.
78
48
70
0

-0
.0
04
±
0.
06
8

0.
60
1±

0.
09
7

0.
55
2±

0.
04
7

0.
74
±
0.
10
9

-
z6

G
S
W

86
83

z6
gd

sw
39
73

53
.0
88
74
95

-2
7.
90
09
22
7

0.
27
±
0.
04
7

0.
68
6±

0.
06
4

0.
63
±
0.
08
7

0.
73
4±

0.
15

-
z6

G
N
W

36
71

-
18
9.
20
35
03
3

62
.1
27
97
30

-0
.0
07
±
0.
04
8

0.
2±

0.
06
4

0.
31
±
0.
14
1

0.
73
2±

0.
13
3

-
z6

G
S
D

14
48
0

z6
gd

sd
29
22
5

53
.0
69
40
25

-2
7.
79
44
15
6

0.
07
8±

0.
04
3

0.
56
8±

0.
06

0.
66
1±

0.
05
2

0.
72
±
0.
07

T
ab

le
A
.9
:
C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.

228



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
-

z6
gd

n
d
49
65

18
9.
24
46
04
0

62
.1
57
24
37

0.
10
9±

0.
04
1

0.
36
3±

0.
05

0.
44
4±

0.
04
4

0.
71
6±

0.
07
3

G
N
W

Z
-7
10
30
21
59
6

z6
G
N
W

18
53
2

-
18
9.
29
29
58
8

62
.3
66
48
62

0.
03
5±

0.
05

0.
41
1±

0.
06
5

0.
73
3±

0.
10
4

0.
71
3±

0.
15
9

-
z6

G
N
W

25
65
2

z6
gd

n
w

29
05
6

18
9.
48
92
24
9

62
.2
88
07
88

0.
05
1±

0.
05
1

0.
32
2±

0.
06
7

0.
38
3±

0.
09
7

0.
70
6±

0.
13
7

-
-

z6
gd

n
w

46
78

18
9.
16
78
40
4

62
.1
60
20
60

0.
19
7±

0.
05
1

0.
59
7±

0.
06
3

0.
54
2±

0.
09
8

0.
70
3±

0.
12
2

G
N
D
I-
70
82
81
71
53

z6
G
N
D

82
20

z6
gd

n
d
33
79
3

18
9.
28
45
61
0

62
.2
87
50
81

0.
07
9±

0.
05

0.
43
9±

0.
06
5

0.
43
3±

0.
06
5

0.
69
9±

0.
06
6

G
S
D
I-
23
40
64
51
85

z6
G
S
D

29
47

z6
gd

sd
39
94
9

53
.1
41
93
30

-2
7.
75
51
54
3

0.
12
5±

0.
05
3

0.
62
1±

0.
07
4

0.
52
±
0.
03
6

0.
69
2±

0.
06
4

-
z5

G
S
W

13
48
9

-
53
.1
27
06
38

-2
7.
94
11
27
6

0.
20
1±

0.
05
3

0.
52
7±

0.
07
4

0.
47
9±

0.
11
4

0.
68
5±

0.
15
6

-
z5

G
N
W

63
64

-
18
9.
21
19
88
4

62
.1
45
45
75

0.
18
6±

0.
05

0.
42
±
0.
06
1

0.
50
6±

0.
13
3

0.
68
3±

0.
11
2

-
-

z6
gd

sd
28
79
8

53
.1
99
35
67

-2
7.
79
62
09
7

-0
.0
34
±
0.
06
1

0.
38
2±

0.
07
4

0.
49
±
0.
04
5

0.
68
1±

0.
07
3

-
z6

G
N
W

89
73

-
18
9.
16
78
00
8

62
.1
60
20
51

0.
17
9±

0.
05
1

0.
60
4±

0.
06
3

0.
64
±
0.
09
8

0.
67
4±

0.
12
2

G
S
D
I-
21
57
04
70
74

-
z6

gd
sd

31
97
0

53
.0
65
40
20

-2
7.
78
53
99
0

0.
08
1±

0.
05
5

0.
59
4±

0.
07
3

0.
62
6±

0.
05
3

0.
67
1±

0.
07
4

G
S
D
I-
21
49
44
93
65

z6
G
S
D

24
86
9

z6
gd

sd
21
19
0

53
.0
62
26
36

-2
7.
82
68
24
1

0.
16
±
0.
05
6

0.
62
1±

0.
07
3

0.
60
5±

0.
06
8

0.
67
±
0.
07
1

-
z6

G
S
W

13
66
4

-
53
.0
99
95
59

-2
7.
94
94
12
1

0.
25
5±

0.
05
3

0.
57
5±

0.
07
2

0.
59
8±

0.
11
1

0.
66
9±

0.
15
2

G
S
D
I-
22
15
04
92
87

-
z6

gd
sd

21
64
6

53
.0
89
60
30

-2
7.
82
46
89
2

0.
11
1±

0.
05
4

0.
45
5±

0.
07
4

0.
57
9±

0.
05
4

0.
66
8±

0.
05
9

-
z5

G
N
D

77
66

-
18
9.
13
99
80
9

62
.2
91
81
29

0.
08
5±

0.
05
8

0.
43
7±

0.
07
9

0.
44
9±

0.
06
5

0.
66
3±

0.
08
7

G
N
D
I-
71
61
31
01
14

z6
G
N
D

24
69

z6
gd

n
d
69
99

18
9.
31
72
12
6

62
.1
69
77
70

0.
03
5±

0.
05

0.
48
9±

0.
06

0.
59
7±

0.
04
9

0.
65
3±

0.
09
3

-
z5

G
S
W

74
05

z6
gd

sw
48
54

53
.2
52
84
99

-2
7.
89
44
16
2

0.
03
7±

0.
07
5

0.
33
1±

0.
09
4

0.
47
±
0.
09
6

0.
65
2±

0.
13
9

G
N
W

I-
63
25
10
63
17

-
-

18
9.
13
54
38
7

62
.1
08
73
06

0.
13
±
0.
04
3

0.
46
4±

0.
05
7

0.
64
3±

0.
10
6

0.
64
3±

0.
14
4

G
N
D
I-
63
35
91
73
08

-
-

18
9.
13
99
82
6

62
.2
91
83
51

0.
01
2±

0.
05
8

0.
38
3±

0.
07
7

0.
43
4±

0.
06
7

0.
63
7±

0.
09

G
N
D
I-
70
10
01
65
90

z6
G
N
D

89
34

z6
gd

n
d
32
85
5

18
9.
25
41
99
3

62
.2
82
97
33

0.
01
±
0.
05
1

0.
44
3±

0.
06
4

0.
48
4±

0.
06

0.
63
6±

0.
06
9

G
S
D
I-
22
79
04
94
20

-
-

53
.1
16
29
12

-2
7.
82
83
35
5

0.
14
8±

0.
05
4

0.
71
6±

0.
07

0.
62
8±

0.
04
3

0.
63
4±

0.
06
8

G
N
D
I-
63
78
01
03
41

z6
G
N
W

11
48
0

z6
gd

n
w

69
80

18
9.
15
74
80
4

62
.1
76
08
31

0.
15
3±

0.
04
5

0.
40
4±

0.
06

0.
49
3±

0.
1

0.
63
3±

0.
11
1

-
z6

G
S
W

91
10

z6
gd

sw
37
14

53
.2
21
31
40

-2
7.
90
28
51
1

0.
04
8±

0.
05
5

0.
52
4±

0.
07
3

0.
57
7±

0.
09
8

0.
63
2±

0.
15
1

-
z6

G
S
D

13
88

-
53
.1
55
75
95

-2
7.
74
60
45
8

-0
.0
33
±
0.
05
4

0.
62
4±

0.
07
2

0.
63
7±

0.
04

0.
63
2±

0.
07
5

G
S
W

I-
21
48
55
03
38

z6
G
S
D

30
00
0

z6
gd

sd
16
91
9

53
.0
61
91
28

-2
7.
84
27
36
1

0.
08
9±

0.
05
3

0.
52
3±

0.
07
3

0.
60
8±

0.
06
2

0.
63
±
0.
07
7

-
-

z6
gd

n
w

28
11

18
9.
16
28
81
5

62
.1
45
85
19

0.
14
2±

0.
05
1

0.
31
1±

0.
06
4

0.
65
6±

0.
13

0.
62
9±

0.
12

-
z6

G
S
W

43
29

z6
gd

sw
74
90

53
.1
38
78
23

-2
7.
87
90
40
2

0.
19
2±

0.
05
3

0.
61
6±

0.
06
8

0.
43
2±

0.
09
3

0.
62
2±

0.
08
4

G
N
D
I-
72
20
41
35
57

z6
G
N
D

25
40
0

-
18
9.
34
19
53
5

62
.2
32
06
01

0.
15
8±

0.
04
4

0.
48
8±

0.
05
5

0.
59
6±

0.
05
5

0.
62
1±

0.
07
9

-
-

z6
gd

n
d
27
41
7

18
9.
31
39
10
4

62
.2
59
85
90

0.
08
±
0.
05

0.
42
6±

0.
06
3

0.
44
7±

0.
06
3

0.
61
8±

0.
08
4

-
z6

G
N
D

36
55
4

-
18
9.
15
63
93
8

62
.1
97
64
60

0.
15
7±

0.
04
5

0.
43
7±

0.
06
1

0.
55
2±

0.
1

0.
60
9±

0.
08
7

-
-

z6
gd

n
d
16
08
1

18
9.
13
92
92
4

62
.2
11
32
28

0.
14
1±

0.
04
7

0.
51
2±

0.
06
1

0.
81
9±

0.
09
4

0.
60
7±

0.
1

G
S
W

I-
25
39
35
10
07

z6
G
S
W

50
1

-
53
.2
24
70
84

-2
7.
85
02
06
2

0.
08
7±

0.
05
5

0.
35
1±

0.
07
5

0.
49
9±

0.
10
8

0.
60
5±

0.
09
6

G
N
D
I-
62
88
21
81
60

-
z6

gd
n
d
37
35
5

18
9.
12
00
90
6

62
.3
04
38
43

0.
10
5±

0.
06
2

0.
58
4±

0.
08

0.
48
±
0.
04
3

0.
60
2±

0.
10
7

G
S
D
I-
22
94
14
53
78

z6
G
S
D

40
98

z6
gd

sd
38
77
9

53
.1
22
54
79

-2
7.
76
04
96
3

-0
.0
02
±
0.
05
6

0.
53
2±

0.
07
1

0.
60
9±

0.
03
6

0.
60
1±

0.
07

-
z6

G
S
D

89
99

z6
gd

sd
34
17
4

53
.1
30
01
23

-2
7.
77
83
06
3

0.
23
1±

0.
05
7

0.
51
3±

0.
07
6

0.
49
±
0.
03
7

0.
59
8±

0.
06
9

T
ab

le
A
.1
0:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.

229



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
N
W

I-
71
38
21
92
47

z6
G
N
W

20
15
2

z6
gd

n
w

34
25
3

18
9.
30
76
22
0

62
.3
23
45
74

0.
09
9±

0.
05

0.
45
1±

0.
06
3

0.
42
3±

0.
09
5

0.
59
8±

0.
12
7

G
S
D
I-
24
89
44
65
14

-
z6

gd
sd

33
37
1

53
.2
03
92
76

-2
7.
78
09
50
3

0.
17
9±

0.
05
8

0.
76
±
0.
07
4

0.
62
±
0.
04

0.
59
6±

0.
06
8

G
N
W

I-
61
91
20
83
10

z6
G
N
W

57
56

z6
gd

n
w

24
14

18
9.
07
97
18
7

62
.1
41
87
74

0.
09
2±

0.
05
2

0.
58
3±

0.
06
6

0.
78
3±

0.
1

0.
59
5±

0.
11
9

G
S
D
I-
23
45
44
75
59

z6
G
S
D

15
97
2

-
53
.1
43
94
41

-2
7.
79
88
88
5

0.
12
8±

0.
00
8

0.
53
±
0.
01
6

0.
61
3±

0.
05
1

0.
59
2±

0.
06

G
S
D
I-
24
78
54
74
63

-
-

53
.1
99
35
71

-2
7.
79
62
25
7

0.
02
2±

0.
00
9

0.
30
5±

0.
02

0.
54
8±

0.
05
1

0.
59
2±

0.
06
5

-
z6

G
N
W

25
97
1

-
18
9.
33
47
26
2

62
.2
86
13
40

-0
.0
09
±
0.
05
3

0.
46
2±

0.
06
7

0.
47
8±

0.
09
2

0.
59
1±

0.
11
6

G
S
D
I-
22
47
94
75
88

z6
G
S
D

16
26
7

z6
gd

sd
27
86
8

53
.1
03
31
02

-2
7.
79
96
68
5

0.
19
2±

0.
05
2

0.
88
8±

0.
07
4

0.
63
1±

0.
04
8

0.
58
9±

0.
07
1

G
S
D
I-
24
49
54
60
76

z6
G
S
D

61
05

-
53
.1
87
30
20

-2
7.
76
87
84
2

0.
01
9±

0.
05
6

0.
39
8±

0.
07
3

0.
42
4±

0.
04
1

0.
58
5±

0.
07
2

G
N
D
I-
65
54
51
50
87

z6
G
N
D

18
28
7

z6
gd

n
d
25
66
5

18
9.
23
10
28
6

62
.2
52
33
62

-0
.0
08
±
0.
04
8

0.
60
2±

0.
05
8

0.
73
±
0.
07
4

0.
58
4±

0.
07
2

G
N
W

I-
72
53
51
84
56

z6
G
N
W

21
82
3

z6
gd

n
w

32
93
3

18
9.
35
55
63
4

62
.3
12
58
65

0.
23
2±

0.
05

0.
7±

0.
07

0.
73
6±

0.
10
6

0.
58
3±

0.
13
9

-
z6

G
N
D

36
55
3

-
18
9.
15
63
61
8

62
.1
97
78
67

0.
18
±
0.
04
5

0.
59
4±

0.
06

0.
52
±
0.
08
7

0.
57
7±

0.
08
1

G
S
D
I-
21
12
34
65
64

z6
G
S
D

10
37
9

z6
gd

sd
32
96
3

53
.0
46
79
48

-2
7.
78
23
47
9

0.
18
6±

0.
05
3

0.
59
2±

0.
07
3

0.
58
1±

0.
05
1

0.
57
7±

0.
07
1

G
S
D
I-
22
76
84
85
29

z6
G
S
D

21
04
6

z6
gd

sd
24
20
1

53
.1
15
33
66

-2
7.
81
46
92
0

0.
06
3±

0.
05
5

0.
37
±
0.
07
2

0.
33
±
0.
03
9

0.
57
2±

0.
07
3

G
S
D
I-
24
15
74
74
42

z6
M
A
IN

51
60

-
53
.1
73
20
60

-2
7.
79
56
10
2

0.
03
3±

0.
00
9

0.
39
2±

0.
01
7

0.
55
6±

0.
01
3

0.
57
1±

0.
01
5

G
S
D
I-
24
70
34
94
99

z6
G
S
D

26
14
7

z6
gd

sd
20
21
9

53
.1
95
97
60

-2
7.
83
05
37
4

0.
20
4±

0.
05
5

0.
58
4±

0.
07
1

0.
54
±
0.
03
8

0.
56
9±

0.
06
6

G
N
W

I-
63
90
70
84
52

-
-

18
9.
16
27
94
7

62
.1
45
81
69

0.
09
8±

0.
05

0.
39
±
0.
06
6

0.
54
8±

0.
12
6

0.
56
6±

0.
12
3

G
N
W

I-
62
20
31
51
37

-
z6

gd
n
d
25
99
0

18
9.
09
18
24
3

62
.2
53
73
44

0.
21
9±

0.
04
6

0.
70
7±

0.
06
2

0.
57
7±

0.
05
8

0.
56
1±

0.
07
4

G
S
D
I-
24
65
34
95
83

z6
G
S
D

26
91
7

z6
gd

sd
19
65
1

53
.1
93
89
40

-2
7.
83
29
01
8

0.
10
3±

0.
05
2

0.
45
5±

0.
07
5

0.
47
±
0.
04

0.
55
8±

0.
06
9

G
N
D
I-
72
00
31
45
37

z6
G
N
D

19
74
4

-
18
9.
33
34
16
2

62
.2
48
15
28

0.
05
1±

0.
03
9

0.
17
8±

0.
05
3

0.
35
5±

0.
04
4

0.
54
8±

0.
07
4

-
z6

G
S
W

96
4

-
53
.1
99
00
93

-2
7.
85
62
18
5

0.
00
5±

0.
04
8

0.
19
9±

0.
06
1

0.
43
2±

0.
10
1

0.
54
4±

0.
11
3

G
N
D
I-
70
62
41
14
51

z6
G
N
D

37
11
4

z6
gd

n
d
12
39
7

18
9.
27
60
00
9

62
.1
95
80
73

-0
.0
04
±
0.
05
3

0.
25
±
0.
06
5

0.
37
6±

0.
04
8

0.
54
1±

0.
07
5

G
S
D
I-
23
73
55
22
29

-
z7

gd
sw

87
83

53
.1
55
62
76

-2
7.
87
30
49
9

0.
04
8±

0.
05
4

0.
30
7±

0.
07

0.
52
4±

0.
10
3

0.
54
±
0.
08
7

-
-

z6
gd

sd
28
19
4

53
.1
35
85
07

-2
7.
79
83
18
9

0.
13
6±

0.
05
6

0.
73
2±

0.
07

0.
59
4±

0.
03
9

0.
53
9±

0.
07
2

-
z6

G
N
W

41
55

-
18
9.
13
03
23
4

62
.1
31
37
37

0.
19
5±

0.
05

0.
45
8±

0.
06
6

0.
49
6±

0.
10
4

0.
53
7±

0.
12
7

G
S
D
I-
21
40
95
21
89

-
-

53
.0
58
74
66

-2
7.
87
19
28
5

0.
11
9±

0.
05
1

0.
36
±
0.
07
4

0.
47
3±

0.
05
4

0.
53
5±

0.
08
4

-
-

z6
gd

sw
54
11

53
.1
50
02
83

-2
7.
89
10
14
6

-0
.0
01
±
0.
05
2

0.
24
9±

0.
07
1

0.
38
5±

0.
09
1

0.
53
±
0.
11
7

-
z6

G
N
W

23
40
9

-
18
9.
47
08
12
8

62
.3
01
62
00

0.
04
±
0.
05
4

0.
28
2±

0.
06
6

0.
51
2±

0.
10
8

0.
52
9±

0.
12
1

G
N
D
I-
70
87
41
22
56

-
-

18
9.
28
64
05
8

62
.2
07
04
23

0.
12
1±

0.
05

0.
52
3±

0.
06
6

0.
44
5±

0.
04
4

0.
52
6±

0.
07
2

G
S
D
I-
23
23
74
62
14

z6
G
S
D

72
15

-
53
.1
34
88
98

-2
7.
77
26
29
4

0.
00
6±

0.
04
7

0.
45
9±

0.
05
9

0.
58
1±

0.
03
7

0.
52
3±

0.
06
7

G
N
W

I-
55
03
61
14
97

-
-

18
8.
95
98
90
4

62
.1
97
05
90

0.
03
6±

0.
05
2

0.
34
9±

0.
06
4

0.
38
3±

0.
09
5

0.
51
8±

0.
11
5

G
N
D
I-
72
78
41
14
65

-
z6

gd
n
d
12
51
2

18
9.
36
60
03
8

62
.1
96
17
87

0.
16
1±

0.
04
6

0.
55
1±

0.
06
4

0.
46
5±

0.
04
5

0.
51
6±

0.
08
3

G
N
W

I-
60
00
11
32
61

z5
G
N
W

17
52
2

-
18
9.
00
00
81
2

62
.2
23
84
07

0.
24
3±

0.
05
2

0.
69
7±

0.
06
4

0.
74
1±

0.
08
2

0.
51
6±

0.
11
1

G
S
W

I-
25
49
00
32
86

-
-

53
.2
28
71
74

-2
7.
84
24
24
2

0.
09
5±

0.
05
8

0.
18
1±

0.
07
2

0.
38
9±

0.
09
9

0.
51
1±

0.
12
2

-
z5

G
S
D

15
24
9

z6
gd

sd
28
67
6

53
.0
62
28
19

-2
7.
79
67
71
6

0.
14
±
0.
04
5

0.
41
5±

0.
06
2

0.
31
3±

0.
04
2

0.
50
5±

0.
06
8

G
N
D
I-
65
07
91
10
18

z6
G
N
D

40
31
6

z6
gd

n
d
96
39

18
9.
21
16
00
2

62
.1
83
75
40

0.
03
±
0.
06
3

0.
29
4±

0.
08
3

0.
42
8±

0.
04
8

0.
50
5±

0.
07
7

T
ab

le
A
.1
1:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.

230



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
-

z6
gd

sd
43
83
3

53
.1
71
80
07

-2
7.
73
76
26
8

0.
22
1±

0.
05
3

0.
69
7±

0.
07
2

0.
45
6±

0.
04

0.
50
3±

0.
07
3

G
N
W

I-
71
44
82
01
70

-
-

18
9.
31
03
04
1

62
.3
37
97
22

0.
11
5±

0.
05

0.
41
3±

0.
06
4

0.
35
9±

0.
09
2

0.
5±

0.
11
9

-
z6

G
S
D

25
38
6

-
53
.1
06
61
62

-2
7.
82
82
70
1

0.
19
4±

0.
05
4

0.
53
2±

0.
06
9

0.
56
7±

0.
04
9

0.
49
8±

0.
06
8

G
N
D
I-
70
19
41
22
63

z5
G
N
D

33
77
6

z6
gd

n
d
15
13
3

18
9.
25
80
78
9

62
.2
07
25
11

0.
03
2±

0.
05
6

0.
22
8±

0.
07

0.
18
4±

0.
05
7

0.
49
7±

0.
08
8

-
z6

G
S
D

15
61
7

-
53
.1
42
87
43

-2
7.
79
80
13
4

0.
03
3±

0.
00
9

0.
25
4±

0.
01
7

0.
42
3±

0.
05
3

0.
49
5±

0.
06
6

-
z6

G
S
W

44
28

z6
gd

sw
73
98

53
.1
45
02
23

-2
7.
87
95
89
1

0.
16
3±

0.
05
6

0.
42
4±

0.
07
5

0.
33
5±

0.
09
3

0.
49
5±

0.
11
2

G
N
D
I-
64
99
61
35
60

z6
G
N
D

25
48
8

z6
gd

n
d
20
79
4

18
9.
20
81
92
4

62
.2
32
13
19

0.
13
7±

0.
05
1

0.
63
1±

0.
06

0.
72
±
0.
07
1

0.
49
2±

0.
07
3

-
z6

G
S
D

15
79
5

-
53
.1
35
85
98

-2
7.
79
83
21
0

0.
13
6±

0.
00
8

0.
58
7±

0.
01
5

0.
69
±
0.
04
8

0.
48
7±

0.
06

G
N
D
I-
70
14
91
72
88

z6
G
N
D

44
13
8

z6
gd

n
d
34
56
7

18
9.
25
62
12
3

62
.2
91
25
26

-0
.0
13
±
0.
04
7

0.
23
2±

0.
05
8

0.
27
4±

0.
04
8

0.
47
7±

0.
07
3

-
-

z6
gd

sd
28
36
8

53
.1
42
84
00

-2
7.
79
78
77
5

-0
.0
04
±
0.
05
3

0.
18
±
0.
07
6

0.
27
3±

0.
04
4

0.
47
4±

0.
07
6

G
N
W

I-
74
28
61
94
17

-
z6

gd
n
w

34
76
9

18
9.
42
85
61
7

62
.3
28
19
17

0.
04
5±

0.
05
2

0.
53
1±

0.
06
8

0.
61
8±

0.
09
9

0.
47
4±

0.
11
7

G
N
D
I-
71
45
30
95
90

z6
G
N
D

20
41

-
18
9.
31
05
81
0

62
.1
66
31
72

0.
18
3±

0.
05

0.
46
3±

0.
06
5

0.
48
1±

0.
04
5

0.
47
2±

0.
1

G
S
D
I-
23
59
64
50
99

z6
G
S
D

24
46

-
53
.1
49
83
46

-2
7.
75
27
51
2

0.
00
8±

0.
05
1

0.
23
4±

0.
06
9

0.
45
5±

0.
03
6

0.
47
1±

0.
06
6

G
S
D
I-
24
31
74
51
75

-
-

53
.1
79
89
01

-2
7.
75
48
75
9

0.
13
3±

0.
05
5

0.
58
2±

0.
07

0.
46
2±

0.
04
5

0.
47
±
0.
07
1

G
N
D
I-
65
70
91
40
30

z6
G
N
D

24
76
5

z6
gd

n
d
21
24
9

18
9.
23
78
63
6

62
.2
34
11
18

0.
09
4±

0.
05
5

0.
45
5±

0.
06
7

0.
50
8±

0.
07
5

0.
46
9±

0.
08
3

G
S
D
I-
25
23
84
75
34

z6
G
S
D

15
74
4

z6
gd

sd
28
27
6

53
.2
18
26
84

-2
7.
79
81
67
7

0.
07
1±

0.
05
9

0.
43
3±

0.
07
5

0.
37
7±

0.
04
4

0.
46
7±

0.
08
4

G
S
D
I-
22
18
25
02
89

z6
G
S
D

29
59
0

z6
gd

sd
17
33
9

53
.0
90
95
08

-2
7.
84
13
60
0

0.
04
1±

0.
05
3

0.
36
9±

0.
07
6

0.
35
6±

0.
04
9

0.
46
1±

0.
05
7

-
-

z6
x
d
f
47
25

53
.1
56
10
06

-2
7.
77
57
83
5

-0
.0
04
±
0.
00
8

0.
24
4±

0.
01
4

0.
40
3±

0.
00
8

0.
46
±
0.
01
2

G
N
D
I-
64
96
71
35
51

-
z6

gd
n
d
20
74
9

18
9.
20
70
24
7

62
.2
31
91
70

0.
05
±
0.
05
3

0.
38
3±

0.
06
8

0.
49
5±

0.
07
5

0.
45
9±

0.
08
2

G
S
D
I-
20
63
44
72
20

-
-

53
.0
26
47
57

-2
7.
78
94
47
6

0.
05
7±

0.
07

0.
19
9±

0.
09
2

0.
26
1±

0.
05
2

0.
45
2±

0.
07
8

G
S
D
I-
22
58
24
65
13

-
z6

gd
sd

33
40
6

53
.1
07
57
28

-2
7.
78
09
25
8

0.
12
1±

0.
04
5

0.
39
3±

0.
05
8

0.
43
±
0.
04

0.
45
2±

0.
07
1

X
D
F
I-
23
50
54
74
02

-
-

53
.1
46
06
98

-2
7.
79
44
93
1

0.
01
3±

0.
00
8

0.
23
4±

0.
01
5

0.
37
9±

0.
00
7

0.
45
±
0.
01
2

G
N
D
I-
63
26
41
82
56

z6
G
N
D

42
24
1

z6
gd

n
d
37
95
4

18
9.
13
60
13
9

62
.3
07
05
37

0.
14
9±

0.
04
8

0.
44
7±

0.
06
4

0.
32
±
0.
05
3

0.
45
±
0.
08
1

G
N
D
I-
62
97
21
25
61

-
-

18
9.
12
38
62
7

62
.2
15
50
10

0.
08
±
0.
05
1

0.
38
3±

0.
06
2

0.
24
6±

0.
09
4

0.
44
7±

0.
09
3

G
N
D
I-
62
55
41
72
41

z6
G
N
D

44
24
8

z6
gd

n
d
34
34
3

18
9.
10
64
71
5

62
.2
89
97
13

0.
03
1±

0.
05

0.
30
2±

0.
06
5

0.
32
3±

0.
04
5

0.
44
5±

0.
08
2

G
S
D
I-
21
47
44
75
87

-
z6

gd
sd

27
88
2

53
.0
61
40
22

-2
7.
79
96
44
7

0.
31
2±

0.
05
1

0.
92
1±

0.
06
7

0.
52
3±

0.
05

0.
44
1±

0.
07
3

-
-

z6
gd

sd
34
86
7

53
.2
02
96
96

-2
7.
77
60
58
6

0.
05
2±

0.
06
1

0.
18
1±

0.
07
1

0.
38
1±

0.
04
2

0.
43
9±

0.
07
2

G
S
D
I-
22
99
74
70
27

z6
G
S
D

10
95
6

-
53
.1
24
89
44

-2
7.
78
41
34
6

0.
24
1±

0.
05
5

0.
48
2±

0.
07
1

0.
60
3±

0.
03
3

0.
43
4±

0.
07
1

G
S
D
I-
24
85
64
61
73

z6
G
S
D

68
74

z6
gd

sd
36
11
5

53
.2
02
33
35

-2
7.
77
14
91
2

0.
07
8±

0.
06

0.
32
5±

0.
07
6

0.
29
2±

0.
04
7

0.
43
2±

0.
08
4

G
N
D
I-
65
82
11
45
32

z6
G
N
D

19
84
1

-
18
9.
24
25
66
0

62
.2
48
00
60

0.
05
±
0.
05
1

0.
36
3±

0.
06
6

0.
34
3±

0.
07
6

0.
43
±
0.
07
5

G
S
D
I-
23
37
84
80
76

z6
G
S
D

17
01
8

-
53
.1
40
74
46

-2
7.
80
21
08
2

0.
07
2±

0.
00
8

0.
44
9±

0.
01
5

0.
37
6±

0.
05

0.
42
7±

0.
06

-
-

z6
gd

sd
26
11
6

53
.1
54
73
96

-2
7.
80
64
54
4

0.
07
7±

0.
05
5

0.
31
6±

0.
06
9

0.
15
3±

0.
03
9

0.
42
3±

0.
07
2

G
S
D
I-
22
84
84
70
73

-
-

53
.1
18
68
46

-2
7.
78
53
85
3

-0
.0
48
±
0.
05
6

0.
27
9±

0.
07
2

0.
36
4±

0.
04
2

0.
42
1±

0.
07
4

G
S
D
I-
22
29
74
80
55

-
z6

gd
sd

27
37
8

53
.0
95
73
10

-2
7.
80
15
53
3

0.
02
9±

0.
04
3

0.
24
±
0.
05
8

0.
27
8±

0.
05

0.
42
1±

0.
07
3

-
z6

G
N
D

33
37

z6
gd

n
d
80
56

18
9.
24
47
47
7

62
.1
75
61
39

0.
01
6±

0.
05
1

0.
14
2±

0.
06
3

0.
29
±
0.
04
8

0.
41
7±

0.
07
7

T
ab

le
A
.1
2:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.

231



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
S
D
I-
23
42
84
75
22

z6
G
S
D

15
61
6

-
53
.1
42
84
94

-2
7.
79
78
73
9

0.
05
9±

0.
00
8

0.
23
6±

0.
01
6

0.
24
7±

0.
05
2

0.
41
6±

0.
06
6

G
N
D
I-
63
69
21
22
04

z6
G
N
D

34
34
4

z6
gd

n
d
14
70
3

18
9.
15
38
21
3

62
.2
05
59
07

0.
00
3±

0.
04
8

0.
42
6±

0.
05
6

0.
34
3±

0.
09
6

0.
41
2±

0.
08
5

-
z6

G
N
D

31
07
3

z6
gd

n
d
17
10
8

18
9.
12
39
10
4

62
.2
15
48
09

0.
03
7±

0.
05
3

0.
28
9±

0.
06
3

0.
27
2±

0.
09
6

0.
41
1±

0.
09
2

-
-

z6
gd

sd
31
58
3

53
.1
25
51
02

-2
7.
78
66
78
7

0.
06
±
0.
05
6

0.
19
±
0.
07
4

0.
35
2±

0.
04

0.
40
8±

0.
07
1

-
z6

G
N
D

29
62
5

z6
gd

n
d
18
07
1

18
9.
40
36
22
1

62
.2
19
87
24

-0
.0
12
±
0.
04
8

0.
21
±
0.
06
2

0.
29
7±

0.
07
1

0.
40
7±

0.
07
5

G
S
D
I-
23
34
24
74
48

z6
G
S
D

14
96
5

-
53
.1
39
27
17

-2
7.
79
58
02
7

0.
05
4±

0.
00
8

0.
39
1±

0.
01
5

0.
56
7±

0.
04
5

0.
40
6±

0.
05
6

G
S
D
I-
23
48
04
54
58

-
-

53
.1
45
01
87

-2
7.
76
27
10
6

0.
07
±
0.
05
5

0.
30
7±

0.
07
1

0.
38
2±

0.
04
2

0.
40
5±

0.
07
4

-
z6

G
S
D

41
37

z6
gd

sd
38
71
4

53
.1
19
07
79

-2
7.
76
07
39
2

-0
.0
88
±
0.
05
1

0.
43
2±

0.
06
3

0.
53
9±

0.
04
4

0.
40
5±

0.
07
3

G
N
D
I-
63
62
11
21
80

z6
G
N
D

34
56
5

z6
gd

n
d
14
56
7

18
9.
15
08
44
7

62
.2
04
93
89

0.
08
1±

0.
05
2

0.
44
3±

0.
06
3

0.
33
1±

0.
09
6

0.
40
4±

0.
08
9

-
-

z6
gd

sd
70
21

53
.0
66
55
31

-2
7.
88
16
34
9

-0
.0
2±

0.
05
6

0.
20
1±

0.
07
9

0.
14
4±

0.
06
1

0.
40
2±

0.
08
9

-
z6

G
N
D

15
03
4

z6
gd

n
d
27
80
3

18
9.
12
20
45
2

62
.2
61
32
00

0.
11
9±

0.
05
1

0.
41
3±

0.
06

0.
27
5±

0.
03
4

0.
39
7±

0.
06
7

G
S
D
I-
21
78
54
81
71

-
-

53
.0
74
37
95

-2
7.
80
47
69
9

0.
11
8±

0.
04
7

0.
24
1±

0.
06
7

0.
41
7±

0.
06
4

0.
39
7±

0.
08
3

G
N
D
I-
71
03
81
15
56

z6
G
N
D

36
19
2

-
18
9.
29
32
37
0

62
.1
98
69
45

0.
04
±
0.
05
3

0.
23
8±

0.
06
7

0.
15
5±

0.
05
3

0.
39
3±

0.
08
3

G
S
D
I-
21
50
04
62
38

z6
G
S
D

74
00

z6
gd

sd
35
64
1

53
.0
62
48
99

-2
7.
77
32
84
8

0.
01
3±

0.
05
4

0.
34
±
0.
07

0.
39
5±

0.
05
1

0.
38
6±

0.
06
9

-
-

z6
gd

sd
29
28
7

53
.1
22
67
60

-2
7.
79
46
11
4

-0
.0
45
±
0.
06
2

0.
36
2±

0.
08
1

0.
22
4±

0.
04
5

0.
37
9±

0.
07
8

-
-

z6
gd

n
d
29
85
9

18
9.
10
10
04
9

62
.2
69
55
70

0.
03
5±

0.
04
9

0.
2±

0.
06
4

0.
20
9±

0.
05
3

0.
37
9±

0.
07
1

G
N
D
I-
71
52
01
53
70

z5
G
N
D

15
43
2

z6
gd

n
d
27
56
1

18
9.
31
33
03
0

62
.2
60
22
08

0.
08
±
0.
04
8

0.
31
4±

0.
06
5

0.
26
7±

0.
06
4

0.
37
7±

0.
08
4

G
S
D
I-
21
09
04
80
94

-
-

53
.0
45
45
33

-2
7.
80
26
16
2

0.
07
4±

0.
04
3

0.
18
1±

0.
05
7

0.
34
4±

0.
05
4

0.
37
6±

0.
07
2

G
N
W

I-
64
74
71
20
02

-
-

18
9.
19
78
09
1

62
.1
99
98
22

0.
09
4±

0.
05
4

0.
49
8±

0.
07

21
.6
3±

9.
73
5

0.
37
4±

0.
07

G
S
D
I-
21
74
54
73
88

z6
G
S
D

14
41
7

z6
gd

sd
29
44
8

53
.0
72
72
49

-2
7.
79
41
28
6

0.
03
9±

0.
04
4

0.
40
8±

0.
06
2

0.
49
3±

0.
04
9

0.
37
3±

0.
06
7

G
N
D
I-
70
10
31
22
80

-
-

18
9.
25
43
04
0

62
.2
07
71
02

0.
25
±
0.
05
3

0.
54
5±

0.
06
2

0.
53
1±

0.
04
6

0.
37
±
0.
06
7

G
S
D
I-
24
87
64
80
69

z6
G
S
D

16
97
9

z6
gd

sd
27
27
2

53
.2
03
20
01

-2
7.
80
19
27
2

0.
05
2±

0.
05
9

0.
43
3±

0.
07
5

0.
37
7±

0.
04
4

0.
37
±
0.
06
4

-
z6

G
S
D

45
51

-
53
.1
44
99
31

-2
7.
76
27
47
9

0.
05
±
0.
05
4

0.
24
3±

0.
06
8

0.
30
2±

0.
04
1

0.
36
5±

0.
07
2

G
S
D
I-
22
81
45
13
41

z6
G
S
D

33
77
5

z6
gd

sd
12
26
5

53
.1
17
28
05

-2
7.
85
94
73
6

0.
05
7±

0.
04
2

0.
30
3±

0.
05
7

0.
37
5±

0.
05

0.
36
3±

0.
07
1

G
N
D
I-
72
44
41
13
42

z6
G
N
D

38
00
3

z6
gd

n
d
11
72
4

18
9.
35
17
70
9

62
.1
92
74
64

0.
06
6±

0.
05

0.
43
9±

0.
06
5

0.
36
5±

0.
04
1

0.
35
8±

0.
07
7

G
S
D
I-
23
01
24
51
79

z6
G
S
D

29
13

z6
gd

sd
40
02
1

53
.1
25
53
32

-2
7.
75
49
64
3

0.
04
8±

0.
05
5

0.
19
2±

0.
07
2

0.
24
±
0.
03
3

0.
35
1±

0.
06
7

-
-

z6
gd

sd
31
90
3

53
.0
79
23
35

-2
7.
78
57
71
4

0.
04
7±

0.
06

0.
24
5±

0.
07
8

0.
33
±
0.
06
5

0.
35
1±

0.
08
2

-
-

z6
gd

n
d
35
06
8

18
9.
14
95
06
1

62
.2
93
50
47

-0
.0
07
±
0.
04
9

0.
22
8±

0.
06
3

0.
31
8±

0.
04
9

0.
34
9±

0.
06
7

G
N
D
I-
65
98
21
45
77

z6
G
N
D

19
42
8

-
18
9.
24
92
42
3

62
.2
49
26
31

0.
11
5±

0.
05
2

0.
26
±
0.
06
8

0.
42
4±

0.
07
5

0.
34
9±

0.
08
1

-
-

z6
gd

sd
77
66

53
.0
80
83
23

-2
7.
87
76
65
7

0.
05
1±

0.
05
4

0.
27
6±

0.
07
4

0.
32
8±

0.
05
2

0.
34
9±

0.
07
3

-
z6

G
N
D

32
87
3

-
18
9.
18
98
30
3

62
.2
10
15
84

0.
07
9±

0.
04
4

0.
19
4±

0.
05
7

0.
24
±
0.
10
9

0.
34
8±

0.
06
7

G
N
D
I-
64
40
31
31
46

-
-

18
9.
18
35
08
6

62
.2
20
63
05

0.
19
7±

0.
04
6

0.
49
1±

0.
05
6

0.
58
±
0.
09

0.
34
7±

0.
07
2

-
-

z6
gd

sd
24
70
1

53
.1
70
48
94

-2
7.
81
24
29
4

0.
01
4±

0.
05
5

0.
30
5±

0.
07
2

0.
26
3±

0.
02
8

0.
34
6±

0.
06
3

-
-

z6
gd

sd
28
23
5

53
.1
35
98
12

-2
7.
79
83
94
0

0.
00
4±

0.
05
6

0.
33
3±

0.
07
5

0.
30
9±

0.
04

0.
34
5±

0.
07
5

G
N
D
I-
73
56
11
34
37

-
-

18
9.
39
84
16
8

62
.2
28
71
67

0.
08
8±

0.
05
1

0.
20
7±

0.
06
7

0.
26
1±

0.
08
2

0.
34
4±

0.
07
9

T
ab

le
A
.1
3:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.
T
h
e
h
or
iz
on

ta
l
li
n
e
re
p
re
se
n
ts

H
-b
an

d
27
.5

m
ag
n
it
u
d
e
li
m
it
fo
r
p
ri
or
it
y
cl
as
s

4
D
E
E
P
su
rv
ey
s
in

th
e
X
D
F
fi
el
d
.

232



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

-
z5

G
N
D

16
76
1

z6
gd

n
d
26
64
5

18
9.
13
30
96
7

62
.2
56
52
91

0.
14
7±

0.
04
9

0.
40
9±

0.
06
4

0.
20
3±

0.
05

0.
34
4±

0.
07
6

G
N
D
I-
64
34
01
42
03

z6
G
N
D

23
05
0

z6
gd

n
d
22
44
6

18
9.
18
08
84
1

62
.2
38
86
66

0.
10
6±

0.
05

0.
26
1±

0.
06
2

0.
30
9±

0.
05
9

0.
34
1±

0.
06
5

G
S
D
I-
23
45
95
01
17

z6
G
S
D

28
18
3

z6
gd

sd
18
68
3

53
.1
44
15
33

-2
7.
83
65
99
8

0.
11
6±

0.
04
8

0.
37
3±

0.
06
3

0.
39
±
0.
04
5

0.
33
8±

0.
08
1

G
N
D
I-
64
12
51
60
86

z6
G
N
D

12
43
6

z6
gd

n
d
29
67
1

18
9.
17
19
45
7

62
.2
68
98
56

0.
04
8±

0.
04
9

0.
20
5±

0.
06
4

0.
22
9±

0.
10
8

0.
33
7±

0.
07
9

-
z5

G
S
D

12
99
2

-
53
.0
84
23
08

-2
7.
78
98
86
0

0.
18
±
0.
04
8

0.
45
7±

0.
06
5

0.
43
8±

0.
05
1

0.
33
6±

0.
06
5

G
S
D
I-
22
52
85
02
09

z6
G
S
D

28
97
5

z6
gd

sd
17
95
8

53
.1
05
32
63

-2
7.
83
91
37
5

0.
07
1±

0.
04
4

0.
37
5±

0.
06

0.
36
±
0.
04
6

0.
33
5±

0.
05
6

-
z6

G
N
D

31
64
5

-
18
9.
31
71
99
4

62
.2
13
66
40

0.
07
8±

0.
05
1

0.
19
7±

0.
06
3

0.
26
9±

0.
05
1

0.
33
±
0.
07
5

G
S
D
I-
21
68
15
10
80

z6
G
S
D

32
29
1

z6
gd

sd
14
27
9

53
.0
70
05
87

-2
7.
85
22
13
4

0.
11
±
0.
04
1

0.
29
9±

0.
05
8

0.
32
3±

0.
05
5

0.
33
±
0.
06
8

G
S
D
I-
21
22
84
82
13

z6
G
S
D

18
24
0

-
53
.0
51
21
04

-2
7.
80
59
05
8

0.
09
8±

0.
05
6

0.
32
6±

0.
07
2

0.
23
8±

0.
05
1

0.
32
6±

0.
07
2

G
S
D
I-
23
55
35
00
55

z6
G
S
D

27
58
0

z6
gd

sd
19
12
6

53
.1
48
02
72

-2
7.
83
48
74
2

-0
.0
01
±
0.
06
2

0.
27
3±

0.
07
8

0.
30
1±

0.
04
2

0.
32
6±

0.
07
4

G
S
D
I-
23
90
64
53
87

z6
M
A
IN

10
1

-
53
.1
62
77
22

-2
7.
76
07
68
0

0.
13
3±

0.
00
8

0.
54
4±

0.
01
6

0.
44
±
0.
01
3

0.
32
5±

0.
01
6

-
-

z6
gd

sd
32
40
9

53
.1
00
59
15

-2
7.
78
43
22
6

0.
07
±
0.
04
5

0.
19
1±

0.
05
9

0.
16
5±

0.
03
5

0.
32
5±

0.
06
8

X
D
F
I-
23
69
74
55
76

z6
M
A
IN

45
2

z6
x
d
f
56
53

53
.1
54
05
59

-2
7.
76
59
98
3

0.
03
1±

0.
00
8

0.
27
1±

0.
01
6

0.
33
6±

0.
00
8

0.
32
±
0.
01

-
-

z6
gd

sd
17
91
1

53
.0
97
73
68

-2
7.
83
92
74
9

0.
05
±
0.
04
9

0.
34
8±

0.
07
2

0.
36
2±

0.
04
5

0.
31
7±

0.
05
9

-
z5

G
N
D

21
52
0

z6
gd

n
d
23
44
3

18
9.
09
19
43
9

62
.2
43
14
27

0.
10
4±

0.
05

0.
31
3±

0.
06
3

0.
34
1±

0.
08

0.
31
6±

0.
07
6

G
S
D
I-
22
64
94
83
18

-
z6

gd
sd

25
57
0

53
.1
10
39
21

-2
7.
80
88
71
7

-0
.0
88
±
0.
06
1

0.
21
8±

0.
07
7

0.
24
7±

0.
03
6

0.
30
9±

0.
07
3

-
-

z6
gd

sd
15
19
8

53
.1
38
34
32

-2
7.
84
92
44
3

0.
03
6±

0.
04
6

0.
16
5±

0.
06
2

0.
17
5±

0.
04
1

0.
30
9±

0.
07
5

G
N
D
I-
71
63
51
45
76

z6
G
N
D

19
41
6

z6
gd

n
d
24
85
6

18
9.
31
81
99
7

62
.2
49
26
42

-0
.0
21
±
0.
05

0.
27
±
0.
06
7

0.
37
9±

0.
04
7

0.
30
8±

0.
07

G
S
D
I-
23
72
04
52
92

-
z6

gd
sd

39
28
4

53
.1
55
04
50

-2
7.
75
81
26
8

0.
02
8±

0.
04
6

0.
20
2±

0.
06
2

0.
22
7±

0.
04

0.
30
6±

0.
07
4

-
z6

G
N
D

38
07
5

z6
gd

n
d
11
67
3

18
9.
26
03
52
1

62
.1
92
55
61

0.
1±

0.
05

0.
26
6±

0.
06
9

0.
28
8±

0.
05
1

0.
30
5±

0.
07
3

G
N
D
I-
71
61
21
24
94

-
z6

gd
n
d
16
68
5

18
9.
31
71
96
1

62
.2
13
64
15

0.
08
±
0.
05

0.
21
5±

0.
06
2

0.
36
2±

0.
05
2

0.
30
3±

0.
07
5

G
S
D
I-
23
64
74
52
40

-
z7

gd
sd

39
59
8

53
.1
51
96
64

-2
7.
75
66
77
0

-0
.0
75
±
0.
04
7

0.
15
±
0.
06
3

0.
26
5±

0.
03
9

0.
29
9±

0.
06
8

G
S
D
I-
25
31
94
94
42

z6
G
S
D

25
63
1

z6
gd

sd
20
62
3

53
.2
21
63
32

-2
7.
82
89
52
8

0.
05
±
0.
05
4

0.
45
9±

0.
07
4

0.
37
7±

0.
04
5

0.
29
7±

0.
07
4

-
z6

G
S
D

22
81
8

z6
gd

sd
22
82
7

53
.1
04
11
55

-2
7.
82
03
49
5

0.
04
6±

0.
05
4

0.
41
7±

0.
07
2

0.
31
±
0.
05
2

0.
29
4±

0.
05
7

G
S
D
I-
23
83
25
10
63

z6
G
S
D

32
19
1

z6
gd

sd
14
40
7

53
.1
59
69
21

-2
7.
85
17
64
4

-0
.0
4±

0.
05
4

0.
22
8±

0.
07
3

0.
20
5±

0.
04
1

0.
28
9±

0.
06
7

G
S
D
I-
23
50
84
80
68

-
-

53
.1
46
16
77

-2
7.
80
18
83
5

0.
01
3±

0.
00
8

0.
18
2±

0.
01
6

0.
17
5±

0.
05
4

0.
28
5±

0.
06

-
z6

G
N
D

19
36
6

-
18
9.
36
81
86
5

62
.2
49
36
07

-0
.0
27
±
0.
05
4

0.
41
3±

0.
07

0.
21
1±

0.
04
7

0.
28
4±

0.
06
9

-
-

z6
gd

sd
14
11
8

53
.1
51
19
04

-2
7.
85
27
42
0

0.
08
1±

0.
04
7

0.
16
6±

0.
06
3

0.
19
6±

0.
03
9

0.
28
3±

0.
06
6

G
S
D
I-
24
09
14
84
47

-
-

53
.1
70
47
75

-2
7.
81
24
25
2

0.
06
1±

0.
00
8

0.
26
9±

0.
01
5

0.
31
2±

0.
03
4

0.
28
3±

0.
04
9

-
-

z6
gd

sd
40
94
3

53
.1
46
99
87

-2
7.
75
10
39
3

0.
02
9±

0.
05
3

0.
25
5±

0.
06
9

0.
24
5±

0.
04
1

0.
27
4±

0.
06
8

G
S
D
I-
23
64
34
83
41

-
-

53
.1
51
85
85

-2
7.
80
95
26
1

0.
07
1±

0.
00
8

0.
26
5±

0.
01
5

0.
33
4±

0.
04
7

0.
26
6±

0.
05
8

X
D
F
I-
23
82
74
75
12

z6
M
A
IN

54
58

z6
x
d
f
16
26

53
.1
59
50
46

-2
7.
79
75
83
5

0.
07
2±

0.
00
8

0.
31
9±

0.
01
5

0.
29
8±

0.
00
7

0.
24
7±

0.
01
1

G
S
D
I-
24
27
94
80
32

-
-

53
.1
78
33
15

-2
7.
80
09
02
7

0.
01
1±

0.
00
8

0.
25
4±

0.
01
5

0.
23
8±

0.
04
5

0.
22
3±

0.
05
5

X
D
F
I-
24
30
24
62
36

z6
M
A
IN

12
25

-
53
.1
79
27
73

-2
7.
77
32
39
0

0.
00
6±

0.
00
8

0.
22
3±

0.
01
5

0.
28
5±

0.
00
9

0.
22
1±

0.
01
2

X
D
F
I-
24
47
04
64
54

z6
M
A
IN

22
77

-
53
.1
86
25
96

-2
7.
77
92
91
1

0.
04
6±

0.
00
8

0.
19
4±

0.
01
6

0.
23
6±

0.
01

0.
21
±
0.
01
1

T
ab

le
A
.1
4:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.
T
h
e
h
or
iz
on

ta
l
li
n
e
re
p
re
se
n
ts

H
-b
an

d
28
.0

m
ag
n
it
u
d
e
li
m
it
fo
r
p
ri
or
it
y
cl
as
s

6
M
E
D
IU

M
su
rv
ey
s
in

th
e
G
O
O
D
S
fi
el
d
.

233



ID
(B

15
)

ID
(F

15
)

ID
(H

16
)

R
A

[D
eg
]

D
ec

[D
eg
]

Z
-F
lu
x
/E

rr
Y
-F
lu
x
/E

rr
J
-F
lu
x
/E

rr
H
-F
lu
x
/E

rr

G
S
D
I-
24
25
94
80
88

-
-

53
.1
77
49
00

-2
7.
80
24
53
5

0.
05
±
0.
00
8

0.
28
1±

0.
01
6

0.
37
9±

0.
04
6

0.
20
5±

0.
04
7

-
z6

M
A
IN

97
6

z6
x
d
f
52
66

53
.1
66
09
52

-2
7.
77
19
66
5

0.
00
4±

0.
00
8

0.
24
8±

0.
01
5

0.
2±

0.
00
8

0.
20
1±

0.
01
1

X
D
F
I-
23
87
84
71
07

-
z6

x
d
f
32
45

53
.1
61
60
30

-2
7.
78
63
47
6

0.
03
4±

0.
00
8

0.
15
1±

0.
01
4

0.
17
9±

0.
00
8

0.
19
7±

0.
01
1

X
D
F
I-
24
23
64
61
57

-
-

53
.1
76
51
36

-2
7.
77
10
33
5

0.
10
2±

0.
00
8

0.
32
2±

0.
01
5

0.
22
4±

0.
00
9

0.
18
8±

0.
01
2

G
S
D
I-
23
13
04
80
82

z6
G
S
D

17
92
1

-
53
.1
30
41
95

-2
7.
80
22
84
1

0.
04
±
0.
00
5

0.
22
6±

0.
00
8

0.
27
3±

0.
02
4

0.
17
4±

0.
03
3

X
D
F
I-
23
94
54
54
34

z6
M
A
IN

15
8

-
53
.1
64
39
72

-2
7.
76
20
65
3

0.
02
±
0.
00
8

0.
21
4±

0.
01
5

0.
22
3±

0.
01
2

0.
17
1±

0.
01
5

X
D
F
I-
23
85
44
61
75

z6
M
A
IN

92
9

z6
x
d
f
53
10

53
.1
60
60
32

-2
7.
77
15
35
5

0.
03
2±

0.
00
9

0.
25
4±

0.
01
6

0.
20
1±

0.
00
9

0.
16
5±

0.
01
3

-
z6

M
A
IN

29
57

-
53
.1
44
06
67

-2
7.
78
27
79
9

0.
01
6±

0.
00
8

0.
13
9±

0.
01
6

0.
14
8±

0.
01

0.
15
8±

0.
01
5

X
D
F
I-
23
97
74
81
21

-
-

53
.1
65
74
50

-2
7.
80
33
80
9

0.
05
2±

0.
00
9

0.
21
9±

0.
01
7

0.
16
8±

0.
01

0.
14
7±

0.
01
3

X
D
F
I-
23
97
94
63
37

z6
M
A
IN

16
09

z6
x
d
f
48
17

53
.1
65
78
78

-2
7.
77
60
44
0

0.
01
±
0.
00
8

0.
12
2±

0.
01
5

0.
15
1±

0.
00
8

0.
14
3±

0.
01
2

-
z5

M
A
IN

43
94

-
53
.1
38
99
11

-2
7.
79
03
11
0

0.
05
2±

0.
00
8

0.
15
1±

0.
01
5

0.
13
9±

0.
00
9

0.
14
3±

0.
01
1

X
D
F
I-
23
91
24
81
84

-
z6

x
d
f
82
8

53
.1
63
03
46

-2
7.
80
51
31
4

0.
02
3±

0.
00
8

0.
11
6±

0.
01
4

0.
13
8±

0.
00
7

0.
14
1±

0.
01

-
z6

M
A
IN

32
01

-
53
.1
34
82
12

-2
7.
78
41
19
5

0.
02
9±

0.
00
9

0.
19
8±

0.
01
8

0.
18
6±

0.
01
7

0.
13
7±

0.
02
1

X
D
F
I-
24
05
54
80
26

z6
M
A
IN

56
66

-
53
.1
68
97
94

-2
7.
80
07
16
1

-0
.0
01
±
0.
00
8

0.
13
±
0.
01
5

0.
15
4±

0.
01

0.
13
7±

0.
01
3

X
D
F
I-
24
01
04
73
89

z6
M
A
IN

49
80

z6
x
d
f
21
03

53
.1
67
09
84

-2
7.
79
41
66
7

0.
05
7±

0.
00
9

0.
15
9±

0.
01
7

0.
13
2±

0.
00
8

0.
12
4±

0.
01

-
z6

M
A
IN

30
3

-
53
.1
52
71
89

-2
7.
76
41
97
3

0.
02
9±

0.
00
8

0.
08
3±

0.
01
5

0.
09
9±

0.
01
6

0.
12
1±

0.
02
1

X
D
F
I-
23
68
14
75
82

-
z6

x
d
f
14
34

53
.1
53
40
45

-2
7.
79
95
03
3

0.
05
7±

0.
00
9

0.
15
8±

0.
01
6

0.
14
7±

0.
00
9

0.
11
2±

0.
01
2

-
z6

M
A
IN

15
75

-
53
.1
80
88
91

-2
7.
77
66
87
5

0.
01
5±

0.
00
9

0.
04
8±

0.
01
7

0.
06
5±

0.
01
1

0.
10
6±

0.
02
1

X
D
F
I-
24
26
94
77
49

z6
M
A
IN

34
87

z6
x
d
f
34
13

53
.1
77
83
54

-2
7.
78
53
58
7

0.
02
3±

0.
00
8

0.
1±

0.
01
5

0.
11
6±

0.
00
8

0.
10
5±

0.
01

X
D
F
I-
23
81
54
73
33

-
z6

x
d
f
23
29

53
.1
58
98
17

-2
7.
79
26
02
1

0.
02
1±

0.
00
8

0.
11
7±

0.
01
6

0.
10
8±

0.
00
8

0.
10
1±

0.
01
1

X
D
F
I-
23
40
34
63
72

-
-

53
.1
41
78
82

-2
7.
77
70
13
5

0.
01
6±

0.
00
8

0.
05
2±

0.
01
6

0.
06
9±

0.
01
1

0.
1±

0.
01
6

-
z6

M
A
IN

84
7

-
53
.1
51
50
12

-2
7.
77
31
60
4

0.
01
9±

0.
00
9

0.
03
6±

0.
01
6

0.
07
1±

0.
01

0.
09
9±

0.
01
1

X
D
F
I-
23
76
84
62
15

z6
M
A
IN

11
17

z6
x
d
f
52
01

53
.1
57
03
62

-2
7.
77
26
39
4

0.
00
7±

0.
00
8

0.
10
5±

0.
01
5

0.
12
±
0.
00
8

0.
09
6±

0.
01
2

T
ab

le
A
.1
5:

C
on

ti
n
u
at
io
n
of

A
p
p
en
d
ix

T
ab

le
A
.7
.
T
h
e
h
or
iz
on

ta
l
li
n
e
re
p
re
se
n
ts

H
-b
an

d
29
.0

m
ag
n
it
u
d
e
li
m
it
fo
r
p
ri
or
it
y
cl
as
s

6
D
E
E
P
su
rv
ey
s
in

th
e
X
D
F
fi
el
d
.

234



Bibliography

Abel T., Bryan G. L., Norman M. L., 2002, Science, 295, 93

Abraham R. G., van den Bergh S., Glazebrook K., Ellis R. S., Santiago B. X., Surma P.,
Griffiths R. E., 1996, The Astrophysical Journal Supplement Series, 107, 1

Alexander D. M., et al., 2003, The Astronomical Journal, 126, 539

Alloin D., Collin-Souffrin S., Joly M., Vigroux L., 1979, Astronomy and Astrophysics, 78,
200
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Amoŕın R., et al., 2015, Astronomy and Astrophysics, 578, A105

Appenzeller I., et al., 1998, The Messenger, 94, 1

Atek H., et al., 2010, The Astrophysical Journal, 723, 104

Atek H., et al., 2011, The Astrophysical Journal, 743, 121

Bacon R., et al., 2010, in McLean I. S., Ramsay S. K., Takami H., eds, Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series Vol. 7735, Ground-based
and Airborne Instrumentation for Astronomy III. p. 773508, doi:10.1117/12.856027

Baldwin J. A., Phillips M. M., Terlevich R., 1981, Publications of the Astronomical Society
of the Pacific, 93, 5

Balestra I., et al., 2010, Astronomy and Astrophysics, 512, A12
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