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Chapter 1

Introduction

The Fibre Multi-Object Spectrograph (FMOS, Kimura et al. (2010)) is now available for open use on the

Subaru 8m telescope in Hawaii. This instrument allows simultaneous observations of up to 400 objects

within a wide (30’ diameter) field of view, within a wavelength range of 0.9-1.8µm. The high multiplicity

of this instrument makes it ideal for use in a wide area galaxy redshift survey at z⇠ 1.5, which will provide

constraints of the growth-rate parameter, through measurements of Redshift Space Distortions (RSDs), as

well as a statistically significant sample of emission line galaxies for the study of galaxy evolution in what

has been termed the redshift desert.

This thesis focuses on the selection of emission line galaxies from available broad-band imaging data

for targeting with FMOS with a view to a wide-area redshift survey. I present data from engineering ob-

servations with an emphasis on what FMOS can reveal about galaxy evolution, given it’s sensitivity and

performance, and how this would affect the targeting selection function. Finally, I consider whether FMOS

would be suitable for continuum observations of passive galaxies at high redshift, using long-slit observa-

tions of members of a possible galaxy cluster at z⇠ 1.9 as a case study.

In this introduction, I first outline the significance of measurements of Redshift Space Distortions and

how FMOS could contribute to the understanding of the nature of Dark Energy. The insights gained into

the nature of star-forming galaxies provided by these observations is put into context, with an overview

of the current state of knowledge of the Cosmic Star Formation Rate. Integral to this consideration is

an understanding of the nature of different star formation rate indicators that have been used to provide

1



2 1. Introduction

estimates of the cosmic star formation rate at different epochs, and how FMOS is able to extend the results

from lower redshift of one particular star-formation tracer, Ha .

1.1 Cosmology

1.1.1 Dark Energy

Observations of Supernovae at different redshifts (Riess et al., 1998; Perlmutter et al., 1999) revealed,

through the relationship between their distance (determined given knowledge of the Supernovae’s intrin-

sic brightness) and recession velocity (from the measured redshifts), that the Universe has entered into a

stage of accelerated expansion. This effect is not yet fully understood, though it has been parameterised in

General Relativity in terms of a cosmological constant. This term has an energy, and hence density associ-

ated with it and has been enigmatically labelled Dark Energy. To oppose the natural infall of matter due to

gravity, Dark Energy exerts a negative pressure with an equation of state measured to be w ⇠ �1 (w = p
r

,

where p denotes pressure, and r , density) (Percival et al. (2010) provide a measurement of w =�0.97±0.1

for a constant dark energy equation of state.1). Observations of anisotropies within the Cosmic Microwave

Background (CMB) from the Wilkinson Microwave Anisotropy Probe (WMAP) also invoke the need for

Dark Energy in some form, to reconcile the observations indicating that the geometry of the Universe is

very close to flat. This requires the density of the universe to be very close to some critical density, of which

matter (baryonic and dark matter) only accounts for around 30%. Recent observations2 indicate that bary-

onic matter contributes to ⇠ 4% of the make-up of the Universe, dark matter ⇠ 22%, while the remaining

⇠ 74% is attributed to Dark Energy.

Many modified theories of gravity have been put forward that try to explain this phenomenon physically,

invoking scalar fields (eg. Wetterich, C. (1995); Amendola (2000)), that couple to matter with an associated

energy density, higher order curvature terms (Capozziello et al. (2005), for example) that remove the need for

the cosmological constant, and even extra dimensions (eg. Dvali (2000)). However, within the framework of

science, these theories must be able to be proven or discounted with observations to give them enough weight

to move, or adjust, the framework of the understanding of gravity away from the standard concordance
1This measurement is from combining WMAP5 likelihood constraints with measurements of the Baryonic Acoustic Oscillation

peak in different redshift slices from the Sloan Digital Sky Survey (SDSS) Data Release 7
2http://lambda.gsfc.nasa.gov/product/map/dr3/params/lcdm_sz_lens_wmap5.cfm
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cosmology, underpinned by the foundations of General Relativity. This is a huge driving force behind

today’s observational cosmology, and one way that different models can be distinguished from each other is

in how they predict large scale structure to develop.

1.1.2 Redshift Space Distortions

A redshift measurement is the most convenient way to measure of the distance of a galaxy from us. If the

movement of the observed galaxy is purely defined by the Hubble flow then the redshift is directly related to

the distance. Since the redshift is actually a velocity measurement of the galaxy, then this simple assumption

breaks down when large-scale structure affects the flow of matter. First, the galaxy motion is influenced

by coherent infall of matter into over-dense regions, then at smaller scales, random, position-independent

peculiar motions of galaxies within virilised clusters dominate.

These redshift space distortions are measured by comparing the distances between galaxy pairs, called

the two-point correlation function x (S). This gives a measurement of the excess probability of a galaxy

residing at a given distance with respect to another, compared to a homogeneous distribution of points.

Separating the distances into the components parallel to, p , and perpendicular to, s , the line of sight allow

the peculiar motions of galaxies, distorting the distance measurements made using redshifts, to be confined

to the parallel component. The angular correlation function, x (s ,p), when plotted then shows the effects

of these redshift distortions along one axis only. For true distance measurements, independent of the galaxy

motion, the contours of the correlation function would be symmetrical about both axes. The imprint of

coherent infall at large scales is observed as a flattening in the p direction (traditionally plotted along the

y-axis), whereas on smaller scales the peculiar velocities of galaxies produce an elongation along this axis.

These two effects can clearly be seen in Figure 1.1, which is Figure 2 from Peacock et al. (2001) and shows

the measured angular correlation function from the 2dF Galaxy Redshift Survey (2dFGRS, Colless et al.

(2001)).

Quantifying the extent of the flattening of the angular power spectrum due to this coherent infall provides

a measure of the redshift distortion parameter, b , which is related to the growth rate parameter, f according

to Equation 1.1, where Wm is the matter density parameter, or the ratio of the matter density (dark matter

plus baryonic) compared to the critical density needed for a flat Universe; D is proportional to the fractional
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Figure 2 The redshift-space correlation function for the 2dFGRS, �(�, �),
plotted as a function of transverse (�) and radial (�) pair separation. The func-
tion was estimated by counting pairs in boxes of side 0.2 h�1 Mpc (assuming an
� = 1 geometry), and then smoothing with a Gaussian of rms width 0.5 h�1 Mpc.
To illustrate deviations from circular symmetry, the data from the first quadrant
are repeated with reflection in both axes. This plot clearly displays redshift
distortions, with ‘fingers of God’ elongations at small scales and the coherent
Kaiser flattening at large radii. The overplotted contours show model predic-
tions with flattening parameter � � �0.6/b = 0.4 and a pairwise dispersion of
�p = 400 km s�1. Contours are plotted at � = 10, 5, 2, 1, 0.5, 0.2, 0.1.

The model predictions assume that the redshift-space power spectrum
(Ps) may be expressed as a product of the linear Kaiser distortion and a radial
convolution14: Ps(k) = Pr(k) (1 + �µ2)2 (1 + k2�2

pµ2/2H2
0 )�1, where µ = k̂ · r̂,

and �p is the rms pairwise dispersion of the random component of the galaxy ve-
locity field. This model gives a very accurate fit to exact nonlinear simulations15.
For the real-space power spectrum, Pr(k), we take the estimate obtained by de-
projecting the angular clustering in the APM survey13,16. This agrees very well
with estimates that can be made directly from the 2dFGRS, as will be discussed
elsewhere. We use this model only to estimate the scale dependence of the
quadrupole-to-monopole ratio (although Fig. 2 shows that it does match the full
�(�, �) data very well).

The presence of bias is an inevitable consequence of the nonlinear nature of galaxy for-
mation, and the relation between mass and galaxy tracers is complex18,19,20. However,
there are good theoretical reasons to expect that b can indeed be treated as a constant
on large scales, where the density fluctuations are linear21,22. Redshift-space distortions

4

Figure 1.1: Peacock et al. (2001), Figure 2. This displays the measured angular correlation function mea-
sured from ⇠ 140,000 galaxy redshifts from the 2dF Galaxy Redshift Survey (2dFGRS, Colless et al.
(2001)). The contours show the model predictions with a flattening parameter b = W0.6

m /b = 0.4 (see text).
The flattening and elongation at large and small angular scales, caused by coherent infall and galaxy peculiar
motions respectively, can clearly be seen.

over-density; a is the cosmological scale factor and b is the galaxy bias. The galaxy bias describes how

galaxies trace the underlying density field and can be measured by comparing the ratio of root-mean-square

fluctuations in the galaxy and mass distributions on linear scales and Marinoni et al. (2005) have analysed

the galaxy bias up to redshift z⇠ 1.5 using the VIMOS-VLT Deep Survey (VVDS).

f =
d{lnD}
d{lna} ⇡Wg

m = bb (1.1)

The relationship between the growth rate parameter and the matter density is the key to revealing the

nature of so called dark energy. The parameter, g is dependent on the cosmological model, and for the

cosmological constant model, for which WTOT = Wm + WL = 1, the predicted value is g = 0.55 (Guzzo

et al., 2008).
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 A test of the nature of cosmic acceleration using redshift space distortions 
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Figure 2 Estimates of the growth rate of cosmic structure compared to predictions 

from various theoretical models. Values of f = !bL are plotted as a function of the 

inverse of the cosmic expansion factor 1 + z = a(t)!
1
. Our new measurement at z = 0.77 

from the VVDS-Wide survey (red circle) is shown together with that from the 2dFGRS, 

computed from the published
21

 value of !; to do this, we adopted the bias value 

bL = 1.0 ± 0.1 estimated from higher-order clustering in the same survey
20

. We have also 

used very recent measurements from the 2dF-SDSS LRG and QSO (2SLAQ) survey of 

luminous red galaxies
27

 (blue open square) to add one further point at z = 0.55. In this 

case, however, the values of ! and bL are not fully independent, because they have been 

obtained by imposing simultaneous consistency with the clustering measured at z = 0. In 

practice, this forces the resulting f towards the flat " model, that is, ~#m
0.55

. A more 

appropriate treatment would require an independent estimate of the bias for this sample
23

; 

this uncertainty is accounted for by the error bars, which in all cases correspond to 68% 

confidence intervals. The solid red line gives the growth rate for the standard 

cosmological-constant flat (#m0 = 0.25, #"0 = 0.75) model, while the dashed red line is 

the corresponding open model with the same matter density but no cosmological constant; 

the blue and green dashed curves describe models in which dark energy is coupled to dark 

matter
5
; the black dot-dashed line is the DGP braneworld model, an extra-dimensional 

Figure 1.2: Guzzo et al. (2008), Figure 2. This figure shows the measurements of the growth rate parameter
from 2dFGRS (Hawkins et al., 2003) (Blue filled squre), the VVDS Wide suvey Guzzo et al. (2008) (Red
circle), and 2dF-SDSS LRG and QSO (2SLAQ) survey of luminous red galaxies Ross et al. (2007) (Blue
open square). The lines show the predictions made by various models described in the legend. The blue and
green dashed curves describe models in which dark energy is coupled to dark matter.

Guzzo et al. (2008) show how measurements of the growth rate parameter can place constraints on

cosmological models. Figure 1.2 is Figure 2 from this paper, showing the measurements of the growth

rate parameter from redshift space distortions at three different redshifts (see figure caption for details).

Overplotted are predictions made by various models, including the standard cosmological constant, flat

model (solid red line). What this plot shows is that to accept or reject any of these theories we need to either

place tighter constraints on f , by increasing the survey volumes at these points, or push to higher redshifts.

This is where FMOS comes in.

FMOS provides high multiplicity of targets over a wide field of view in the near infrared. This makes it

perfect for a large area redshift survey. Targeting galaxies at 1.4 < z < 1.7 places Ha , Hb and [OIII] within
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the observable wavelength range when in low-resolution mode (see below) allowing secure spectroscopic

redshift assignments in this range.

1.2 Galaxy Evolution

Large-scale simulations of the growth of structure of dark matter, starting from small primordial fluctuations,

growing with time due to gravitational interactions, agree well with observations of large-scale structure.

Intuitively the formation of galaxies is expected to follow this hierarchical trend with matter falling into

the potential wells of the underlying dark matter. The most massive galaxies are then expected to form

at later times from mergers between smaller galaxies. This proved not to be the whole story however,

when observations indicated that the rest frame K-band luminosity (so essentially the mass) of starforming

galaxies decreases with redshift (Cowie et al., 1996), suggesting that the most luminous, most massive

galaxies form their stars earlier than less massive galaxies. Observations of other galaxy properties are also

found to follow this "downsizing" trend, with evidence pointing to the downsizing due to the quenching of

star formation (Faber et al., 2007; Bundy et al., 2006).

The task of understanding the formation and evolution of galaxies, relative to the hierarchical growth

of dark matter structure, requires an understanding of the processes of gas cooling leading to star formation

and the resulting feedback. The links between gas cooling, accretion from gas reservoirs onto galaxies

and feedback processes such as supernovae and AGN, as well as the relative importance of mergers in

the assembly of present day galaxies, all contribute to produce the galaxy population of the present day.

Attempts to model galaxy formation due to the growth of density perturbations include using semi-analytical

prescriptions (Bower et al., 2006; De Lucia & Blaizot, 2007; Monaco et al., 2007; Menci et al., 2006) or

smooth particle hydrodynamics (SPH) (Nagamine et al., 2006; Cen & Ostriker, 2006). Observational studies

are integral to the calibration of these models, quantifying the effects of any of the feedback processes,

environment dependencies or merger rates.

The high multiplicity and wavelength range of FMOS opens up the possibility of answering questions

currently posed about the evolution of galaxies in the redshift 1 < z < 2 Universe. In particular, the evolution

of star formation in this epoch and how it is related to AGN activity can be investigated through the targeting

of emission line galaxies. Setting the scene on what questions are currently being asked, and answered,
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reveals where FMOS can make an impact, as well as how best to target these galaxies in the first place, as

they are the perfect galaxies for the large area redshift survey.

1.2.1 Cosmic Star Formation Rate

Many independent measurements of the global averaged star formation rate (SFR) density agree that the

global star-formation rate has been decreasing from redshift z ⇠ 1 to the present day, as first indicated in

Lilly et al. (1996). Since then, many different studies, using many different methods for determining SFR,

have tried to constrain how star formation in the Universe has evolved from higher redshifts to the present

day, when the SFR peaked and how it evolved before this epoch. This has required the use of many different

forms of SFR indicators, from UV light emitted directly from the young, hot, short-lived stellar population,

to measurements in the far-infrared that measures the emission from dust that has absorbed UV radiation

from dusty, star-forming regions and re-processed the radiation, emitting it at longer wavelengths. The main

difficulties in compiling these many studies has been to understand, not only the selection effects imposed on

each selection, but also in the treatment of obscuration of each measurement, and the fitting of the luminosity

functions that are used to integrate properties over the whole population and past the survey detection limits.

Hopkins (2004) compile many different measurements covering the redshift range 1-6, carefully correct-

ing to a consistent cosmology, and taking account of luminosity-dependent obscuration and errors involved

in fitting the parametric fits to observed luminosity functions. Their Figure 2 is shown in Figure 1.3, with

colour coding described in the caption. The full list of references for the compiled measurements are in-

cluded in Appendix E, including information of the SFR estimator and redshift of measurements, taken

from their Table 2. Figure 1.3 displays the observed increase in SFR at low redshift and indicates that the

SFR has started to level by redshift 1 and may be falling between redshift 3-6. The large scatter between

measurements made with different estimators obscure the details of the evolution above redshift 1.

Star Formation Rate indicators

Many different tracers of star formation are used to estimate the star formation rate (SFR) in observed

galaxies. The driving factors determining which tracers are used are the redshift range of the targets and

which tracers are easily observable in that redshift range. The stronger recombination lines, such as Ha are
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14 A. M. Hopkins

FIG. 2.— As for Figure 1, with a luminosity-dependent obscuration correction. Symbols and lines as in previous Figure. The least squares fit to the z < 1 data
points (dot-dashed line) in this Figure is log(�̇�) = 3.29 log(1 + z)� 1.80.

FIG. 3.— Lines are as in previous Figures, although note the different scales on the axes. The points show the data from Figure 4 of Lanzetta et al. (2002)
(circles correspond to the green data points of that Figure, squares to the blue points and triangles to the red points), after correction for a common obscuration.
This emphasises the high level of consistency between the current compilation and the UV estimates at high redshift, even when the effects of surface brightness
dimming are taken into account.

Figure 1.3: Hopkins (2004), Figure 2. This figure shows the Evolution of the cosmic SFR density with
redshift, with points colour-coded according to the SFR indicators used in the measurements, as follows.
Blue: UV; Green: [OII]; Red: Ha and Hb ; Pink: X-ray, FIR, sub-mm and radio. These are only the
measurements for which luminosity-dependent obscuration corrections could be applied.

observable using optical spectroscopy at low redshift but move into the near-infrared above redshift z ⇠ 1.

Some forbidden lines (eg. [OII]) are observable to slightly higher redshifts. All these tracers have one factor

in common, and that is that they trace the light emitted from young, hot, short-lived stars, either directly or

indirectly. The different tracers of star formation are summarised in Table 1.1, with a description of why

they are useful as tracers of star formation, as well as some of the limitations associated with them.

Tracer Rationale Limitations

UV continuum Direct tracer of ionising radiation emitted from Extinction from dust
young, short-lived stellar populations

Recombination Lines Emission lines produced in nuclear HII regions Extinction from dust, stellar absorption
(eg. Ha) from gas excited by radiation shortwards at same wavelengths confuse

of the Lyman limit the issue eg. for Hb

Forbidden Lines Also excited by high-energy UV radiation Not directly coupled to the ionising
(eg. [OII]) radiation, line strengths more dependent

on abundance and ionisation state
of the gas.

Far-Infrared Dust heated directly by ionising radiation Dependent on optical depth of dust.
and re-emitted in the Far-Infrared

Radio Thermal radiation from HII regions; Dependent on the Far-Infrared being
FIR:Radio correlation a good tracer of SFR.

Table 1.1: Different Star Formation Rate tracers (SFR)
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Kennicutt (1998) compiled a consistent set of SFR calibrations for different star-formation indicators

which are widely used. In particular, the calibration for deriving the SFR from the observed Ha flux

(Equation 1.2) is used in this thesis.

SFR(MJyr�1 = 7.9x10�49L(Ha)(ergs s�1) (1.2)

Each tracer introduces it’s own bias into the SFR measurement and calibrating the measurements to

provide SFRs that are consistent for different tracers is an active area of research. As can be seen from

Figure 1.3, these factors produce large amounts of scatter between the global SFR estimates. One way of

addressing this issue is to use one consistent SFR tracer over a large redshift range, and Ha is a viable option

for this task. Measurements above z ⇠ 1 made with this tracer have previously been from small samples

via narrow-band and spectroscopic surveys, though this is now changing, with the High-Z Emission Line

Survey (HiZELS, see below).

With a large redshift survey targeting emission line galaxies for measurements of RSDs, FMOS can

provide a large sample of star-forming galaxies, with Ha and Hb measurements that allow for accurate

extinction corrections on a source-by-source basis.

Understanding how star formation is affected by environment and merger rate, for example, and how

these different factors vary with redshift will allow us to gain an understanding of the reason for the rapid

decline in SFR since redshift z ⇠ 1, as well as when and how galaxies have formed and evolved into the

populations we are able to observe. The large sample afforded by FMOS should help to address some of

these questions at z⇠ 1.5. HiZELS is already addressing them successfully at z⇠ 1 and z⇠ 2.2.

HiZELS

The High-Z Emission Line Survey (HiZELS) is a narrow-band imaging survey using WFCAM on UKIRT

(Best et al., 2010). The survey is to cover a total of 6.2 square degrees over six different fields (in-

cluding the UDS) using three narrow band filters with central wavelengths at 1.211, 1.619 and 2.121µm

(NBJ ,NBH ,H2(S1)), which are situated within the J, H and K-bands respectively. These filters are used to

select Ha emitters at redshifts of z⇠ 0.84,1.47,2.23 from the narrow-band:broad-band colours. The exten-
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sive multi-wavelength data available in the observed fields are also used to filter out narrow-band emitters

not associated with Ha . This survey provides an Ha flux-limited survey of Ha emitters down to a limit of

1x10�16 erg s�1 cm�2.

The sample selected from the NBJ filter currently provides the largest sample of Ha emitters out of

the three selections. They are the most fully characterised, with high quality photometric redshifts and

spectroscopic data available in the COSMOS field to test the robustness of the selection from the narrow-

band excess (Sobral et al., 2009), (S09). Geach et al. (2008) present results from the H2(S1) selected sample

and comparison of the measured Ha luminosity functions at z ⇠ 0.84 and z ⇠ 2.2 shows strong evolution

in the shape of the luminosity function, with the counts of the more luminous Ha emitters decreasing from

z⇠ 2�1 (S09).

Examining the details of the luminosity function reveals that mergers dominate the bright end of the

luminosity function in the NBJ sample, whereas the disk population dominates the fainter end. Comparing

to the Ha luminosity function measured at lower redshifts, it seems that the evolution in the shape of the lu-

minosity function, parameterised in terms of a Schechter function (Equation 1.3), is dominated by evolution

in F⇤ at low redshifts and by L⇤ at high redshifts. These two parameters determine the overall normalisation

of the function and the characteristic luminosity, above which the spatial density drops sharply, respectively.

The other parameter in the Schechter function, a , sets the faint end slope of the luminosity function.

F(L) =
✓

F⇤

L⇤

◆✓
L
L⇤

◆
a

exp
✓
� L

L⇤

◆
(1.3)

S09 take this to indicate that at higher redshifts (z & 1), evolution in the rate of mergers and hence

the merger-induced star-formation activity starts to dominate. The higher luminosity limit in the H2(S1)

filter selected sample (due to the objects being at higher redshift) means that the faint end slope is less

well constrained by this Ha luminosity function. Including the sample from NBH should bridge the gap,

indicating how the faint end slope in the luminosity function is varying between z⇠ 0.84�2.2.

This large sample of star-forming galaxies detected within a thin redshift slice provide the opportunity

to examine how SFR varies with mass and environment (Sobral et al., 2010b) (S10), as well as the clustering

properties of the population (Sobral et al., 2010a) (both these studies focus on the NBJ selected sample).
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S10 shows that star formation mostly occurs in the field, and that any star-forming galaxies in denser

environments are associated with merger activity. Stellar mass is the primary predictor of star-formation ac-

tivity at z⇠ 1, with sSFR decreasing with increasing mass, but the environment, while initially enhancing the

median SFR of (lower-mass) star-forming galaxies is ultimately responsible for suppressing star-formation

activity in all galaxies in group and cluster environments.

Extinction properties of these sources have been examined in Garn et al. (2010) by comparing 24µm

SFRs with the Ha luminosity using the calibration of Rieke et al. (2009) for converting 24µm flux densities

to SFRs. Garn et al. (2010) find a positive correlation between extinction and SFR, as seen in galaxies

at z ⇠ 0. They conclude that there is no evidence in a change in dust properties over this redshift range.

Further work, using a sample of⇠ 90,000 galaxies from the Sloan Digital Sky Survey (SDSS) Data Release

7 shows that this correlation is fundamentally caused by the extinction properties of a galaxy being related

to the mass of the galaxy (Garn & Best, 2010).

Spectroscopic targeting of the NBJ sample has been integral in determining the rate of contamination

from other emission lines in the selection, but also in determining the AGN contamination. By spectro-

scopically targeting HiZELS NBH selected sources with FMOS, not only can the extinction properties of

star-forming galaxies be examined at z⇠ 1.5, using the flux ratio of Ha to Hb which are both visible using

low-resolution mode, but the AGN fraction of the selection can be determined using the BPT diagnostic

(Baldwin et al., 1981). This uses flux ratios of [NII]:Ha and [OIII]:Hb , lines close to each other in wave-

length and so relatively unaffected by differential extinction, to determine the source of ionising radiation.

Narrow-line AGN occupy a separate region of the plot to the tightly located star-forming sequence, with a

continuous distribution of objects with contributions from both factors joining the two regions.

1.2.2 Clustering

Galaxy clusters trace the densest and most massive dark matter halos and as such can provide constraints

for structure formation and cosmology (Gladders et al., 2007). The observed velocities of galaxies within

clusters are too high for them to remain gravitationally bound without the presence of dark matter, and

observations of hot intra-cluster gas emitting bremsstrahlung and atomic line emission in form of X-rays,

do not account for the amount of matter required to keep these structures bound. The inference is that they
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reside in massive dark matter halos and as such they provide evidence for dark matter.

Wide area broad-band imaging data can be used to detect clusters, with one of the most successful

methods being that of the red sequence method (Gladders & Yee, 2000). The red sequence method uses

the observational result that all clusters seem to contain a population of early-type galaxies, called the red-

sequence, that lie along a linear colour-magnitude relation, and were formed at high redshift. Kodama et al.

(1998), for example, investigate the evolution in the colour-magnitude relation for early-type galaxies in

clusters in the redshift range 0.31 < z < 1.27. Their results indicate a redshift of formation of the early-type

galaxies to be z f > 2� 4. The red sequence method then finds over-densities of red sources from 2-band

colours, with the bands chosen to sample the 4000Å break. This method was used to detect ⇠ 1000 clusters

over 0.35 < z < 0.95 in the Red-sequence Cluster Survey (RCS, Gladders et al. (2007); Yee et al. (2007).

Not only do galaxy clusters provide constraints on large-scale structure formation and evolution, but

they provide valuable targets for studies of galaxy evolution and how it is affected by environment. There is

a relation between colour and environment, with red galaxies predominantly found in high density regions

and blue galaxies predominantly found in the field (Dressler, 1980). Large-scale redshift surveys have

enabled this color-density relation to be investigated out to z⇠ 1.35 and its evolution traced (Cooper et al.,

2006, 2007; Cucciati et al., 2006). Investigating the evolution of this relation indicates the importance of

the local environment on the evolution of galaxies. Cooper et al. (2007) found that the color-density relation

observed locally was in place at redshift one, though the relation was shown to weaken with increasing

redshift. The weakening of the relation suggests that star formation is preferentially quenched in over-dense

regions rather than the local overdensity determining the colour of galaxies when they form (the "nature vs.

nuture" question, with nurture found to be the dominant factor). This is most likely due to the disruption of

galaxies by mergers or ram-pressure stripping of dust. This relationship is partly weakened at high redshifts

by the presence of a population of massive blue galaxies in higher density regions with no counterpart at

low redshift (Cooper et al., 2006). This relationship can be probed directly by targeting objects at different

positions relative to a cluster core, where the density increases from that of the field to the highest densities

at the core, Kodama et al. (2001) is one such study.
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JKCS041

JKCS 041 is a possible galaxy cluster in the CFHTLS Deep-1 field. It’s detection is reported in Andreon

et al. (2009) with a photometric redshift estimate of zphot ⇠ 1.9. With the current highest redshift cluster

detection (at the time of writing) at 1.753 (Henry et al., 2010), derived from the spectroscopic redshift of the

brightest galaxy member, JKCS 041 would be the highest redshift cluster detected to date, if the photometric

redshift estimate is accurate.

The cluster was detected as an over-density of sources of similar colour, from the J- and K-band pho-

tometry released in the UKIDSS Early Data Release (Dye et al., 2006) using a version of the red sequence

method (Gladders & Yee, 2000). This colour is consistent with the presence of the 4000Å break falling

within the region of the the J- and K-bands, and the over-density of sources in the colour space indicates

that there are more objects than usual in a small redshift range.

There is an X-ray detection at the position of the observed over-density and is shown in blue in Figure

6.1. Andreon et al. (2009) find a best-fitting spectral model to the observed X-ray spectrum, with a tem-

perature of 7.6+5.3
�3.3keV for a plasma model with redshift fixed at 1.9. This temperature, in turn, provides

an estimate of R500 = 0.52Mpc (the radius within which the density is 500 times the critical density at the

cluster redshift), and a mass within this radius M500 = 2.9+3.8
�2.4 x 1014MJ. These estimates all depend on the

X-ray source being associated with the observed over-density and being situated at redshift 1.9.

1.3 UKIDSS-UDS

The catalogue created for this thesis to test selection mechanisms for emission line galaxies, and later for

targeting with FMOS, is taken from the UKIDSS-UDS field. The United Kingdom Infrared Telescope Deep

Sky Survey (UKIDSS)3 is a set of five large near-infrared surveys, of which the Ultra Deep Survey (UDS)

is the deepest tier. This patch of sky is covered in the optical by Subaru, as part of the Subaru/XMM-

Newton Deep Sky Survey (SXDS) (Furusawa et al., 2008) and the mid infrared with the Spitzer SWIRE

survey (Surace et al., 2005) and the deeper spUDS (Spitzer UDS) survey (Dunlop et al., 2007). It covers

approximately a square degree in area and given the depths reached in the near infrared and optical, as well
3The UKIDSS project is defined in Lawrence et al. (2007). UKIDSS uses the UKIRT Wide Field Camera (WFCAM; Casali

et al. (2007)) and a photometric system described in Hewett et al. (2006). The pipeline processing and science archive are described
in Irwin et al (2008) and Hambly et al. (2008).
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as the extensive broad-band photometric coverage, provides a perfect data set for testing different selection

mechanisms with FMOS. The data in this thesis is taken from the Third Data Release Plus. The multi-

wavelength imaging data available in this field is summarised in more detail at the start of Chapter 2.

1.4 FMOS

1.4.1 Near-Infrared Spectroscopy

Until fairly recently the redshift range 1.4 < z < 2.5 has eluded spectroscopic investigation. It is at redshift⇠

1.4 that the last of the nebular emission lines, [OII] has been shifted into the near-infrared where the quantum

efficiency of optical CCD detectors is unable to reach, and the sky background increases in brightness.

Termed the ’redshift desert’, since there were no features observable in the optical to constrain spectroscopic

redshifts, there is a lot of catching-up to be done to bring the understanding of galaxy evolution up to the

quality available at lower redshifts, and to bridge the gap between low-redshift studies and higher redshift

populations, for which features in the rest-frame UV have shifted into the optical.

Spectroscopy in the Near-Infrared is made difficult by the bright atmospheric emission lines that dom-

inate the sky background spectrum. In fibre-fed systems specifically, the sky subtraction leaves systematic

sky-line residuals in the absence of advanced methods of sky subtraction (such as PCA fitting).

1.4.2 The Instrument

The instrument consists of three components; the Prime focus unit optimised for the Infrared; the fibre

positioning system, called Echidna; and two cooled infrared spectrographs, IRS1 and IRS2.

Four hundred fibres collect light from separate objects over a 30’ diameter field of view, at the F/2

prime focus of the 8m Subaru telescope. Two hundred fibres each are fed into two separate spectrographs

that have identical light paths (shown in Figure 1.4). These spectrographs employ a method to suppress

the OH emission lines that dominate the sky background spectrum in the near-infrared, and so increase the

sensitivity of the spectra. This is achieved using the OH suppression mirror, onto which the dispersed light is

imaged at high resolution. This mirror is etched at the positions of the OH emission lines thereby removing

them from the spectrum. The light is then either passed through another grating to degrade the resolution to
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studying dusty environments with high excitation lines, such as high mass star forming regions in our own

Galaxy. Analysis of these regions is important to understand the effect of environment on star formation.

FMOS can also be able to perform follow-up spectroscopy on Brown Dwarfs, enabling the determination of

effective temperatures, spectral types and surface gravity measurements (Lucas & Bandyopadhyay, 2004).

1.4.4 Commissioning

In late 2007, all of the mechanical components were shipped to Hawaii, assembled and mounted on the

telescope. Since May 2008, engineering observations have been carried out to check the basic performance

of the instrument. It was in two of these engineering runs, in October 2009 and December 2009 that the

science verification data, presented in Chapter 5 was taken in the UDS.

Kimura et al. (2010) summarise the basic instrument parameters as follows.

• The configuration accuracy of the fibres by Echidna is less than 0.15", much smaller than the projected

fibre diameter of 1.2". The accuracy of the auto-guiding using guide-fibre bundles is typically less

than 0.18".

• The total system efficiency is measured to be 7± 3% in the H-band, slightly lower than the mea-

surements using an image of a defocused bright star, indicating that the losses occurring at the input

surfaces of the fibres are not negligible.

• The observations made with IRS1 indicate that the noise background is approaching the limit of the

detector, showing that the thermal background is being effectively blocked. IRS2 has shown a high

thermal background due to a sub-optimal blocking filter. At the time of writing this is due to be

fixed, though the data taken with IRS2 in October 2009 and December 2009 were subject to this high

thermal backgound.

• The limiting magnitudes for an hour long exposure with S/N=5 per pixel are J=20.1 mag and H=19.8

mag in low-resolution mode. The emission line flux of 1 x 10�16 erg cm�2 s�1 is detected with a

S/N=5 in both J and H.

Observations in October 2009 revealed that the fibre configuration is not stable for long periods, due to

a misalignment between the FMOS wide-field corrector and the telescope axis. This effect is now taken into
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account by re-configuring the fibres after every 30 minutes of exposure.

1.5 Thesis Layout

In Chapter 2, I describe the steps used to produce a band-merged catalogue of objects in the UDS field with

imaging data from Subaru in the optical, UKIDSS in the near-infrared and Spitzer IRAC (InfraRed Array

Camera) bands in the mid-infrared.

Chapter 3 touches on the possible selection methods of emission-line galaxies for an RSD survey using

broad-band imaging data. Chapter 4 introduces my reduction pipeline used to reduce engineering data, ob-

tained with FMOS in October and December 2009 of objects in the UDS field. In Chapter 5 the performance

of the instrument and implications for the target selection are investigated using the commissioning data. In

Chapter 6, observations of possible cluster member galaxies of JKCS 041 are presented, where we target

the 4000Å break to determine the cluster redshift, using ISAAC long-slit spectroscopy. In Chapters 7 and 8

you can find my Conclusions and details of further work.





Chapter 2

UKIDSS Ultra Deep Field

2.1 Introduction

In this chapter, the multi-wavelength imaging data available in the UDS field is described, as well as the

steps used to produce a K-band selected, band-merged catalogue. This includes the method used to deal

with the problem of source confusion in the deep Spitzer spUDS images. This catalogue is used in Chapter

Three when determining photometric redshifts for investigating different methods for selection of objects at

1.4 < z < 1.7.

Throughout this chapter, unless otherwise stated, magnitudes are in AB, BCD frames are the Basic

Calibrated Data frames available from the Spitzer Science archive and CBCD frames are Calibrated BCD

frames in which many artifacts have been mitigated. Ch1 and ch2 frames refer to 3.6µm and 4.5µm Spitzer

IRAC frames, respectively.

2.2 Multi-Wavelength Imaging Data

2.2.1 Subaru

The optical data is taken from the Subaru/XMM-Newton Deep Sky Survey (SXDS) which provides images

in the B,V,R,i, and z bands. Details of the source catalogues and image products can be found in Furusawa

et al. (2008). The survey consists of five pointings covering 34’ x 27’ field of view, overlapping with

the UKIDSS, UDS field. The astrometry is calibrated using ⇠200 stars from the 2MASS point source

19
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catalogues. The RMS uncertainty of the coordinates across the field of view are in the order of 0.2". The

photometry is calibrated to give AB magnitudes using the magnitude zero points in table 2, Furusawa et al.

(2008). The zero points are measured from overlapping, previously calibrated data. The RMS uncertainty

in the zero points is quoted as 0.03 - 0.05 mag.

2.2.2 UKIDSS

J, H and K band imaging used in the photometry are from the United Kingdom Infrared Telescope Infrared

Deep Sky Survey (UKIDSS). This is actually a set of five large near-infrared surveys, of which this thesis

is concerned with the Ultra-Deep Survey (UDS), Third Data Release Plus (DR3+). Details of previous

UKIDSS data releases can be found in Dye et al. (2006) (Early Data Release); Warren et al. (2007b) (First

Data Release); Warren et al. (2007a) (Second Data Release). Hewett et al. (2006) details the photometric

system used by UKIRT. The Third Data Release includes H-band imaging for the first time.

The UKIDSS astrometry and photometry is calibrated using 2MASS (Two Micron All Sky Survey)

stars in the field. The error in Ra and Dec coordinates estimated from internal consistency between multiply

imaged stars is approximately 50 mas. The photometry is calibrated such that the photometric zero points

used will reproduce Vega magnitudes of 2MASS stars given a suitable aperture correction. The specified

absolute systematic accuracy is 0.02mag in each band (Dye et al., 2006). The zeropoint offsets used to

convert UKIDSS Vega magnitudes to AB magnitudes are from Hewett et al. (2006).

The source-merged catalogue available from the WFCAM science archive1 for the UDS data is K-band

selected, as the K-band image is deeper for most galaxy colors. The UDS frames were not stacked by the

UKIDSS pipeline, but were fully stacked and mosaiced before source extraction. The UDS source extraction

uses SExtractor (Bertin, 2006) as the standard UKIDSS pipeline software was found not to produce optimal

source catalogues from the data (Foucaud et al., 2007).

For the band-merged catalogue produced here, the source extraction was re-run from the K-band image

as described in Section 2.3.1. The DR3+ image products used to produce the catalogues consist of stacked,

mosaiced images with approximate seeing of ⇠ 0.7”, and 5s depths of: J⇠22.9, H⇠21.5 and K⇠21.8 in

Vega magnitudes.
1http://surveys.roe.ac.uk/wsa/
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2.2.3 Spitzer

SWIRE

The SWIRE (Spitzer Wide-area InfraRed Extragalactic survey) (Surace et al., 2005) XMM-LSS field also

overlaps with the UDS field, providing near-infrared IRAC data at 3.6µm, 4.5µm, 5.8µm and 8.0µm for

most of the UDS sources. Astrometric calibration is performed by first using the known pointing history of

the telescope, then requiring the observed image data to coincide with 2MASS astrometry. The accuracy

of the registration of any given star is accurate to ⇠0.3" . The photometry is calibrated using selected

calibration stars within the field and the point source photometry is calibrated to an accuracy of 3%. The

photometric calibration is performed on the BCD frames within an aperture of 10 native pixel radius (12"),

with a background annulus with inner and outer radii of 12 and 20 pixels. The wings of the point spread

function (PSF) of the instrument extend into the background annulus and as such, a small amount of the

source flux is being subtracted in the background subtraction. This effect is calibrated for this particular

aperture but when using other sized apertures a correction has to be applied to account for the diffrerences.

The calibrated photometric zeropoints are thus correct for apertures with 12" diameter (Reach et al., 2005).

Performing aperture photometry on SWIRE IRAC image products is complicated by the required correc-

tions due to the IRAC flat field. This has been derived from the high surface brightness zodiacal background,

which peaks redward of the filters, unlike most of the bluer sources of interest. These corrections are array-

location-dependent and have to be applied to the original BCD images before mosaicing, or a correction

mosaic has to be generated. This is the largest source of error in performing point source photometry on

IRAC image mosaics, with peak-to-peak corrections of order 10 to 20% (Handbook, 2010).

SpUDS

The UDS has also been targeted with Spitzer to much deeper limiting magnitudes with spUDS (⇠23(AB) in

3.6µm, Dunlop et al. (2007)). This presents the issue of confusion in the deepest two bands (3.6 and 4.5µm)

which is discussed in more detail in Section 2.4. The 3.6 and 4.5µm images are used here, rather than the

SWIRE data, as they provide the opportunity to probe how deep you would need to be in the IRAC bands

for them to be of use for target selection with FMOS.

The warm stage of the Spitzer mission is underway at the time of writing, and data is still being taken
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with these two bands, allowing the possibility to cover new fields with Spitzer coverage.

The full broad-band coverage in the UDS is summarised in Figure 3.5 which shows the profiles of each

of the filter transmission filters.

(a)

(b)

Figure 2.1: The filter transmission curves in the optical to mid infrared, with Subaru and WFCAM filters
plotted in panel (a) and the Spitzer IRAC filters plotted in panel (b)

2.3 Optical to Near-Infrared photometry

The catalogue is selected from the K-band UDS image. This process starts with source extraction using

SExtractor. There are catalogues available from the WFCAM science archive that have been selected from

this image2 (see Foucaud et al. (2007) for details of the Early Data Release (EDR) UDS catalogue) but these
2http://surveys.roe.ac.uk/wsa/
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were not used for two reasons. First, when matching photometry between different bands with the final

goal being to determine photometric redshifts, the photometric apertures, seeing and zeropoints must be

matched as accurately as possible. This is not possible when matching between catalogues with differences

in astrometry and deblending thresholds. The aim with this photometry was to extract the sources from

all the optical and near-infrared images using SExtractor (Source Extractor) (Bertin, 2006) in dual image

mode. This means that the objects are detected and object profiles characterised in one image (the K-band

image in this case) and then the objects are extracted from the other images at the same positions, with the

photometric apertures sampling the same physical regions of the objects.

The second reason is that the method used here to perform photometry on the confusion-limited Spitzer

IRAC images requires priors in position and shape of the objects from a shorter-wavelength, higher reso-

lution image. The initial parameters used to make these priors come from the SExtractor output from the

K-band image.

2.3.1 K-band selected catalogue

Source Extraction

Sources are first detected and characterised using SExtractor (Bertin, 2006). This package is designed to

detect objects and perform photometry for large-scale galaxy surveys.

SExtractor first calculates the background level in the image, then filters the image to enable the pref-

erential detection of sources rather than noise. This filtered, background-subtracted image is used to isolate

connected groups of pixels that lie above a detection threshold that is set by the user. Once groups of con-

nected pixels are identified they are deblended to assign the pixels to their appropriate source if multiple

sources are overlapping within the group. The aggressiveness of the deblending can be tuned by the user by

setting various thresholds that in effect determine how much flux a secondary peak needs to contain before

it is considered a separate source (DEBLEND_MINCONT) and how finely the profile of the pixel group is

sampled (DEBLEND_NTHRESH).

The filter greatly affects the sensitivity and deblending characteristics of the resulting catalogue. A

number of different filters are supplied with SExtractor, the results of which were compared, by eye from

the segmentation images (images that highlight groups of pixels and assign them a flag according to which
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object they are assigned to), and to the source catalogue available from the WFCAM science archive. The

filter chosen was the gauss_1.5_3x3.conv filter which was found to suitably filter the noise.

The performance of the detection depends strongly on how accurately the noise properties of the image

are characterised. For images that have been made up from stacked, jittered frames the noise properties can

vary across the image according to change in coverage and differences in illumination across the detector.

These are taken into account by weighting the extraction using the confidence images provided by the

observatory.

Characterising the catalogue

The limiting magnitude of the K-band image was determined by placing 2" diameter apertures at random

places over the image. Any apertures containing sources were discounted using the segmentation image (see

above for a description). The standard deviation of the background counts gives the true error in determining

the background flux within this sized aperture whatever the structure in the background noise and, at a value

of ⇠ 460 gives a 5s , point-source limiting magnitude of 23.5 (AB) (within the 2" aperture, or ⇠23.8 (AB)

total magnitude).

To determine the completeness of the catalogue, artificial point sources were added to the original image

using the IRAF task ADDSTAR before re-running the source extraction. This task adds representations of

the PSF, modelled with the DAOPHOT task PSF, to random points within the image. One thousand stars

were added with magnitudes distributed randomly between 11 and 25. Any sources added to the position

of a previously detected object or a masked position were discounted from further analysis. The fraction

of objects detected was then determined by running the source extraction on the image and the catalogue

matched to the original star catalogue. This was repeated 10 times and figure 2.2 shows the histogram of

sources added, and that of un-detected sources. At a magnitude of 24.1±0.1 (AB), 50% of the point sources

are recovered (dashed line on the plot).

2.3.2 Photometry

There are a few different options available when performing photometry in different bands with the aim of

accurate object colours and some of these options are listed below:
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Figure 2.2: The magnitude range of artificial stars added to the image (blue histogram) with the distribu-
tion in magnitude of undetected stars (orange histogram). The dashed line shows the 50% point source
completeness limit at 24.1 magnitudes (AB).

• Perform aperture photometry in a large enough aperture to encompass all of the object flux. This is

not optimal since the use of a larger aperture, encompassing low signal to noise regions of the object,

will produce noisier flux estimates.

• Perform photometry in a smaller aperture applying a point source aperture correction to produce an

estimate of the total flux. Convenient if the objects of interest are unresolved or only partially resolved

but the aperture correction assumes that the source profile follows that of a point source.

• Match the point spread function (PSF) of all images and perform aperture photometry in smaller

aperture without an aperture correction. A small aperture may mean that you are only sampling part

of the object profile but the matched PSF should ensure that you are sampling the same physical

region, or the same fraction of the object’s flux in all bands.

• Employ SExtractor’s MAG_BEST option which supplies an estimate of the object’s total flux.

In this case the third option was chosen. The optical and near-infrared images are all degraded to 1"

seeing to match the image PSFs before performing photometry in a 2" diameter aperture. The small aperture

size ensures high signal to noise flux estimates and negligible contamination from neighboring objects. This
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method was chosen since the images are all very deep and fairly crowded. Within this sized aperture, most

of the objects cannot be assumed to be point sources and so PSF matching was considered a more accurate

method for correcting differences in seeing between the images than applying an aperture correction.

To use SExtractor in dual image mode, the SXDS images must first be resampled into the pixel grid of

the K-band UDS image. This requires accurate matching of astrometry.

Astrometry

(a) (b)

Figure 2.3: The differences in astrometry between the central Subaru pointing and the UKIDSS K-band
image. Found by matching catalogues obtained from the two images. (a) Shows that there are systematic
differences in right ascension and declination (Ra and Dec) while (b) shows how the difference in Ra varies
across the image.

There are systematic differences between the Subaru and UKIDSS image astrometry across the field.

This is shown in Figure 2.3, where this figure is produced by matching a catalogue extracted directly from

the Subaru B-band central image with the K-band catalogue. It was found that systematic offsets were

found between the separate SXDS pointings, with the central pointing producing the largest offsets, shown

above. As such, the UKIDSS astrometric frame is chosen as the most stable and used through the rest of the

detection.
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These differences in astrometry were measured and modeled by Chris Simpson3 and have been modeled

similarly here, as follows. For each source, the offset in that region of the image is calculated from an average

of all offsets within a 5 arcminute radius. This smoothes over any mis-matched objects or differences

in deblending thresholds between the two catalogues. For each object, the predicted position within the

UKIDSS astrometric frame can then be determined.

Before correcting the astrometric errors, the SXDS images are resampled into the UDS pixel grid and

astrometric frame using the IDL procedure HASTROM, a procedure that registers images to the same as-

trometric frame, as defined in the image headers. This procedure does not match the header astrometry

perfectly so these differences are modelled as above. The differences in astrometry between the original

SXDS images and those introduced by HASTROM can then be removed by using the modelled astrometric

shifts at the object positions as tie points in the IDL procedure TRI_WARP. The results of this resampling

and warping are illustrated in Figure 2.3.

PSF matching

The different SXDS pointings are each convolved to the same PSF so that the FWHM is matched in each

band for each pointing but each pointing has a different PSF. The J, H and K band images also all have

slightly different seeing. To match the seeing in all of the images, they are all degraded to 1" seeing. For the

SXDS images, the original model PSFs are modelled as gaussian with FWHM as given in Furusawa et al.

(2008). The PSF of each of the UDS images are modelled using the IRAF DAOPHOT package. The kernel

required to convolve the images to the same PSF was determined by using the IRAF task PSFMATCH using

a model gaussian PSF with FWHM 1" as the reference PSF.

Overlapping regions between different SXDS pointings allows this correction to be tested within the

chosen 2" diameter aperture for the photometry. Figure 2.4 shows clear systematic differences between the

photometry in the images before matching the PSFs for images with matched astrometry (orange histogram),

while after convolution to 1" seeing any systematic offset is negligible (blue histogram).
3http://www.astro.ljmu.ac.uk/ cjs/SXDS/uds/matching.html
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Figure 2.4: Differences in object magnitude from the SXDS B-band Central and Southern pointings. The
orange histogram shows the photometry differences between objects detected in the overlapping region
of the central and southern pointings before PSF matching. The blue histogram shows the photometry
differences after the images have been degraded to 1" seeing.

Photometric Errors

Fluxes are estimated by subtracting the expected background flux from the measured flux within an aperture

of some shape and size. The photometric errors, in the simplest scenario with un-correlated background

noise and negligible systematic errors, are therefore estimated by combining the estimated background

noise and the Poisson noise from the object in quadrature. The error in the estimated background or sky

value is often taken from the standard deviation of the pixel values within an annulus centred on the object

in which the background value is estimated. If the images have been interpolated at any point, however,

then the pixel values are likely to be correlated over some characteristic scale. In the case of the UDS

images, the observing strategy employs a jitter to enable sub pixel-scale resolution and in the case of the

Subaru images, they are resampled and interpolated to the same astrometric solution of the UDS images

(see above). A simple standard deviation is then not sufficient to describe the error and you have to worry

about off-diagonal terms in the covariance matrix to correctly characterise the noise in the image.



2.4. Dealing with the confusion limit in Spitzer Images 29

In the case of the UDS images, they are background limited and this correction is important.

The final photometric errors were calculated according to Equation 2.1, where F is the flux, N the number

of frames contributing to a stack, g the gain in e�ADU�1, ÂCi j is the sum of the terms of the covariance

matrix, A the area of the aperture, and s the error in the background estimate.

Dm = 1.0857

q
As

2 ÂiCi j + F
Ng

F
(2.1)

Photometric Zeropoints

Stars occupy fairly well-defined regions in colour-colour space and so can be used to check the accuracy of

the photometric zeropoints of the catalogue, as plotted for various colour combinations in Figure 2.5. The

only bands with obvious systematic offsets are the z’ and J-bands (see panels 2.5(d-f)) whereas no systematic

offsets are seen between the optical and H- and K- bands (panels 2.5(k) and (l) respectively). The zeropoint

offsets were estimated by eye to be +0.1±0.05 and -0.15±0.05 in the z’ and J-bands respectively.

2.4 Dealing with the confusion limit in Spitzer Images

The depth reached by the spUDS images (Mag3.6µm ⇠ 24(AB)) make them deeper than the K-band images

used here. They are, however unsuitable for defining the source catalogue from since the large PSF of Spitzer

coupled with the depth of the images introduces a new problem, that of source confusion which is displayed

in Figure 2.6. Objects which were distinct in the K-band image but separated by 2 arcseconds now overlap

in the IRAC images and reliable aperture fluxes can no longer be easily obtained. To tackle this problem, the

superior resolution of the UDS K-band image has been used to set priors on position and shape of objects,

which are then fit to the IRAC images to obtain fluxes using a method similar to that employed in creating

the GOODS-MUSIC catalogue (Santini et al., 2009). To produce a band-merged catalogue including IRAC

and MIPS photometry they developed an algorithm, convPhot (De Santis et al., 2007) using the Hubble ACS

z-band images as a prior for the position and morphology of the sources. To produce the band-merged UDS

catalogue here, the prior is produced from parametric fits to the object profiles in the K-band.

The steps involved in the process are as follows and are displayed in Figure 2.7:
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 2.5: Observed stellar colours (green symbols) plotted alongside the stellar colours from the Pickles
stellar library (Pickles, 1998) (red symbols). The blue symbols show the stellar colours before correcting
for systematic offsets in the z’ and J-band zeropoints.
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Figure 2.6: Confusion in spUDS images. The left hand panel shows an object in the K-band image with a
2" aperture in red. The right hand panel shows the same object in the IRAC 3.6µm image with the same
aperture. Now the aperture contains flux from the two adjacent objects as well as the object of interest.

• Extract sources from the K-band image using SExtractor (Bertin, 2006).

• Construct a PSF of the K-band using the IRAF Daophot task, PSF.

• Using the Segmentation image to determine which pixels belong to which objects, each object is then

fit with a bulge-disk decomposition using the IRAF package GIM2D (Simard et al., 2002).

• Construct a PSF for each of the IRAC mosaics, being careful with the normalisations (see details

below).

• A kernel was then constructed using the IRAF task PSFMATCH that is then used to convolve the

model profiles to the resolution of the IRAC images.

• Calibration of differences in astrometry between the UKIDSS and Spitzer images.

• Fit the normalisation of the simulated objects to the IRAC images using an Expectation-Maximisation

algorithm (E-M algorithm).

• Colour corrections can then be applied to the IRAC colours as explained in the IRAC data handbook

(Handbook, 2010).

2.4.1 IRAC mosaics

IRAC mosaics were built using MOPEX (Makovoz, D. & Khan, I., 2005), a custom built program for mo-

saicing Spitzer data. The CBCD images have already been corrected for several artifacts and are mosaiced

as they stand.
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Figure 2.7: The steps taken to produce IRAC photometry free from the effects of confusion. Starting with
the K-band UDS image, priors in object positions and profiles are determined by parametric fitting. These
are then normalised to unit flux and convolved with the appropriate kernel to reduce the resolution to that
of the IRAC images. Overall object normalisations are then determined for each object using an iterative
Expectation-Maximisation (EM) algorithm, fitting to the IRAC images.

The different stages in mosaicing are:

• Background matching

• Astrometric registering and re-sampling CBCD images to common astrometric frame.

• Remove outliers from multiple images covering the same area. This corrects for cosmic ray hits/hot

pixels in individual images.

• Combine images.

The different channels were mosaiced to the same astrometric frame, with 0.6" pixels that sub-sample

the native 1.22" pixels of the CBCD images.
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2.4.2 Parametric fitting to objects in UDS K-band image

The GIM2D package

The IRAF package, GIM2D (Simard et al., 2002) has been designed to produce parametric fits to large

samples of objects, and is used here to fit to the profiles of the K-band objects. It fits a simple bulge+disk

profile to the object profiles with a maximum of twelve parameters: the total flux, bulge fraction, photobulge

semi-major axis effective radius, photobulge ellipticity, photobulge position angle of the major axis on the

image, the photodisk semi-major axis exponential scale length, the photodisk inclination, photodisk position

angle on the image, subpixel x and y offsets of the galaxy centre, background residual level and Sérsic

index of the bulge. When fitting to the image, each model profile is convolved with the supplied psf.

The complicated topology of the 12-dimension parameter space is sampled and the global minimum in c

2

is found by use of the metropolis algorithm. The algorithm was allowed the full range in each of these

parameters when fitting so as not to introduce any bias into the fits.

The package uses the segmentation image produced by SExtractor to determine which pixels belong to

which deblended source and which to the background. For each object a thumbnail image is extracted from

the original image and segmentation image. I used the option to re-calculate the background value and s

which then uses the pixels with flag 0 in the segmentation image as the background pixels. There is the

option to leave a buffer zone around the object pixels to ensure that any low surface brightness extremities

of the objects do not contribute to the calculated background.

The program then outputs an image of the object profile which is the result of the convolution of the

theoretical profile, described by the best-fit parameters above, with the supplied image psf. Each iteration of

the algorithm is documented in a log file and the residuals left by the fit are output as a residual image tile.

2.4.3 IRAC psf

The Spitzer PSF is under-sampled in the IRAC images and the pixels vary in sensitivity across their surface.

These two effects together mean that the realisation of the PSF differs depending on where on a pixel the

centre falls. When the BCD images are later mosaiced, the shape of the PSF will also be determined by the

projection of the local dither pattern employed while observing. This means that modelling the psf by fitting

to stars in the image, as with the Daophot PSF task, is not sufficient.
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The Spitzer Science Centre4 supply accurate Pixel Response Functions (PRFs). These PRFs combine the

information of the instrument PSF, the detector sampling and the pixel sensitivity by providing realisations

of the PSF as it is detected when its centre falls at different positions within its peak pixel. These realisations

are also supplied for 25 subsections of the detector array on a 5x5 grid.

These PRFs are used to construct a model PSF (Figure 2.8) for the final mosaic, preserving the normali-

sation required to match the calibration of Spitzer data within the calibration aperture (explained in Section

2.2.3). The steps used to create these model PSFs are described below.

• The PRFs are first normalised to contain unit flux within an aperture with a radius of 10 native pixels

and a background annulus with inner and outer radii of 12 and 20 pixels respectively. A correction is

applied to take account of the differences in flux measured at different pixel phases (position of the

centre of the star within a pixel).

• A sample of stars was created, selected to be unsaturated, with KAB <15. A model PSF was built

for each of these stars by inserting the appropriate PSF realisation into a blank CBCD frame at the

position that the star would appear. These model CBCDs were then mosaiced in the same way as the

original CBCDs.

• The stars are then assigned to a 3x3 pixel grid according to their position in the final mosaic image

and the stars from each section are centered on a pixel and averaged to model the mosaic PSF and its

variation across the image.

PRF normalisation corrections

The IRAC core PRFs supplied by the Spitzer Science Centre need to be normalised to unit flux within the

calibration aperture. The individual realisations are only 25x25 pixels, however, so this is not big enough

to find the full correction including the contribution from the background annulus. The extended PRFs are

therefore used, which display the PRF for the whole extent of the detector (256x256 pixels) but only for a

star centred on the detector. The ratio of the sum within the calibration (12" diameter) aperture to the flux

obtained by including background subtraction is calculated by performing photometry on these extended

PRFs.
4http://ssc.spitzer.caltech.edu/
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Figure 2.8: The IRAC CH1 mosaic PSF, shown in a logarithmic scale (PSF for central region of mosaic).

To apply this correction to the core PRFs, a little bit of care is needed. First, since the flux within a 10

pixel aperture is different depending on the pixel phase of the PSF (where within the central pixel the centre

of the PSF falls), one single phase needs to be chosen for calculating the sum within the aperture.

The CBCD calibration is such that it is equally likely for the flux to be high or low compared to the true

value. Therefore, to find the true flux of a star observed at pixel phase p =
p

(x� x0)2 +(y� y0)2 within

the calibration aperture, a correction must be applied:

C(p) = 1+0.0535⇤ [
1p
2p

� p] (2.2)

The normalisation of the PRFs will therefore follow the calibration if the zero phase realisation of the PRF

is chosen and a correction factor applied with p = 0. The overall normalisation applied to the core PRFs is:

PRFsum, phase = p
PRFsum, phase = Zero

⇤ ExtendedPRF f lux
ExtendedPRFsum

⇤C(0) (2.3)

Model Stars

The mosaic PSF was modelled by using a selection of stars in the image. For each star, an artificial star is

produced using the following steps
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• First, the CBCD frames in which the star is detected are determined.

• The true star center is compared to that determined using the OFILTER centering option within the

IRAF task, PHOT, and calibrated using the IRAC PRF realisations that are centered at different points

within the central pixel. This was the only centering option that was able to center on the PRFs in a

way that could be calibrated. The other options were prone to failing.

• Photometry is performed on each CBCD tile using the IRAF PHOT task. Centering was used with

the OFILTER option to determine the true star centres.

• A model frame was made for each tile with the PRF realisation added at the correct centre position.

• These tiles are then mosaiced using the same MOPEX parameters as used for the original mosaic.

2.4.4 Creating IRAC image profiles

The object profiles output from GIM2D need to be convolved to the resolution of the IRAC images. This

is done by creating a convolution kernel from the K-band and Spitzer PSFs, using the IRAF task psfmatch.

The object profiles and K-band psf are first normalised to unit flux and the normalisation of the IRAC psf

is carefully set to correspond with the calibration of the cbcd images, as described in the previous section.

The objects are then resampled to their correct position within the IRAC pixel grid.

2.4.5 Fitting model profile normalisations

Expectation-Maximisation algorithm

An iterative approach is used to fit the normalisation of the object profiles in the IRAC images, using

an Expectation-Maximisation algorithm (E-M algorithm). The algorithm is explained in more detail in

Appendix A.

Essentially, the final normalisation of an object is determined by fitting the contribution of the flux from

all the overlapping objects at each pixel. The estimate of the object normalisation is scaled according to the

ratio between expected flux (from the scaled, modeled profile) and the measured flux. This ratio is scaled

according to the relative contribution of the object across its profile. This new estimate is then used in the

next iteration.
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Array-location dependent photometric corrections.

As mentioned in Section 2.2.3, the IRAC flat field has been derived from the high surface brightness zodiacal

background. This peaks red-wards of the filters, and so for bluer sources, a colour correction has to be

applied which is location dependent since there is a variation in the effective filter bandpass with angle of

incidence. These corrections have been measured and are supplied by the Sptizer Science Centre5 as images

the same size as the BCD products that apply multiplicatively to the BCD images.

To apply these corrections to the final mosaic, a separate file is made corresponding to each CBCD image

contributing to the mosaic, with the CBCD header file copied into the header of the correction image. These

correction images are then mosaiced using the same parameters as for the science mosaic. The resulting

correction image is then multiplied by the science mosaic.

Astrometry Refinements

After finding the first estimate of profile normalisations a second refinement of the astrometry can be per-

formed using the simulated image. Centering is performed, within the IRAF task PHOT using the OFILTER

centering parameter, at the positions in both the mosaic and the simulated image. The average difference

in astrometry for each source is defined by averaging the astrometry differences within a 20" radius centred

on each source. These then define tie-points to be supplied to the IDL procedure WARP_TRI to warp the

original mosaic image that is then used to adjust the normalisations by running through EMalgorithm again.

This procedure is displayed in Figure 2.9.

Error Estimates

The error estimates are determined directly from the residual image (image-fitted profile) according to Equa-

tion 2.4. The residuals are weighted according to the shape of the profile at each given pixel.

s f lux =

s
Si, j pro f ile(i, j)⇤ (img(i, j)� pro f ile(i, j))2

Si, j pro f ile(i, j)2 (2.4)

5http://ssc.spitzer.caltech.edu/irac/calibrationfiles/locationcolor/
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Figure 2.9: Displaying the method used to refine the astrometry corrections. Photometry is performed at
the positions of objects in both the original image (top left) and the simulated image (top right). The blue
circles in the simulated image show the original object positions estimated from the K-band astrometry and
corrected for large scale offsets (see text). The green circles show the newly centred positions. Taking each
object, the offsets between these centres are averaged within a 20" radius (size of red circle). The arrow
shows the direction of the required shift that needs to be applied to the original image to match the position
in the simulated image for the object at the centre of the red circle. The original image is then warped to
match the positions of objects in the simulated image. The two residual images below show the pattern of
residuals before (bottom left) and after (bottom right) this correction is applied. There is a visible systematic
pattern in the before panel that has been improved by applying this correction.
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2.4.6 Results

To test the normalisations obtained by this method, one can compare them to aperture photometry performed

on the mosaics. This requires the calculation of an aperture correction to be applied to this photometry, since

the normalisations of convolved image profiles should provide total object fluxes. Even if the aperture were

the same size as the calibration aperture, one could not assume these fluxes to be accurate as a mosaic will

have different sampling within the pixels compared to the CBCD frames in which the calibration aperture is

defined.

Mosaic Point Source Aperture Correction

To calculate the mosaic aperture correction, stars are chosen from the mosaic with flux 1000 < f lux(µJy) <

4000. This selection ensures that the star is not saturated and lie above ⇠ 10s . Photometry is performed

on the stars in each of the CBCD frames where they are observed, within a 3 native pixel radius and a

sky annulus with inner and outer radii or 12 and 20 pixels respectively. The flux is then multiplied by the

aperture correction factor of 1.112 (Handbook, 2010) for this sized aperture. Finding the mode and standard

deviation of these values provides a measure of the total flux of the star and the error in the measurement. A

smaller aperture than the calibration aperture (10 pixel radius) was chosen to minimise the likelihood of the

aperture containing bad pixels or cosmic rays. The number of different observations of the star at different

positions on the detector takes account of the pixel phase corrections, since the calibration is such that there

is equal probability of measuring flux higher or lower than the true value.

The same stars were measured within a 2" aperture with the same sized background annulus from the

mosaic. A clipped mode of the distribution of ratio values of aperture to total flux is found, with it’s

corresponding standard deviation, to be: 0.78184380±0.010784788.

Comparing normalisations to aperture photometry

Aperture photometry was performed on the CH1 mosaic in a 2" radius aperture with a background annulus

the same size as the calibration annulus. A small sized aperture was chosen to mitigate the effects of crowd-

ing and confusion somewhat (to minimise the contribution of neighboring object flux to the aperture). The

photometry was corrected to total using the mosaic point source aperture correction (obtained as described
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Figure 2.10: Testing the fluxes derived from the profile normalisations against aperture photometry (2"
radius aperture) performed on the mosaic. A point source aperture correction has been applied to the pho-
tometry to scale the flux to the total flux (see text).

above).

Good agreement was found when comparing the aperture photometry to the fluxes derived by the prior

method described above (Figure 2.10) for objects not identified as stars. The profile normalisations provide

systematically higher fluxes than the aperture photometry. This is most likely due to the calculation of the

aperture correction being derived from point sources whereas these objects are partially resolved.



Chapter 3

RSD Target Selection

Selection of Galaxies for a redshift survey designed to measure Redshift-Space Distortions (RSDs) requires

a high redshift completeness for the observed objects and high survey efficiency of the target fields. The

final survey selection function will depend on the sky subtraction strategy to be employed, as well as the

physical surface density of observable targets in the redshift range of interest.

A high redshift completeness requires the objects to be in the correct redshift range with strong emis-

sion lines that can be used to secure a redshift. An important limiting factor to consider when designing

the selection function is the availability of multi-wavelength data there over the required area from which to

pre-select the targets. Proposed survey regions that are considered here are the Spitzer Wide-area InfraRed

Extragalactic survey (SWIRE, Surace et al. (2005); Lonsdale et al. (2003)) and the Canada-Frace-Hawaii

Telescope Legacy Survey (CFHTLS1), and the available broad-band imaging data in these regions are sum-

marised in Sections 3.3.2, 3.3.3.

In order for the results from FMOS to be competitive, the result needs to be constrained at a redshift

of z ⇠ 1.5 where Ha can be detected in the H-band. Not only are multiple line redshifts possible for the

targets (with Hb and [OIII] then falling in the J-band), but this is a region in redshift that has not yet got

a satisfactory constraint from measurements of RSDs (referring the reader back to Figure 1.2, that shows

the measurements of the growth rate function at different redshifts). For the number of nights likely to
1Based on observations obtained with MegaPrime/MegaCam, a joint project of CFHT and CEA/DAPNIA, at the Canada-

France-Hawaii Telescope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des
Science de l’Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. This
work is based in part on data products produced at TERAPIX and the Canadian Astronomy Data Centre as part of the Canada-
France-Hawaii Telescope Legacy Survey, a collaborative project of NRC and CNRS.

41
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be available for the survey and the number of field observations that translates to after considering time

overheads and weather, achieving a 70% redshift completeness would allow a constraint to beat the 10%

constraint afforded by WMAP.

Current tests of colour selections based on UKIDSS B-Rc-i colours have so far afforded a low complete-

ness rate and do not allow a selection of only H-band candidates2. This colour selection is based on the

available broad-band data in the RCS (Red sequence Cluster Survey, Yee et al. (2007)) fields (with g’,r’,i’

photometry extending over ⇠1000 square degrees), originally aimed towards a Baryonic Acoustic Oscilla-

tion (BAO) redshift survey. Here, we are concerned with measuring redshift space distortions, for which the

area of the survey is not so important and other, smaller surveys can be considered as target fields. There is

a relatively unexplored possibility of using Spitzer IRAC photometry from the SWIRE survey to select high

redshift sources (above z⇠ 1.5) placing Ha into the H-band.

As a short aside, there are a couple of considerations that should be noted for the use of Ha emission

to determine galaxy redshifts. The first is the existence of galactic outflows in star-forming galaxies caused

by the injection of energy into the inter-stellar medium by supernovae. Their existence has been inferred

from the difference in redshift inferred from spectral features associated with different galaxy components

(for example in Lyman-break selected galaxies (Shapley et al., 2003)), as well as the appearance of lines

that require a higher ionisation temperature than provided by massive stars alone, yet with no evidence of

an AGN their existence is attributed to shock heating of the gas by these outflows. If the features associated

with stars are used to infer the systemic redshift of the galaxy then low-ionisation lines associated with

the neutral gas, and high ionisation lines associated with the ionised gas were measured to have systematic

velocity offsets (to that of the stellar features) of order ⇠-100 to -200km/s in the average spectra of the

Shapley et al. (2003) lyman-break selected galaxies. This indicates that the spectral features are coming

from material that is moving towards us (in the rest frame of the high-redshift galaxy) and so is being

emitted from the near side of an outflow. At z⇠ 1.5, these outflow velocities produce a systematic blueshift

of order Dz < 0.002 which is actually the order of the expected accuracy of the determined redshifts in

low-res mode, and so should not pose a significant problem.

The second consideration is the presence of Balmer absorption lines. The Ha emission lines are pro-

duced in ionised HII regions by the recombination of ionised Hydrogen. These HII regions have been
2Results presented at the FMOS meeting, Oxford, 2010 by Totani, T. and Sumiyoshi, M.
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ionised by hot, young O- and B-type stars which dominate the UV-continuum shape in galaxies, when they

are present. In the atmosphere of slightly cooler F- and A-type stars, there are absorption features, including

Balmer absorption lines. As the dominant stellar population shifts from hot O- and B-type stars to cooler,

longer lived stars, with stronger intrinsic absorption, these absorption features become more dominant in

the UV continuum, reaching a maximum equivalent width at about 200Myr-1Gyr after a starburst event

Kauffmann et al. (2003). There are two effects here that will decrease the detectability of Ha . The first is

the decrease in the hot ionising continuum that ionises the HII regions in the first place (with the death of the

short-lived, hot stars), and the second is the fact that the absorption features are coincident with the emission

(being caused by the same electron transition). Although these two spectral features occur in physically

distinct regions within the galaxy (stellar atmospheres and the ISM), and so the intrinsic Ha emission from

the HII regions is not affected by the absorption features, they will act to decrease the signal to noise of the

detected Ha line (peak of line = line peak flux + continuum flux). In the objects we are targeting, given the

desired exposure time of 1 hour, we will not see significant continuum and the resultant signal to noise of

any detected Ha will be dominated by the sky noise. As such we will likely only successfully detect very

strong intrinsic Ha emission from objects whose UV continuum is still dominated by hot O- and B-type

stars.

3.1 Photometric Redshifts

3.1.1 Template Fitting Method

There are two main techniques used to calculate photometric redshifts, both of which involve comparing the

observed spectral energy distribution (SED) with that expected for galaxies at different redshifts. The first

method minimizes the chi-squared fit between the observed SED and a set of synthetic or empirical galaxy

spectra shifted to a range of redshifts and convolved with the filter response functions (Hyperz (Bolzonella,

M. et al., 2000) and Le Phare (Ilbert et al., 2006), for example). The second method uses a training set of

SEDs with known redshift, either to calibrate the results from a chi-squared fit or to train an artificial neural

network (ANNz, for example, (Collister & Lahav, 2004)).
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c

2 - fitting method

Le Phare (Ilbert et al., 2006) is a set of Fortran routines extensively used to produce photometric redshift

estimates (see, for example Ilbert et al. (2006, 2009); Rodighiero et al. (2010) for use of the routine; Abdalla

et al. (2008); Hildebrandt et al. (2010) for testing). It takes as input a photometric catalogue and the broad-

band filter response functions. The template spectra chosen by the user are shifted to different redshifts at

specified redshift intervals, reddened according to the chosen internal reddening law, and then depressed

with the Lyman-alpha forest before being convolved with the filter response functions to obtain the expected

flux through the filter. The chi-squared value (Equation 3.1.1) between the observed and template SEDs is

then minimized and the optimal redshift for the best-fitting template SED assigned to the object. In Equa-

tion 3.1.1 Fobs,i , Ftemp,i and si are the observed and template fluxes and their uncertainties though filter i

respectively and b is a normalisation of the template spectrum.

c

2(z) =
Nf ilters

Â
i=1

[
Fobs,i�b⇤Ftemp,i(z)

si
]2 (3.1)

Large spectral features that are detectable above the photometric errors help to constrain a redshift

estimation. The 4000Å break is the main feature in the redshift range of interest that can be constrained

within the wavelength coverage of the UDS data set. This break is caused by both the Balmer break, at

3646Å , and the accumulation of many metal absorption lines, extending over a large wavelength range, that

increase the opacity of stellar photospheres and is therefore stronger in older, metal rich populations. There

are many factors affecting the shape of galaxy SEDs, including age, metallicity, dust reddening and spectral

type. These can sometimes affect the shape of the SED in very similar ways, producing degeneracies in

redshift-colour space. One such degeneracy that can directly affect a redshift estimation is that between

dusty, low-redshift, starforming galaxies and redshifted passive galaxies. Another such degeneracy is that

between age and metallicity (Worthey, 1994). These degeneracies can produce catastrophic errors in the

identification of the photometric redshift, which cannot be detected without comparison to a spectroscopic

redshift. It has been shown that sampling the galaxy SED over a larger wavelength range can help to
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break these degeneracies (Bolzonella, M. et al., 2000). Checking the absolute magnitudes of objects at the

redshift estimates can also prevent some of the catastrophic errors (rejecting solutions for which the absolute

magnitude is too bright).

Le Phare also has features allowing the user to add in prior information about the redshift distribution

and calculating systematic offsets in the photometric zeropoints (see Ilbert et al. (2006)).

Template Library

The quality of the spectral template library used to fit to the object SEDs has a large impact on the reliability

of the redshift estimates. The library needs to be representative of the full range of real objects, although too

many spectra with very similar colours can lead to a poorer photometric redshift estimate when degeneracies

are introduced into the template set.

The approach of Ilbert et al. (2006, 2009) is to use a small number of representative templates, inter-

polating between the spectra of different spectroscopic types to cover the colour:redshift space, without

introducing too many degeneracies. This approach differs from that used in Bolzonella, M. et al. (2000)

where the templates of Bruzual & Charlot (2003) are used with the photometric redshift code HyperZ. For

this template set each galaxy model is reproduced at a range of ages, with a range of possible extinction.

This second approach is useful when physical properties of the galaxies are of interest (eg. mass, age etc.)

but these parameters can only be extracted with caution if the wavelength space is well sampled. For this

exercise, the templates of Ilbert et al. (2009) are used, which consist of a set of templates produced by

Polletta et al. (2007) and supplemented by 12 additional templates using the Bruzual & Charlot models

(Bruzual & Charlot, 2003) (BC03) with starburst ages ranging from 0.03 to 3Gyr. These starburst templates

are extended beyond 3µm rest-frame wavelengths using the bluest Polletta et al. (2007) template. The set

of templates is then expanded by interpolating between some of the base Polletta et al. (2007) templates to

more finely sample the colour-redshfit space but without introducing too many degeneracies. The resulting

template set includes 31 templates in all.

The BC03 starburst models were also allowed to be extincted with the Calzetti et al. (2000) extinction

law, with values of E(B-V) ranging from 0 to 0.5.
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3.1.2 Preparation of Catalogue

As detailed in the previous chapter, a K-band selected catalogue has been produced in the UDS field, incor-

porating data from the Subaru B, V, Rc, i’ and z’-bands, the UKIDSS J H and K-bands and Spitzer IRAC ch1

and ch2. The Subaru images were registered into the same astrometric frame as the near-infrared images,

and all the optical and near-infrared images were convolved to a matched PSF with 1" FWHM.

The IRAC photometry was taken from the deep spUDS images that suffer from confusion. This was

addressed by using prior information of the shapes and positions of objects from the K-band.

Photometric zeropoints were tested by comparing stellar colours with those from the Pickles spectral

library (Pickles, 1998). Systematic offsets were corrected for the z’ and J-band zeropoints. It is important

to correct any systematic offsets of this kind as otherwise they can produce artificial features in the object

SEDs that will be fit to by the template set and throw off the photometric redshift estimate. The errors were

all added in quadrature with a minimum zeropoint error of 0.05 to account for any residual systematics.

Stars were identified as described in Appendix B and not assigned photometric redshifts.

3.1.3 Results

Spectroscopic redshift comparison

Figure 3.1 shows the comparison of photometric redshifts obtained with Le Phare to the known spectro-

scopic redshifts for the full spectroscopic sample, and also divided according to the class of the best-fitting

models. The scatter in the photometric redshift estimates are estimated using the width of the distribution

in Dz/(1 + zspec) where Dz = zphot � zspec (determined from the width of the best-fitting Gaussian to the

distribution), for the objects with |Dz| < 0.15(1+zspec). The fraction of objects not satisfying this constraint

is given as the catastrophic failure rate. The scatter and failure rate are summarised in Table 3.1.

One of the most obvious results is that those objects that are best fit with those templates expected to have

a lot of star formation (BC03 starburst templates) show the highest fraction of catastrophic errors. Those

objects where the Lyman-a break has been confused with the 4000Å break (zspec ⇠2.5-3.5 but assigned

zphot values < 0.5) belong to this subset. Referring the reader to Figure 3.5 this may not be surprising given

that any 4000Å break is weak in these galaxies.

The spiral templates show that the photometric redshift estimates are systematically lower than the
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Figure 3.1: Photometric redshifts vs. spectroscopic redshifts.

Template Scatter Catastrophic faliure rate (%)
sDz/(1+zspec) |Dz| > 0.5(1+ zspec)

All 0.0469 13.7
Elliptical 0.0214 6.9

Spiral 0.0525 7.6
Starburst 0.0327 17.9

Table 3.1: Scatter and Catastrophic failure rate of photometric redshift estimates, determined by comparison
to a sample of spectroscopic redshifts.
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spectroscopic redshifts by ⇠ 0.05. This is what causes the large scatter value given in Table 3.1, whereas

the intrinsic scatter for this subset of objects is small, as it is for the Elliptical templates. As a template set,

the photometric redshift estimates determined from different best-fitting templates do not show consistent

systematic trends with redshift. These systematic trends must be inherent in the template set themselves, or

introduced when including extinction as a free parameter, not an issue with systematic differences between

photometric zeropoints. When the objects with best-fitting Elliptical templates are used to try to estimate

any systematic differences in the filter zeropoints, no significant differences were found.

Photometric redshift distribution

The comparison of photometric to spectroscopic redshifts as an indicator of accuracy in the photometric

redshift estimates is limited by the selection function of the spectroscopic sample. In this case the sample is

selected from a mixture of X-ray and radio-loud AGN (Omar Almaini, private communication) as well as

some red K-selected galaxies above z = 1 (Ross McLure, private communication). They do not represent

typical K-selected galaxies. Scatter and catastrophic failure rate determined for the spectroscopic sample

does not necessarily apply to the photometric sample. Another indicator of accuracy of the photometric

redshift estimates is in the photometric redshift distribution.

Figure 3.2 shows the distriubution of photometric redshifts for the whole of the UDS field. Overplotted

in blue are the secondary solutions for any sources with a secondary peak greater than 10% of the primary

peak in the probability distribution. The distribution of the whole sample shows peaks at zphot ⇠ 2. These

are likely to be objects at zspec < 1 for which the Lyman-a break has been confused with the 4000Å break,

as in the example shown in Figure 3.3. These catastrophic failures do not affect the redshift range of interest

around z⇠ 1.5 so should not affect our selection mechanisms but they need to be considered when we look

at the whole redshift distributions of any chosen selection mechanism.

A further test of the accuracy of the photometric redshifts at the redshift range we are interested in is

looking at the distribution of photometric redshifts of the HiZELS objects that are selected from the nbH

filter, putting them at approximately z ⇠ 1.45 (Figure 3.4). These show a sharp peak at zphot ⇠ 1.45 and a

small fraction (< 7%) of catastrophic failures. Although the redshifts of these objects cover a small range

determined by the width of the filter, they are representative of the objects that we are trying to target, being



3.2. A redshift survey with FMOS 49

Figure 3.2: The photometric redshift distribution of the objects in the UDS. Over-plotted in blue is the
distribution of secondary solutions (see text) showing that the peak at zphot ⇠ 2.5 is mostly due to zspec < 0.5
objects.

emission line galaxies themselves.

3.2 A redshift survey with FMOS

As a guide, we require about 30000 redshifts to constrain the linear growth rate of large scale structure

at a redshift of 1.5. This number is estimated using a Fisher matrix calculation to estimate the error on

the derived growth rate parameter (Edward Macaulay, private communication) and provides a constraint

tighter than that provided by WMAP. The forecasted constraint on the growth rate supplied by this survey

is ⇠ 4 times smaller than that supplied by the VVDS (see Figure 1.2, calculations and estimates supplied

by Edward Macaulay). Of the predictions for the different models of the Universe shown in this figure,

the constraint provided by FMOS potentially has the power to rule in or out; DGP Braneworld, a standard

open Universe and Dark Energy - Dark Matter time-dependent coupling. Measurement of the growth rate

parameter primarily relies on the number of galaxies for which you have redshifts, and not on the area

covered. There is a minimum area requirement to make sure you average over cosmic variance (so as not to
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Figure 3.3: An example where the photometric redshift solution has confused the Lyman-a break for the
4000Å break. The red spectrum shows the solution with photometric redshift 3.75, placing the 4000Å break
between the V and Rc filters, whereas the secondary solution, with photometric redshift 0.45, places the
Lyman-a break between these filters (yellow spectrum). It can be seen that the confusion comes from the
influence of the 1.6µm bump in the K-band filter, reddening the K-J colour in a way similar to the 4000Å
break.
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Figure 3.4: The photometric redshift distribution of HiZELS objects selected from the nbH filter

only measure the coherent infall into one particular over-dense region, for example). With the size of super

clusters being of order 10Mpc, the minimum area of the survey should be of order 20x20 degrees. Above this

minimum, the area of the survey does not significantly affect the results, it is more dependent on the number

of objects you gain redshifts for as this determines the level of noise in the measured angular correlation

function. The main requirement for your targets is that they are selected by a uniform method over your

entire field. This ensures that the bias of the galaxies in your selection is uniform, since the actual measured

quantity from the angular correlation function is also dependent on the galaxy bias. If FMOS has 60 nights,

observing an average of 4 fields a night with 200 objects or 2 fields with 400 objects (1 hour integration) this

makes 48000 objects (this is an average taking into account likely loss of ⇠ 30% time due to bad weather,

as well as loss of time each night due to overheads). To be able to recover these 30000 redshifts this means

that the redshift recovery efficiency needs to be as high as 62.5%. Is this kind of efficiency possible?

For the most efficient FMOS survey, we require the minimum surface density of targets to be 200

objects per FMOS field-of-view (FoV) (for which density we could employ cross-beam switching for sky

subtraction, see Section 4.2.1 for a full description, but essentially half of the fibres are allocated to sky

observations at any one time). This is a surface density of ⇠1000 objects per square degree. If the surface



52 3. RSD Target Selection

density of chosen sources is any lower than this then either the selection efficiency has to be higher or

FMOS will need more time to accumulate enough redshifts. With a limiting surface density defined by 200

and 400 objects per FMOS FoV (according to the mode of sky subtraction chosen), we require an area of

48 and 24 square degrees respectively to reach 48000 targets. What this means is that for any selection

mechanism chosen, the minimum surface density of targets we can consider is ⇠ 1000 objects per square

degree. For this surface density we would then require 48 square degrees of imaging data that was used to

make the selection. If the surface density of objects is higher than 2000 objects per square degree then the

tiling mechanism of FMOS pointings would be more complicated, but assuming that you could target all of

the available objects with an efficient tiling strategy, then the area of the supporting imaging data required

would scale with the number density of available targets.

These considerations are important and are the driving arguments of the following consideration of

different selection mechanisms.

There are two different factors that need to be considered when creating the selection function; whether

the objects fall in the correct redshift range where spectral features can be observed by FMOS; whether the

spectral features are bright enough to be observed in an hour long integration. This second consideration is

dependent on the amount of star formation in the system, where star formation is the dominant factor in the

emission line strength, as well as the amount of dust or extinction in the system.

For this section, I assume that an emission line with flux 1x10�16erg s�1 can be observed in an hour

long integration with signal to noise of 5.

3.3 Target Selection

The catalogue and photometric redshift estimates for the UDS field can be used to test different approaches

for selection of targets for the redshift survey, as well as how imaging depths and broad-band coverage

would affect the selection.

The CFHTLS filters along with the IRAC ch1 and ch2 filters are shown in Figure 3.5 plotted over the

4 different model galaxy spectra that have been redshifted to z = 1.5. These templates are empirical SEDs

representative of local Elliptical, Sbc, Scd and Im galaxies compiled by Coleman et al. (1980) and extended

to higher wavelengths using the GISSEL synthetic models of Bruzual & Charlot (2003).
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Figure 3.5: The CFHTLS and IRAC ch1 and ch2 filters plotted over the SEDs of the four CWW empirical
galaxy templates (Coleman et al., 1980).

As described above, the three main spectral features that affect the fitting of photometric redshifts are;

the Lyman-alpha break at lrest = 1216Å , seen in this figure at log(l )⇠3.34; the 4000Å break, most obvious

in the elliptical galaxy spectrum spanning 3.8 <log(l )< 4.1; and the 1.6µm stellar bump, seen here in

between the two IRAC filters at log(l )⇠4.6.

This figure displays why it is difficult to select star-forming galaxies at redshift z ⇠ 1.5 from optical

data alone, and why the wiggle-Z selection of FUV drop outs (Drinkwater et al., 2010) successfully targets

emission line galaxies. In the wavelength range covered by the optical filters at this redshift, it is the old

stellar populations that have the most distinctive broad-band spectral feature; the 4000Å break. The strongest

spectral feature in the irregular and disc-like galaxies is the Lyman-a break but this is not covered by optical

filters. In fact, the 4000Å break is not completely bracketed by the filters. To determine the most accurate

photometric redshifts, one wants to be able to sample the SED long-wards and short-wards of the distinctive

spectral feature, with filters in-between that track the feature as it passes with redshift. In the CFHTLS filter

set, the z-band filter sits within the range of the 4000Å break at z ⇠ 1.5. This is where we require a filter
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within the near infrared.

The IRAC ch1 and ch2 filters can help since, not only are they situated long-wards of the 4000Å break,

but they also bracket the 1.6µm stellar bump. This feature has been successfully used to select high redshift

galaxies (Sorba & Sawicki, 2010). This feature is not strongly dependent on the age of the stellar population

and so a selection based on the ch1-ch2 colours would not discriminate against young populations, where

we would expect to find emission lines.

There are two different approaches that can be used to determine a target sample, these are; using

photometric redshifts to target the correct redshift range, possibly with a magnitude cut in the rest-frame

UV band to preferentially select highly star-forming galaxies; use various colour-colour cuts to define a

sample. The second option is attractive since there are various well-studied selection mechanisms, such

as the BzK selection (Daddi et al., 2004) that has been shown to successfully split high and low redshift

galaxies from each other, as well as the actively star-forming and passive galaxy populations. This approach

may, however, not be optimal in this situation where a narrow redshift range is required. The selections often

work best at separating low from high redshift objects by bracketing the 4000Å break with two filters, a finer

sampling of the break would, however, be required to introduce finer redshift splitting. This finer sampling

is, in effect, what photometric redshifts supply. Here, your redshift recovery would be limited by the scatter

in photometric vs. spectroscopic redshift determinations, the flux in Ha as well as the catastrophic failures

scattering objects in or out of the redshift range of interest. The scatter and catastrophic failure rate would

be mostly limited by the depths and coverage of the SED in the region.

In the next section, I test the photometric redshift accuracy attainable with certain coverage and depth

combinations afforded in different possible target fields, using the photometric redshifts attained for the

sources in the UDS field. These are compared to possible colour-colour selection mechanisms.

3.3.1 Scenario One - The Ideal

First I will lay out an (almost) ideal situation; we have the full wavelength coverage and depth afforded to

us in the UDS field over a wide enough area. This situation should show the upper limit to how well we

could do in any target field as well as display the limits to the precision of using the photometric redshifts

as a proxy for the spectroscopic redshift in later analysis.
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Photometric redshifts

First, if we were to target a section of photometric redshift space, what would we expect to be observable

with FMOS? First, we shall just look at what objects are likely to fall within the correct spectroscopic range.

For those objects for which we have spectroscopic redshifts in the range 1.4 < zspec < 1.7, most are

of red galaxies, expected to have a strong 4000Å break that should increase the reliability of photometric

redshifts. Looking at the redshifts within this range, the photometric redshifts are systematically lower than

the spectroscopic redshifts by a mean of ⇠ 0.07. These systematic offsets that vary with redshift can be

corrected for using the spectroscopic redshift sample. The spectroscopic redshift sample is also strongly

peaked at the lower redshift range, so the fraction of objects chosen with 1.4 < zphot < 1.7 that lie within the

spectroscopic range will not give a fair representation of the likely success rate of the photometric redshifts.

Instead, the width of the distribution and catastrophic failure rate give us a better indication.

For those objects with 1.4 < zspec < 1.7, the catastrophic failure rate (|Dz| > 0.15(1 + zspec)) is found

to be 16% of the whole sample of 106 objects. The standard deviation of the distribution of Dz for the

remaining objects is 0.1. The catastrophic failure rate is dependent on the types of objects targeted as well

as the template set that you use. Given that these objects are not selected according to SFR and are not

representative of the type of objects we will be targeting, this figure is not a robust estimate of the true

catastrophic failure rate for the whole range.

Inverting the selection to see how many objects fall into the correct redshift range if targeted according

to 1.4 < zphot < 1.7, a total of 24 objects out of 46 (as now only 46 of the entire sample have photometric

redshifts in the desired range, as opposed to 106 objects with spectroscopic redshifts in the desired range)

are within the correct redshift range. This indicates a success rate of ⇠ 50%, but as ever, it must be stressed

that this spectroscopic sample is not optimal for testing this selection mechanism.

A more representative sample is provided with the HiZELS nbH-selected sample (Figure 3.4). These

objects are selected from a narrow-band filter and as such are expected to have spectroscopic redshifts within

a small range. The catastrophic failure rate of the HiZELS sample, assuming all objects are at a redshift of

1.47, is 30% of the 163 objects and the standard deviation of the distribution in Dz for the remaining objects

is 0.11. This is a more representative sample of objects given that they are emission line objects at the

approximate redshift of interest. The intrinsic spread in true, unknown spectroscopic redshifts of the sample
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Figure 3.6: Distribution of B-band magnitudes for all objects within 1.4 < zphot < 1.7.

will make this estimate of the catastrophic failure rate a little high (since we expect the catastrophic failure

rate to be higher for these star forming galaxies than for objects with a significant old stellar population

producing a strong 4000Å break), though it is a good estimate for the ideal target population.

Observable Ha from B-band flux

Now we must consider how best to select objects with strong emission lines. This problem has been tackled

by Sumiyoshi et al. (2009), who performed a calibration between the star formation rate of the best-fitting

model obtained from c

2 fitting to the broad-band photometric data in the UDS, to an estimated Ha flux.

The calibration is performed on data in the SDSS using a smaller filter set at a different wavelength range,

then the calibration is applied to the UDS data. Given the lack of coverage of the 4000Å break over the

redshift range of interest (one of the main features expected to correlate to the emission flux as it provides

information about the age of the stellar population), the large systematic errors in their photometric redshift

estimates for the higher redshift objects, and the lack of observed Ha to test the results, an alternative,

simpler approach to optimising the selections towards emission line objects at 1.4 < zspec < 1.7 will be used

here.

The observed B-band magnitude of galaxies in the redshift range of interest traces young stellar pop-

ulations, and hence likely star-forming galaxies, through the rest-frame UV. The GALAXEV (Bruzual &

Charlot, 2003) package provides a tool which we can use to determine the observed B-band magnitude for

star-forming galaxies with a limiting Ha flux of 1.6E-16 erg s�1 cm�2, by using the rate of ionising photons
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predicted by the stellar population synthesis model. A range of composite stellar populations with different

e-folding times for the decline in star-formation-rate (t) are produced (for a description, see Appendix C).

The rate of ionising photons (Qion) then provides an estimate of the Ha luminosity according to Equation

3.2 (Wild et al., 2009), where 0.45 is the fraction of ionisations that lead to the emission of an Ha recom-

bination photon (case B, Te = 1 x 104K and Ne = 1 x 104cm�3 Storey & Hummer (1995)), and EHa

is the

energy of an Ha photon.

LHa

[ergs�1] = 0.45⇤EHa

⇤Qion[s�1] (3.2)

This luminosity can then be scaled to the limiting flux, using the luminosity distance of the object at the

chosen redshift. The scaling factor determines the total stellar mass of the object and the observed B-band

magnitude. To take account of how extinction affects the B-band magnitude compared to the Ha emission,

extinction with values of E(B-V) ranging from 0.05 to 0.25 are applied to the models. The Calzetti et al.

(2000) extinction law is applied to the continuum emission, while the value of k(l ) at Ha is taken from the

Milky Way extinction law (Seaton, 1979).

The optical depth of dust that obscures emission lines is a lot higher than that of the dust obscuring the

continuum (Calzetti, 1997). This is thought to be because the line emission originates from stars that reside

in much dustier environments. They are young, massive stars, whereas the bulk of the continuum reddening

affects the light from older stars, residing in different locations from the dust. The Calzetti et al. (2000)

extinction law is measured from a sample of external starburst galaxies and the overall extinction curve

includes effects from light that is scattered into the line of sight by the dust. The light from emission lines

does not suffer this effect, given the dusty, high optical depth environments, close to the emitting object, in

which they are extincted. As such it is appropriate to use the results from the extinction measured within

our own galaxy which does not include the scattering into the line of sight.

Calzetti (1997) suggest using E(B�V )star = (0.44± 0.03) ⇤E(B�V )gas whereas here I use the value

measured by Garn et al. (2010) of E(B�V )star = (0.5±0.14)⇤E(B�V )gas. This value was measured from

the nbJ HiZELS sample using estimates of the extinction at Ha for z⇠ 0.84 galaxies from comparisons of

SFR determined from bolometric infrared luminosity estimates determined from stacked 24µm flux.
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First, ignoring the effects of dust and extinction, taking a range of t and ages of formation, the results

are displayed in columns 5 and 6 of Table C.1. The results are summarised in brief in Table 3.2.

Extinction E(B-V) 0 0.1 0.2 0.3 0.4 0.5

Brightest B-mag 23.1 23.1 24.1 24.5 25.0 25.4
Faintest B-mag 23.6 23.8 24.8 25.3 25.8 26.3
Mean 23.3 23.4 24.3 24.8 25.2 25.0

Table 3.2: Summary of observed B-band magnitudes for different composite stellar populations at z = 1.5
produced using Bruzual & Charlot (2003), for a limiting Ha flux of 1E-16 erg s�1 cm�2

Table C.1 shows that, for quite moderate stellar galaxy masses (Bundy et al. (2006) define massive

galaxies as those with stellar mass M⇤ & 5x1011MJ), we can reach the Ha flux limit, but that without the

presence of dust, we expect the integrated B-band magnitudes to be very bright for these galaxies (mostly

BAB < 23.5), see Table 3.2. There is a question here of how these integrated B-band magnitudes compare to

the 2" aperture magnitudes in the catalogue being used, and also how the integrated Ha flux limit compares

to the flux collected by an FMOS fibre. Using a point source aperture correction of 0.2±0.03mag for the B-

band image as a minimum aperture correction for the expected flatter source profiles of the partially resolved

objects, to compare to the catalogue photometry the faintest object from this table would be BAB ⇠ 23.776

if it were a point source, and fainter if not. The aperture correction to be applied to the Ha flux produces

a bigger effect, however. The fibre diameter serves as a much smaller aperture (1.2" diameter). For a point

source with 1" Gaussian seeing, the differential aperture correction between the two apertures increases the

brightness of the integrated B-band magnitude for an observed Ha flux limit of 1.6E-16 erg s�1cm�2 by

⇠ 0.4mag, whereas for 0.8" Gaussian seeing, the brightness is only increased by ⇠ 0.25mag.

Introducing extinction by dust into the mix, the lower limits to observable B-band magnitudes are much

fainter. We do, however, require larger galaxy masses to provide the limiting Ha flux and the fraction of

these at each redshift depends on the galaxy type-dependent mass functions. All we can really see from

these simple toy models is that putting a limit in B-band magnitude at ⇠ 24.5 is not too faint to select

star-forming galaxies, given that they are likely to be reddened by dust, an important consideration given

that the most highly star-forming galaxies are observed to be the dustiest (Garn et al. (2010), for example);

that the star-forming galaxies that we expect to be observable with FMOS can produce B-band magnitudes

fainter than this lower limit for physical stellar masses; and that we expect the density of galaxies with
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higher extinction that are observable with FMOS to be very low, given the high masses required (for the star

formation histories explored here) to produce the limiting Ha flux, and the rapid decline in number density

at these masses (Bundy et al., 2006). Therefore, allowing sources with fainter B-band magnitudes into our

selection will likely dilute the success rate.

To test these inferences made from the above models, we can look at the B-band magnitude distribution

of HiZELS nbH sources (Figure 3.7). These can be seen to peak at a B-band magnitude of 24, with a steep

fall-off in number counts above 24.5. These magnitudes are not aperture corrected and so do not compare

directly to our toy-model scenario but still indicate that a B-band magnitude cut would be a sound one to

increase the probability that the object targeted is an emission-line galaxy. It should be emphasised at this

point that the models assume that the Ha emission is driven solely by star formation with no contribution

from a central AGN. The shape of the continuum as well as various line luminosities would be affected by

the presence of an AGN.

Figure 3.7: Distribution of B-band magnitudes of HiZELS nbH sources

Colour-colour selections

As to how well colour-colour selections can perform compared to these photometric redshifts, here we

will test a few; the BzK selection (Daddi et al., 2004); a similar B-z-ch1 selection (Bz1). These selection

methods are chosen for their ability to separate low redshift from high redshift galaxies by bracketing the

4000Å break. Selections involving the B-band also allow the possibility of dividing the population crudely
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into passive and star-forming populations, though this does not take into account the effect of dust in star-

forming galaxies producing redder colours.

Each selection region has been optimised to produce the highest fraction of objects with 1.4 < zphot < 1.7

having B-band magnitude less than 25 (AB). An additional requirement must be met for the selection, that

the number density of sources must be at least 400 objects per FMOS field-of-view, or, approximately 2000

objects per square degree. The gradients and intercepts of the bounding lines of the colour selection region

are then allowed to vary to find the selection maximising the fraction of objects with 1.4 < zphot < 1.7 and

B-band magnitude brighter than 25 (AB).

The results are shown in Figure 3.8. For the BzK and Bz1 selections, this figure shows that the BzK

selection should produce a success rate of⇠ 20�25% for objects with Bmag < 24.5. The selection efficiency

of each of the selection criteria is very similar, though the number density of BzK selected sources is much

lower. It has, in fact, reached the number density limit imposed before finding a maximum in the success

fraction. Given that this doesn’t give any information of how the selection varies with different limits, the

characteristics of a selection chosen by eye is used for comparison (Figure 3.9). This selection improves the

success rate for Bmag < 24 at the expense of fainter sources. Given the improvement of number density and

the fact that objects bright in B are more likely to be emission line galaxies, this selection would be more

appropriate.

The two selections perform similarly, indicating that in the absence of K-band imaging, Spitzer would

provide a suitable anchor filter longwards of the 4000Å break. An example of where this might be useful

is with the addition of IRAC ch1 and ch2 data from a Sptizer warm mission covering the CFHTLS fields,

which have deep optical photometry.

The results for the BzK selection are consistent with those that indicated in Sumiyoshi et al. (2009).

This selection does not try to estimate the observed Ha flux, as is calibrated by these authors at low redshift

against a sample of SDSS galaxies, explaining the higher success rates shown here for galaxies fainter in the

B-band. This independently suggests that for fainter B-band magnitudes, the populations with bright enough

Ha luminosity decrease in size, possibly due to the shape of the mass function, with number densities of

the most massive galaxies decreasing rapidly, yet these are the ones that can produce enough Ha flux in the

presence of large amounts of dust (see Section 3.3.1 and Appendix C).
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(a) The selection region in B-z-K colour-
colour space

(b) The selection region in B-z-ch1 colour-
colour space

(c) The distribution of the photometric red-
shifts

(d) The distribution of B-band magnitudes

(e) The source number densities (f) The fraction of objects with zphot within
the chosen redshift interval

Figure 3.8: Optimised B-z-K and B-z-ch1 selection. For plots (c)-(f) the blue line corresponds to the
B-z-ch1 selection and the black line corresponds to the B-z-K selection. (a) Shows the region in B-z-K
colour-colour space chosen to optimise the success rate of observing objects within the range 1.4 < z < 1.7
for Bmag(AB)< 25, with number density high enough to obtain at least 400 objects per FMOS field-of-view.
The green points are the objects with photometric redshifts within the range of interest. (b) Shows the region
in B-z-ch1 colour-colour space chosen with the same criteria. (c) Shows the distribution of zphot values for
all of the objects falling into the respective colour selection regions. (d) Shows the distribution of Bmag
values for all of the objects falling into the respective colour selection regions. (e) Shows the source density
of all of the selected objects plotted against B-band magnitude, with the densities for 200 and 400 objects per
FMOS pointing overplotted (dashed lines). (f) Shows the fraction of all objects with photometric redshifts
falling in the range 1.4 < zphot < 1.7 plotted against B-band magnitude.
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(a) The selection region in B-z-K colour-
colour space, chosen by eye

(b) The distribution of the photometric red-
shifts

(c) The distribution of B-band magnitudes (d) The source number densities

(e) The fraction of objects with zphot within
the chosen redshift interval

Figure 3.9: As for Figure 3.8 but only for the BzK selection, this time with the colour selection chosen by
eye. The corresponding quantities from the Bz1 selection are still over-plotted in blue as a comparison
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3.3.2 Scenario two - Using the SWIRE fields

In the case of photometric redshifts, it is well documented that the inclusion of near-infrared filters reduces

the scatter and catastrophic failure rate of the photometric redshift estimates at redshifts z >⇠ 1.2. The

difference between photometric redshifts and other colour selections is that photometric errors can scatter

objects in and out of colour selection regions in a way that is understood, and the effects can be modeled

with knowledge of the data. With photometric redshifts, you cannot tell directly from the data that the

estimate is catastrophically wrong, and without a fully representative sample of spectroscopic redshifts, you

cannot even predict accurately the probabilities. So you need filters longwards of the 4000Å break for the

photometric redshifts to be usable.

Table 3.3 details the coverage and depths of broad-band photometry in the various SWIRE fields as

detailed in Surace et al. (2005) while Figure 3.10 displays the positions of the fields on the sky. The depths

quoted for the UKIDSS-DXS (Deep Extragalactic Survey, Lawrence et al. (2007)) are the current depths

covered in some of the fields, and the final depths aimed for, and reached in some fields. The Spitzer IRAC

depths all reach⇠ 21 mag (AB) with the SWIRE survey so the depths quoted in Table 3.3 are only for those

fields with deeper Spitzer data.

Survey Field Available Bands - 5s Limiting magnitude (AB)
B/U V/g R i z Y J H K IRAC ch1 IRAC ch2

SWIRE Lockman Hole KPNO U g’ r’ i’ UKIDSS-DXS J K
Partial Coverage (8.8/11 deg)

25.0 24.6 24.1 21.8-23.2 21.1-23.1 22.8 22.07
ELAIS-N1 U_WFC g_WFC r_WFC i_WFC Z_WFC "" ""
ELAIS-N2 24.2 24.8 24.2 23.6 22.5
XMM-LSS CFHTLS-W1 "" ""

Table 3.3: The multi-wavelength broad-band coverage of those SWIRE fields with supporting optical and
near-infrared imaging, as detailed in Surace et al. (2005).

Catalogues

To be able to test the accuracy of photometric redshifts given the wavelength coverage and depths within

the filters available for the different SWIRE fields, the catalogues must be altered. The two most important

factors are; modelling which objects would not be detected given certain filter depths, and how the photo-

metric errors will differ. The second point is easier to address and just involves scaling the errors such that

they reproduce the given 5s limiting magnitudes. Any objects now reduced to 1s detections are recorded
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Figure 3.10: The positions of the various SWIRE fields, and the CFHTLS fields on the sky.

as undetected.

To reproduce a catalogue selected from the K-band with the given limiting magnitude is achieved by

reproducing the observed drop in number counts observed in the original UDS K-selected catalogue about

the new limiting magnitude. This effectively randomly selects which objects are detected using random

sampling in magnitude bins to reproduce the required fall-off. Any objects not selected from the K-band are

removed from the catalogue. The histograms of K-band magnitudes for each of the new limits used for the

subsequent tests, as well as the original UDS catalogue are displayed in Figure 3.11.

Four catalogues have been produced with different depths and coverage, summarised in Table 3.4.

Results

Figure 3.12 and Table 3.5 summarise the results of using photometric redshifts in the SWIRE fields for filter

coverage detailed in Table 3.4. For each catalogue the results both with and without the IRAC 3.6 and 4.5



3.3. Target Selection 65

Figure 3.11: Histogram of K-band number counts for the two different K-band limiting depths tested
(Klim ⇠23.1 in blue, and 21.1 in pink), as well as for the original catalogue (in black).

Limiting magnitudes (AB) in filter
Catalogue ID B/u V/g R i z J H K ch1 ch2

1 24.18 24.18 24.16 23.59 22.47 23.2 N/A 23.1 21. 21.
2 24.18 24.18 24.16 23.59 22.47 21.8 N/A 21.1 21. 21.
3 N/A 24.18 24.16 23.59 N/A 23.2 N/A 23.1 21. 21.
4 N/A 24.18 24.16 23.59 N/A 21.8 N/A 21.1 21. 21.

Table 3.4: Artificial SWIRE catalogues

µm filters are shown (black and blue respectively) along with the cumulative number density of objects with

their B-band or V-band magnitudes, depending on the filter coverage afforded by the catalogue.

Catalogue fraction of objects at 1.4 < zspec < 1.7 from zphot selection total number of spectroscopic redshifts in photometric selection
without IRAC with IRAC without IRAC with IRAC

1 0.51 0.48 51 42
2 0.40 0.36 25 28
3 0.34 0.42 94 48
4 0.23 0.42 73 31

Table 3.5: Fraction of objects selected from 1.4 < zphot < 1.7 that fall within 1.4 < zspec < 1.7 for the
artificial catalogues with and without the IRAC bands. Here the IRAC spUDS images do not cover the
whole area covered by UDS+SXDS so some of the objects with spectroscopic redshifts do not have deep
IRAC photometry.

Taking each catalogue in turn, panels (a) and (b) show that, for the case of the broadest filter coverage

and greatest depths in all the bands, the photometric redshift estimates perform well, with few catastrophic

failures scattering into the range 1.4 < zphot < 1.7. The IRAC photometry does not drastically change the
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results of the spectroscopic to photometric redshift comparison, but the number density indicates that more

objects are occupying the photometric redshift range we are targeting. From Table 3.5 this increase in the

number density is due to scatter into the photometric redshift range from other redshifts.

Panels (c) and (d) (Figure 3.12) show that the brighter K-band flux limit in catalogue 2 improves the

photometric redshift estimates, but the number density of targets is too low. This result is echoed again in

panels (g) and (h) for Catalogue 4.

Panels (e) and (f) show that the lack of z-band photometry causes problems for objects with spectro-

scopic redshift z > 1, scattering the photometric redshift estimates mostly to higher redshifts. The inclusion

of the IRAC bands really helps matters at these redshifts, where the 1.6µm bump passes between the 3.6

and 4.5µm filters. The scatter of redshift estimates in the range of interest is much reduced, indicated in the

number densities also. Although the number density of potential targets is lower for the catalogue including

the IRAC bands, these are more realistic, as the higher density in the former catalogue is most likely due to

scatter into the redshift range.

For both catalogues 2 and 3, inclusion of the IRAC bands improves the spectroscopic redshift recovery

in the absence of the z-band photometry.

3.3.3 Scenario three - Using the CFHTLS fields

Given the improvement in photometric redshift estimates when including the IRAC ch1 and ch2 data, how

would a photometric redshift selection from the CFHTLS-Wide fields fare with the inclusion of this data.

It is a possibility for these fields to be covered by a Spitzer warm mission in the future, reaching SWIRE

depths. Given the large area of available data in the optical (summarised in Table 3.6), could this improve

the selection efficiency?

The depths of each of the Wide fields are very similar to those given in the first artificial SWIRE cata-

logue and the results of photometric estimates from this catalogue without inclusion of the J and K-bands

is summarised in Figure 3.13. The fraction of objects with the correct spectroscopic redshifts for the photo-

metric redshift selection 1.4 < zphot < 1.7 are 19.3% and 38.6% for the catalogues without and with Spitzer

photometry respectively. This shows that the Spitzer bands improve the photometric redshift estimates

greatly in the range of interest.
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(a) Catalogue 1 - spectroscopic
redshifts vs. photometric redshifts

(b) Catalogue 1 - number density
of sources at 1.4 < zphot < 1.7 with
B-band density

(c) Catalogue 2 (d)

(e) Catalogue 3 (f)

(g) Catalogue 4 (h)

Figure 3.12: Left: The photometric redshift to spectroscopic redshift estimate comparison for different
filter coverages and depths, as detailed in Table 3.4. Right: The corresponding surface density per square
degree (number density) of sources with 1.4 < zphot < 1.7 plotted against B-band or V-band magnitudes,
depending on the filter coverage in the catalogue. The blue points and lines refer to the results including
IRAC photometry and the black points and lines display the results without using IRAC photometry.
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Care has to be taken when looking at the number density of sources for this photometric redshift se-

lection as the catalogue was selected from the K-band, not the z-band or i-band, where the selection might

be made from for the actual fields. Plotting the number density against the z-band magnitude now shows

that it rises steeply between 23 and 23.5 (AB), where it approximately reaches the ideal number density

for beam-switched observations (Figure 3.13 (b)). With the 50% completeness for disc-type objects (rather

than point sources) averaging at about 22.85 for the z-band, the actual number density at this magnitude is

⇠ 250 objects per square degree. The reason that the magnitudes of the objects in the catalogue extend to

such faint limits is that they are only treated as non-detections when the magnitude errors reach 1.087 (1s ).

This demonstrates that, for targeting objects within the CFHTLS, photometric redshifts are greatly im-

proved in the redshift range of interest by adding Spitzer IRAC data. Without this data, there are no anchor

filters longwards of the 4000Å break to effectively select galaxies at z ⇠ 1.5. To select objects with photo-

metric redshifts from this field, the z-band imaging needs to be deeper. If selecting from the z-band itself,

the limiting magnitude needs to be at least 23.5 (AB) to provide a high enough number density of sources

for targeting with FMOS.

Field Filter Completeness
u g r i z

50% star 50% disc 50% star 50% disc 50% star 50% disc 50% star 50% disc 50% star 50% disc

W1 25.4 24.7 25.4 24.7 24.6 23.8 24.5 23.7 23.6 22.9
W2 25.4 24.7 25.4 24.7 24.8 24.0 24.5 23.7 23.7 22.9
W3 25.2 24.5 25.4 24.7 24.7 23.9 24.4 23.6 23.6 22.9
W4 25.3 24.6 25.4 24.7 24.5 23.7 24.5 23.7 23.6 22.8

Table 3.6: Limiting magnitudes in the CFHT filters for the different fields in the wide survey. The com-
pleteness values correspond to the mean values for 50% completeness for point sources and disc-like galax-
ies of the individual stacks contributing to the individual fields. The completeness for disk-like galaxies
was estimated by taking galaxies from the image and varying their absolute scaling to provide a range of
sizes and surface brightnesses representative of the objects in the field (http://www3.cadc-ccda.hia-iha.nrc-
cnrc.gc.ca/community/CFHTLS-SG/docs/quality/photometry.html). Taken from the T0005 version release.

3.3.4 Discussion

When comparing photometric redshifts to colour selections, photometric redshifts produce better results,

with the success rate of the BzK and Bz1 selections peaking at ⇠ 20�25%.

When considering different target fields from which to draw the target population, I find that the depth

and coverage afforded by SWIRE, for the regions with full depth in the UKIDSS-DXS image, and full set
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(a) (b)

Figure 3.13: (a) Comparison of photometric redshift estimates for similar filter coverage as in the CFHTLS
field, with (blue points) and without (black points) Spitzer IRAC photometry. (b) Number density of sources
in selected photometric redshift range for the catalogue including Spitzer photometry.

of optical filters, a success rate of photometric redshifts comparable to that afforded by the UDS is reached.

Including Spitzer IRAC filters does not improve the photometric redshift estimates in this case. In the

absence of the U/B-band and the z-band the IRAC bands do improve the photometric redshift estimates and

a redshift success rate of ⇠ 42% is reached. This would allow the use of the Lockman hole field, which has

no z-band imaging, though the selection mechanism for all fields should be consistent and so if this were

the case then all fields should have targets selected without use of the z-band images.

Given the number density of sources from the catalogue with full K-band depth and full filter coverage

reaches 1000 objects per square degree at a B-band magnitude of 25 (AB), an area of at least 60 square

degrees would be required, assuming that half of these will give you a redshift in the correct range, which

is optimistic given that the fraction of objects with emission line flux falling below the observable flux limit

has not yet been truly modeled and accounted for. The SWIRE survey is therefore too small, though the

wavelength coverage is good.

Looking at the CFHTLS survey, with the inclusion of IRAC ch1 and ch2 photometry a photometric

redshift success rate of ⇠ 38% can be reached. Without deeper z-band data to select the catalogues from,

however, the number density of sources is again too low.

These results rely on the assumption that the spectroscopic redshifts used for comparison to the pho-

tometric redshift estimates are representative of the population as a whole. The expected success (objects

selected from a photometric redshift interval having their true spectroscopic redshift within the same in-
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terval) will be dependent on the best-fitting model, this model-dependent photometric redshift quality is

illustrated in Section 3.1.3. There is a large spectroscopic survey underway in the UDS field (P.I. O. Al-

maini), and results from this should help improve the testing of any photometric redshift estimates in this

redshift range, as well as future redshifts obtained by FMOS in the UDS during GTO time scheduled in

November 2010.



Chapter 4

FMOS Commissioning and Data Reduction

4.1 The Instrument

Near-infrared spectroscopy is plagued by the OH emission lines that dominate the sky background spectrum,

as shown in Figure 4.1. In long-slit spectroscopy, nodding between observations allows near-complete sub-

traction of the sky, down to the poisson limit. For fibre spectroscopy, however, this accuracy is much tougher

to achieve given the need to calibrate the differences between the individual fibres, at their observing posi-

tions. Incomplete sky-line subtraction distorts and sometimes prevents the observation of object emission

lines that sit near by, especially when they are observed at a low resolution. Yet low resolution observations

provide a wider wavelength range making redshift determinations based on multiple line detections more

likely, and the ability to observe objects in a large redshift range. This is where FMOS’ OH-suppression

mirror comes in. Removing the OH-lines from the spectrum when it is focused at high resolution onto the

mirror, the spectrum can then be re-dispersed back to lower resolution, providing a spectrum free from OH

line contamination (Figure 4.1).

4.2 Observations

Two sets of observations were taken in the UDS field with FMOS, in October and December 2009. The

observations were set up to include objects satisfying a number of different selection criteria. Within both

observations, objects with known redshifts were observed as well as those selected from photometric red-

71
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Figure 4.1: The sky spectra in the H-band showing the effects of the OH-suppression mask. The spectra are
not flux calibrated and so are imprinted with the instrument response function. The black line shows a sky
spectrum free from masking and the purple line shows a spectrum that is well masked at the low wavelength
end, but only partially masked at the high wavelength end. These spectra were taken from the December
IRS1 data-set, where the OH-suppression mask was still imperfectly aligned.

shifts, colour-colour cuts and narrow-band imaging. Those objects selected from narrow band imaging were

a subset of objects detected by the High-Z Emission Line Survey (HiZELS, Best et al. (2010)).

Both sets of observations were taken with beam switching (described below) with a total of 2 hours on

source in October (4 hours total) and 1.5 hours in December (3 hours total). IRS1 was employed in low-res

mode for both sets of observations, while IRS2 was used in high-res mode, in the fourth position, allowing

observations of the far-wavelength region of the H-band, in October and low-res in December.

The IRS2 observations in October were taken with one of the shutters (between camera and spectro-

graph) closed resulting in the throughput being halved. This was due to a need for a mechanical tilt to be

applied to the grating inside the spectrograph to be able to align the sky spectrum with the mask. The grating

is actually a mosaic of four smaller gratings, each of which can be tilted independently. At this observation

run, two of these gratings could be aligned to the mask without tilting the full mosaic but two were limited

in their motion and so the shutter was closed to cut out the light from these to gratings.

During these observations the OH-suppression mask was not perfectly aligned to the sky spectrum for
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either spectrograph, and so sky subtraction is the limiting factor in the reduction of the data obtained. Also,

there were problems in tracking the positions of the objects within the telescope focal plane, as they were

found to vary gradually with time. This problem was identified from the October observations, where the

fibres where gradually moving off source, rendering 2 of the frames un-usable. The total, on-source, integra-

tion time obtained in October was therefore reduced to 1.5 hours, with signal gradually decreasing between

each fibre re-configuration (after 4 object plus sky frame pairs). This problem is due to a misalignment

between the FMOS wide-field corrector and the telescope axis, and requires re-configuration of the field

every 30 minutes, so with the December observations, this was performed after every beam-switched (15

minutes object plus 15 minutes sky) pair of frames.

4.2.1 Observing Modes

There are three observing modes that can be employed for any given observation; beam switch, cross-beam

switch and point and stare. They are used for different methods of sky subtraction. A short description of

each is given below:

• Point and Stare - With this mode, a certain number of fibres are dedicated to empty patches of sky

(10-20%) distributed throughout the field. The rest of the fibres are allocated to objects, with a few

centered on stars used for calibration and telluric corrections.

• Beam Switching - In this mode, all of the fibres can be dedicated to objects and calibration sources.

The observations are then taken with a telescope nod, alternatively placing the fibres on empty sky

and then on source. Successive frames can then be used for sky subtraction for sky emission has

then passed through the same light path as that of the object. This method, however, halves the

total integration time on-source. The sky measurements are also not con-current with the object

measurements, and so the sky emission will vary within the object and sky frames.

• Cross-Beam Switching - For this mode the fibres are configured such that two fibres are allocated to

each object. The telescope again nods between frames but one of the two fibres is always on-source,

while the other fibre is allocated to sky. This mode allows the total integration time to be used on

source but halves the number of objects that can be viewed in one configuration.
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4.2.2 Fibre Configuration

Spine-to-Object (S2O) software is available from the FMOS website 1. This software requires a list of

science objects, with positions, apparent magnitude in R, and a priority. Objects fainter than ⇠16 mag

were observed, as bright objects leave ghost features on the detector, affecting other spectra. The software

also requires a list guide stars that are bright in R (around 12-16 mag) that are on the same astrometric

system as the science targets. These stars are centred on the guide fibre bundles (Figure 4.2) to the sides

of the field and it is optimal to have stars allocated to guide fibres at each corner. Coordinate calibration

stars of similar brightness to the guide stars are required throughout the field to correct for field rotation

during the observations. Finally, stars for flux calibration and telluric correction should be included. These

are allocated fibres and observed at the same time as the science objects. F, G and early K-type stars are

numerous enough to be found in most target fields and can be selected from their near-infrared colours.

The software assigns fibres to the science objects and flux calibrator stars and guide fibres to the guide

stars, given a field centre. Figure 4.2 shows the fibre configuration used in the October observations. The

file output from the allocation software is used by echidna to align the spines to the correct positions within

the focal plane for observations.

4.3 Data Reduction

The data obtained during commissioning was reduced by hand using the IRAF package APEXTRACT and

custom written IDL procedures. The steps detailed in this section are common to the reduction of any fibre-

fed spectroscopy. The studies performed with the precursor instrument to FMOS, CIRPASS (the Cambridge

Infra-Red PAnoramic Survey Spectrograph) display these steps (Doherty et al., 2004, 2006). FMOS data,

however, requires special treatment in how some of these steps are carried out.

The reduction process detailed below is for Beam-switched data and used to reduce the spectra acquired

within the UDS field in October and December 2009.

4.3.1 Calibration Frames

The different calibration frames taken with each set of observations are as follows:
1http://www.naoj.org/Observing/Instruments/FMOS/
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Figure 4.2: An example fibre configuration for the UDS field observed in October 2009. The red circle
encompasses the FMOS field of view, the purple points either side of the field of view show the guide fibre
bundles and the navy blue points within the circle show the positions of the fibres. The arrows indicate the
direction of movement of the spines to reach the allocated object (yellow points). The light blue points are
guide stars throughout the field and the dark green points are the calibration stars.
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• Multiple flat-field images with the fibres illuminated by the dome-flat lamp, with accompanying

frames taken with the lamp off to remove any dark current and scattered light not associated with

the lamp. Multiple images are required to produce high signal-to-noise observations without saturat-

ing the detector pixels. These flat-field exposures should be taken with the fibres in their observation

configuration to provide accurate fibre-to-fibre throughput calibration. This is because the flux col-

lected by the fibre is a function of fibre angle and distance from the field centre. For both the October

and December observations, these frames were taken with the fibres in their home position, however,

and this has to be taken into account in the later flux calibration stages.

• Multiple arc calibration images, taken using a Th/Ar lamp for wavelength calibration.

A master dark is also available for IRS1, produced using multiple exposures, allowing the structure of

the dark current to be removed from the individual frames, with suitable scaling to the observed integration

time. This is not yet available for IRS2 since there is, at present a detector reset anomaly with non-repeated,

non-linear behaviour of the detector pixel values at the beginning of a frame. Any dark frames must therefore

be observed with the same integration time as that employed on source.

4.3.2 Dark subtraction

The detectors used in FMOS suffer from a high dark current that must be subtracted from the science frames.

When using beam-switching, this can be done using the sky images as they are taken with the same exposure

time. This method was used for both the IRS1 and IRS2 data presented here.

4.3.3 Bad Pixel Masks and Cosmic Ray removal

Pixels contaminated by cosmic rays were detected by comparing pixel values between the different images

in an exposure sequence. Care was taken to ensure that the images being compared were either all sky

frames or all object frames. This prevents any high pixels due to object flux being masked. A mean value

and standard deviation was calculated for each pixel and if any single pixel in the different images was found

to have a value greater than 1.5 times that mean, it was masked as a cosmic ray. This value was chosen to

prevent masking within bright sky lines showing variation in flux between the different exposures.
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This method performs significantly better than using LACOSMIC on these particular images since it

uses information from multiple exposures on a pixel-by-pixel basis whereas LACOSMIC has to be tuned to

work on the particular image which either resulted in too few detections or masking of sky lines.

4.3.4 Combining Frames

Individual object frames are combined using a weighting determined from the signal-to-noise present in the

brighter calibration stars. This is necessary to correct for changes in seeing but more importantly in the

October data set, to correct for loss in flux due to the object positions moving within the focal plane, away

from the fibre positions. Each sky frame is weighted according to the weighting of its corresponding object

frame to ensure optimal sky subtraction. The combined sky frame is then subtracted from the combined

object frame.

4.3.5 Define apertures

Apertures are defined for each fibre from the flat-field image, using the APFIND and APEDIT tasks. The

flat field image shows the positions of the individual spectra (Figure 4.3), and their shape across the detector,

as well as the throughput variations from the fibres (from fibre-to-fibre and across the cross-section).

APFIND traces the shape of the spectra for each individual fibre in the dispersion direction by following

the peak in the flux at the centre of the fibre trace at points across the detector. These points are then fit to

with a chosen function. The extent of the spectrum for each fibre is then determined by fitting to the fibre

profile in the spatial direction (vertical in Figure 4.3).

The shape of the trace is best fit with a fifth order chebyshev polynomial. The J and H-band mask mirrors

were not always in exact alignment and so to aid the tracing of the apertures, one side of the image would

be shifted in the spatial direction to improve the alignment on the image. The gap between the mirrors also

hinders the tracing of the apertures, so this was filled using a section of the image with visible apertures.

Figure 4.3 shows how the flat field has been adjusted to best define the individual apertures.

Each image from the observing sequence is treated in the same way before extraction of the spectra.
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Figure 4.3: A section of the IRS1 flat-field image showing the alterations made to enable extraction of the
apertures. The left hand side shows the image before alterations, and the right hand side shows the resultant
image used to define the apertures. The blue box shows where a section of the flat field image was copied
from to fill in the gap in the image between the two mirrors and the red dashed line and arrows show how
the right hand side has been shifted upwards by three pixels to align the apertures either side of the gap.

4.3.6 Flat-fielding

Flat-fielding FMOS images requires careful treatment of the masked regions as well as regions inbetween

the fibre traces. The flat can only be used to correct pixel-to-pixel variations in sensitivity in regions where

the flat field image is bright enough and the poisson noise dominates over the noise from the detector dark

current. One also has to be careful to remove the shape of the fibre profile in the spatial direction.

Since the spectra follow a curved path across the detector and adjacent spectra are quite close to each

other (as can be seen in figure 4.3), a straightened version of the flat field spectra was used to normalise the

flat. When extracting the spectra there are two options for the form of the output from the apextract package;

multispec and strip. The multispec output provides a one-dimensional spectrum for each of the apertures

and plots them row by row in an image whereas the strip output provides a two-dimensional, straightened

spectrum for each aperture.

Each two-dimensional flat field spectrum is then normalised according to the following steps:

• A 2-degree polynomial is fitted to the average of two columns, ignoring any masked pixels in the fit
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(so that any bad pixels do not skew the fit). Only two columns were averaged so as not to average

over the mask features. The column is then divided by the fitted polynomial.

• Any pixels with flux less than 10% of the mean flux were set to 1 along with the bottom and top rows.

• The biweight mean for each row, for any pixels above the flux limit, is required to be 1. This removes

any residual shape in the spatial direction.

To fix pixel-to-pixel variations in the science images, each spectrum needs to first be extracted to this

straightened two-dimensional form before dividing by the appropriate flat.

4.3.7 Spectrum Extraction

The profile shape of the fibre spectra is fit using a Gaussian across the dispersion direction. This profile shape

is then used to weight the rows according to their S/N defined by the Gaussian shape of the profile, before

summing each column, producing a 1D spectrum. Any binning of the spectra in the dispersion direction is

performed at this stage, so that each pixel in the binned 1D spectrum is a weighted average of all the column

pixels that contribute.

4.3.8 Wavelength Calibration

At the beginning of each night, a set of wavelength calibration frames are taken using a Th/Ar lamp. A

set of frames is also taken with the calibration lamp off. These two sets are combined separately and the

dark frames subtracted from the calibration frames before the spectra are extracted and flat-fielded, as for the

science data. The wavelength solution is then found using the IRAF tasks IDENTIFY and REIDENTIFY for

the 1D spectra, assigning wavelengths to the emission lines observed from known line lists. This solution

is then used to resample the 1D spectra in the dispersion direction onto pixels that are constant size in

wavelength using DISPCOR.

4.3.9 The Fibre Flat

The transmission varies from fibre-to-fibre, with a possible wavelength dependency and this must be cor-

rected in order to be able to accurately flux calibrate the spectra. These differences in fibre transmission
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stem from slight intrinsic physical differences, slight misalignment and differences in fibre tensions. The

largest variable effect is the light lost due to non-telecentricity of the fibre axis as the spines are tilted away

from their home positions (up to 15% light loss at the maximum offset angle). To first order the variation

can be removed by using a dome flat, with the fibres configured at the positions that they will occupy during

observations. As noted above, the fibres were, in fact configured to their home positions when taking the

dome flats in the October and December observing runs. This limits the accuracy to which these fibre-fibre

variations can be corrected for and also the accuracy of the later flux calibration stages.

The average response of the instrument plus spectral shape of the flat lamp are first removed by fitting

a high order polynomial to an average of the wavelength calibrated, extracted 1D spectra. This was done

using the IRAF task RESPONSE as the task allows the user to interactively delete points from the fit. The

points corresponding to dips in the transmission where the spectra are masked are not used in the fit. This

polynomial fit is then divided through the extracted flat field spectra before fitting a spline to each individual

spectrum. For this step, the mask features have been masked by eye and are again not used in the fit.

The final extracted spectra are then divided through by these fits to remove the fibre-to-fibre throughput

variations, where the variations are allowed to vary with wavelength. Figure 4.4 shows the result of the

correction of the throughput variations applied to the flat-field image itself.

Figure 4.4: This shows a section of the fibre-flat image, each row is a different extracted 1D spectrum. The
left-hand side shows the extracted dome flat before correcting for fibre-fibre throughput variations, and the
right-hand image shows the result of these corrections, applied as described in the text.

4.3.10 Sky Subtraction

To first order, sky is subtracted by combining the object and sky frames separately before subtracting the

sky frame from the object frame. For the long exposures (15 minutes) used on both sky and object, this

subtraction is not optimal, as the sky emission is varying with time. The residual sky is removed in these
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frames by taking a modal value at each wavelength from a number of the spectra and subtracting it from the

observations. This is a similar method to that of producing a master sky spectrum from a subset of dedicated

sky fibres, with the difference that object fibres are also used and the modal estimation employed to reject

object flux.

This approach is used since the mask was not yet aligned with the sky OH-lines during these observing

runs. This produces the unfortunate circumstance of the lines being clipped by the mask, to varying degrees,

so the shape of the lines and the flux within the lines are not constant from fibre-to-fibre. This makes a scaling

of a master-sky spectrum, averaged from many fibres, to the sky emission in individual fibres, impossible. It

also means that, to follow the shape of the lines, the modal sky spectrum can only be estimated from a few

adjacent fibres.

For the rest of the data presented here, 6 adjacent fibres were used to produce the modal sky estimate,

rejecting any bright continuum sources of adjacent objects known to have very similar redshifts (eg. HiZELS

objects, see Chapter 5).

The problem of accurate sky subtraction is one further discussed at the end of this chapter.

4.3.11 Flux Calibration and Atmospheric Absorption correction

The spectra need to then be corrected for the instrument throughput and atmospheric absorption before

being flux calibrated. For each observation, stars are chosen and assigned fibres within the field of view.

These stars are chosen to have colours representative of F, G and early K type stars as these spectral types

are numerous and likely to be found within an FMOS pointing. They also have fairly featureless spectral

shapes.

The Infrared Telescope Facility (IRTF) spectral library (Rayner et al., 2009) is a library of 210 cool stars

observed in the wavelength range 0.8 to 5µm. Rayner et al. (2009) use the flux calibrated spectra to provide

synthetic WFCAM J-H and H-K colours. For the data taken from the UDS field, the stellar photometry is

compared to the library of spectral colours and a best-fitting spectral type chosen to represent that star. The

steps are then to essentially fit to the shape of the star in the un-calibrated spectrum and divide the other

spectra through by this shape. The spectra are then multiplied by the expected spectral shape derived from

the best-fitting spectrum in the library.
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(a) Colour-Colour plot of the stars in the
IRTF spectral library with the colours of the
observed star plotted in pink, and the chosen
library star plotted in green.

(b) The flux calibrated spectrum of the cho-
sen library star with a fit to the continuum
overplotted in green and the UKIDSS J-band
filter response curve overplotted in purple.

(c) The observed star to be used for flux cal-
ibration with the fitted shape over-plotted in
pink.

(d) The final flux calibrated stellar spectrum.
The gap is at the position of the slit.

Figure 4.5: The different stages involved in flux calibration. First the J-H, H-K colours of the observed
calibrator star are compared to the colours of the stars in the IRTF spectral library (a) and the star closest
in colour is chosen to represent the true spectral shape of the star (b). The shape of the stellar continuum is
fitted to in the library spectrum (b). The observed stellar spectral shape is also fitted to (c) being careful to
use only sections where the mask is not cutting out the light. This shape is divided through the rest of the
spectra to remove the atmospheric absorption features and the instrumental response function. The spectra
are all then multiplied by the library spectral fit (b) and scaled according to the J-band magnitude of the
observed star and that of the spectral fit when convolved with the J-band response curve. The resulting,
flux-calibrated spectrum of the chosen star is shown in (d).
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When dividing the spectra through by the observed spectral shape, the shape of the instrument through-

put and any atmospheric absorption is being removed from the spectra. The mask features are also visible in

the stellar spectrum, however, and have to be treated carefully. These features can clearly be seen in figure

4.5(c). This figure also demonstrates the possible difficulties in knowing what is a feature that needs to be

removed and what is just due to the mask (for example, the dip visible at ⇠15300 Å is due to a region with

closely packed mask features and should not be fitted to, whereas the dip at⇠11000Å is due to atmospheric

absorption). With data for which the mask is perfectly aligned, the mask line list can be used to define

regions to exclude when fitting to the overall shape, but for this data the positions of the mask features were

determined from the wavelength calibrated flat-field data. The pink line in figure 4.5(c) shows the spline fit

to the data not influenced by the mask features.

Once the data has been divided through by the fitted stellar shape, they must then be multiplied by

the expected shape of the spectrum. This is taken to be the shape of the star in the spectral library that

is closest in J-H, H-K colour-colour space. The shape of this spectrum also has to be fitted to, to remove

intrinsic absorption features present due to neutral hydrogen and metals. Any of these features present in

the observed stellar spectrum have not been fitted to, as the scale of the features is similar to that of the

mask features. Also the strength of the absorption can differ from star to star of the same spectral type due

to differences in metallicity and temperature so be would unlikely to match between the library spectrum

and the observed stellar spectrum. Figure 4.5(b) shows the spectrum of the chosen library star for that

observation and the fitted shape over-plotted in green.

The final stage in the flux calibration is to scale the magnitude of the model spectrum to match that of

the star in the WFCAM J-band filter. The final flux calibrated spectrum is shown in 4.5(d).

4.4 Noise Estimates

The noise in the spectra is estimated from the original frames, finding an estimate for the noise in the dark

current from the empty region between the mirrors, and adding this in quadrature to the Poisson noise in

the photon counts (using the FMOS gain of 2.5 counts per electron). This noise estimate is then propagated

through each stage in the reduction process to produce variance spectra accompanying the 1D spectra. This

method over-estimates the noise in faint objects as the noise in the dark-current is determined before flat-
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fielding removes pixel-to-pixel variations.

4.5 Optimal Sky-Subtraction

The observing mode chosen makes a big difference to the quality of sky-subtraction achieved as well as the

number of objects observable within a night. For a large redshift survey the ideal scenario would use the

point-and-stare observing mode, allowing 80% of the fibres on-source and more fields observable in a night,

given 1 hour integration times per configuration.

Sharp & Parkinson (2010) show that, with standard point and stare sky subtraction, the noise reaches

floor due to systematics, preventing stacking analysis for fainter sources. Although we are not worried

about long integration times for a redshift survey, sky subtraction residuals will still hamper the assignment

of redshifts to fainter sources. The PCA (Principle Component Analysis) method of sky subtraction allows

good sky subtraction with the point and stare approach. At the moment it is not possible to test the method

properly due to the mis-alignment of the OH-suppression mask, which changes the shape of the sky-lines

in a systematic way as the mask feature passes over them. One way to produce the PCA eigenvectors for

such data would be to use many frames and find a set of eigenvectors for each fibre, or a group of only a few

adjacent fibres, so that the shape of the sky lines are not varying within each template set due to instrumental

effects.

Principal component analysis decomposes a set of possibly correlated variables into a set of uncorrelated,

or orthogonal variables, or eigenvectors. In the case of modeling the sky emission, the algorithm finds the

pixels that vary with intensity from frame to frame and essentially group them together according to whether

they vary in the same way as other pixels. If you have one sky line, for example, covering a few pixels, these

pixels will all vary with intensity by the same amounts and will all contribute to the same eigenvector.

Since separate OH-line intensities vary to differing amounts, these variations will provide contributions to

different eigenvectors. The algorithm decomposes the spectra into a finite number of eigenvectors, which is

not a complete set, but higher order variations tend to be fitting to the noise, and can generally be left out.

Once the OH-mask is aligned, however, the problem of sky-line residuals is mostly solved and this

method still requires the background continuum to be subtracted off first. Clean subtraction of the continuum

requires accurate calibration of wavelength-dependent fibre:fibre throughput differences and this will likely
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be the limiting factor for any future long exposures /stacking analysis to be performed with FMOS spectra

in the future, regardless of the use of PCA sky subtraction.





Chapter 5

Spectra of objects in the UKIDSS-UDS

5.1 Performance

5.1.1 Testing Flux Calibration

When performing the flux calibration (Section 4.3.11), the stellar spectrum is scaled from the integrated

spectral flux obtained through the WFCAM J-band filter (estimated from the model stellar spectrum, to avoid

the effect of mask features) to the photometry within a 2" diameter aperture, from the images convolved to

1" seeing. This scaling should produce consistent fluxes for spectra of other point-source objects with visible

continuum. To test the consistency of the flux calibration from object to object, the flux obtained from the

flux-calibrated spectra through the J-band filter are compared to the catalogue photometry, separately for the

December and October observations, and the results displayed in Figure 5.1.

Two different estimates are given for the magnitude of the spectrum within the J-band filter. One estimate

is taken directly from the observed spectrum, convolved with the filter profile (blue points) and one is taken

from a spline fitted to the spectral shape (pink points). The shape was fitted in the same way as at the flux

calibration stage, where only points not affected by the mask are used as contol points for the spline. Error

bars given to the continuum flux measurements taken directly from the spectrum are estimated using the

noise values propagated through the pipeline (Section 4.4). These underestimate systematic errors due to

imperfect sky subtraction for the fainter sources.

These plots show that the flux calibration is much more stable in the data taken in December (5.1(b)),

87
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where the point source continuum magnitudes show an average deviation from the photometric magnitudes

(from continuum fit) of 0.16 or an average flux difference of ±14%. In October, however, these fluxes are

only consistent to ±20%. This is most likely due to the problems with fibre positioning experienced in the

October engineering run (see section 4.2). Between each fibre re-configuration (every 4 science plus sky

frame pairs) the object positions in the focal plane were slowly changing and the fibres losing object flux by

differing amounts depending on their position within the field. Although, when combining the frames they

were weighted to take account of the loss of flux from the bright stars in the frame, this cannot correct for

any positional dependencies in the loss of flux from other objects.

The accuracy achieved with the data taken in December is consistent with expected flux losses due to

fibre tilt. The flat field frames for both these data sets were taken with the fibres in home position, whereas

when they are configured to the field layout, each fibre is tilted, which causes a move of the fibre away

from the focal plane, resulting in a loss of efficiency in collecting radiation. This effect also depends on the

position of the fibre with respect to the centre of the field due to non-telecentricity. This effect also varies

with wavelength.

These effects where simulated in Gillingham et. al., (2004) for fibre angles pointing radially towards or

away from the centre of the field. An estimate of the fibre collection efficiency due to this effect is included

in the spine to object software available from the FMOS website1. Using this efficiency as a correction

factor to the fibre fluxes reduced the average flux difference to ±11%, with the brightest three sources

being on average 7% too bright. For each of these sources, the fitted continuum-derived flux and observed

spectrum-derived flux bracket the photometric value. The remaining inconsistency between derived flux

measurements could be due to the wavelength dependence of the fibre efficiency, and differences in seeing.

It is clearly necessary to take the flat-field images when the fibres are in their field configuration, to take

account of all of these effects. Applying the same corrections to the October data did not improve the flux

calibration, indicating that the spine positioning errors are dominating the accuracy in the flux calibration of

this data set.

The flux measurements from the spectra for the non-point sources tend to be fainter than the photometry.

This is as expected, since the scaling assumes a point source with 1" FWHM seeing. The photometric

aperture is larger than the fibre aperture (1.2" diameter on sky) so, for a source profile flatter than that of a
1http://www.naoj.org/Observing/Instruments/FMOS/
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October

December

Figure 5.1: Testing the flux calibration. Comparison of continuum magnitudes through the J-band filter for
flux calibrated data with the UKIDSS broad-band photometry
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Figure 5.2: The decrease in noise, averaged for all the spectra, with stacking of individual frames (a) com-
pared to the Poisson-limited case and (b) for the stack of 7 frames, how the noise has decreased as a function
of pixel number/wavelength. The shaded region corresponds to the region occupied by the slit.

point source, the fraction of flux in the photometric aperture to the fibre aperture will be larger.

5.1.2 Noise

Figure 5.2 shows the average noise decrease for the number of averaged frames compared with the Poisson-

limited case for the data taken with IRS1 in December 2009. This is measured taking the average noise in

each stacked frame (with number of frames contributing to each stack varying), measured directly from the

spectra as the standard-deviation of the clipped distribution per pixel. The average noise is divided by the

measured noise from the single frame and the points and errors in Figure 5.2 (a) are the mode and standard

deviation, respectively for the values of all of the pixels. This shows that on average the frames seem to be

following the Poisson-limited case, with the noise decreasing with the square root of the number of frames

contributing to the stack, though there is evidence that a floor is being reached at which the systematics are

dominating, since the relationship is starting to flatten off at a stack of about 4 frames.

The behavior of the noise is strongly dependent on the wavelength, as shown in panel (b) of Figure 5.2.

This panel shows the ratio of noise in the stack of 7 frames to the single frame. The wavelength increases

with pixel number. It can be seen that, in some regions the ratio is as high as 0.7, these regions correspond

to regions affected by sky lines. It should be noted that this effect is also dependent on where the spectrum

sits on the mask (as to how well the sky lines are masked), since this is an average for all of the spectra.

What this indicates is that for certain regions of the spectra, the noise is approaching the Poisson limit,
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but that the mis-alignment of the mask creates large systematic residuals at the sky-subtraction stage, indi-

cating a need for either a larger training set for any PCA analysis to track the change in shape of the sky-lines

as the mask cuts across them, or true alignment of the mask. These regions with very high sky-line residuals

will hamper the detection of true emission lines.

5.2 Targeting HiZELS with FMOS

Targets from the High-Z Emission Line Survey (HiZELS) were included in the source list for both sets of

observations. In October, only objects detected in the HiZELS NBH filter were observed (nbH objects).

This filter has a central wavelength of 1.619µm (Best et al., 2010) and observes Ha emission in galaxies at

z ⇠ 1.47. This puts the Ha line near the middle of the FMOS H-band mask, and the Hb and [OIII] lines

within the J-band, allowing secure, multiple-line redshifts of these objects.

As discussed in Section 4.2, IRS2 was employed in high-res mode during the October observations,

with half-throughput (. As such only IRS1 observations are summarised below. In December, 7 nbH objects

were observed, 4 in IRS1 and 3 in IRS2 as well as 20 nbJ (selected from the NBJ filter) objects (9 in IRS1,

11 in IRS2) and 3 H2S1 (selected from the H2(S1) filter) objects.

HiZELS objects provide a valuable input sample for testing the capabilities of FMOS, and FMOS pro-

vides valuable spectroscopic follow-up of these narrow-band selected objects.

The objects observed with IRS1 have had a higher success rate for detections due to the lower thermal

background. The main factors contributing to the success rate of detections are; the quality of the sky

subtraction and alignment of the OH-suppression mask. The HiZELS NBJ filter sits within a relatively

heavily masked region of the mask (Figure 5.3 (a)). With the mask imperfectly aligned, a non-detection is

most likely due to poor sky subtraction in this region and from the Ha being partially masked.

The most secure detection of Ha within the HiZELS sample is for nbJ-38031 (Table 5.1, Figure, 5.6)

which gives a spectroscopic redshift of 0.855, placing Ha right at the long wavelength end of the NBJ filter.

The objects observed in October gave better results, with 8 of the 13 objects yielding a possible redshift,

a few of which are shown in Figure 5.4.



92 5. Spectra of objects in the UKIDSS-UDS

(a) NBJ filter (b) NBH filter

Figure 5.3: The HiZELS narrow band filters plotted in green with the relative throughput of the OH-
suppression mask over-plotted for low-resolution mode

Date Spectrograph HiZELS ID Spec number Ha Flux photo-z spec-z quality observed lines

Oct09 IRS1 nbH-2 21 2.986E-16 1.64 1.496±0.001 5 Ha , NII, SII, masked OIII?
Evidence of broadening - AGN

nbH-10 24 1.261E-16 1.43 1.468±0.001 3 Ha , Hb , OIII?
nbH-15 45 5.879E-17 1.41 1.495±0.01 2 Ha , possible OIII, Hb

nbH-44 81 5.386E-17 1.45 1.446±0.001 2 possible sky line residuals at Ha

nbH-32 102 1.807E-16 1.41 1.453±0.001 5 good Ha , OIII, and Hb

nbH-22 116 8.735E-17 1.46 1.465±0.001 1 possible Ha

nbH-1 119 2.588E-16 1.43 1.46±0.001 3 bright Ha , possible OIII, Hb

nbH-19 121 9.499E-17 1.42
nbH-26 123 1.087E-16 1.47
nbH-21 130 1.283E-16 1.45 1.47±0.001 2 bright Ha but mask at Hb

nbH-23 148 1.881E-16 1.4
nbH-29 151 1.096E-16 1.47
nbH-58 162 1.41

Dec09 IRS1 H2S1-23386 1 8.0856E-17 2.42
nbH-2 34 1.64 1.496±0.001 5 good Ha , OIII, Hb , agrees with Oct09

nbJ-34230 59 1.21945E-16 0.8
nbJ-55723 109 1.7902E-16 0.82 0.847±0.002 2
nbJ-38031 132 2.6403E-16 0.85 0.855±0.001 5 bright Ha , NII
nbJ-42400 134 8.5524E-17 0.85

nbH-55 142 1.145E-16 1.41
nbJ-56083 144 3.0758E-16 0.8 0.83±0.001 1 poor sky subtraction, line under mask feature
nbJ-58281 146 1.9562E-16 0.85

nbH-19 147 9.499E-17 1.42
nbJ-56660 174 1.0788E-16 0.85 0.835±0.001 1 either both sky line residuals or
nbJ-57606 175 8.8372E-17 0.82 0.835±0.001 1 both Ha

nbJ-58231 176 7.4111E-17 0.8
nbH-24 192 9.363E-17 1.41

IRS2 nbJ-28172 24 1.0062E-16 0.82
H2S1-26358 25 1.0138E-16 2.45

nbH-27 28 1.747E-16 1.48
nbJ-26017 30 7.7877E-17 0.82

H2S1-33987 36 1.1629E-16 1.98
H2S1-39002 39 1.1495E-16 2.19
nbJ-39133 40 1.3733E-16 0.82
nbJ-43634 54 1.8601E-16 0.8
nbJ-41130 56 1.9514E-16 0.85
nbJ-35800 59 2.5125E-16 0.85

nbH-39 64 1.444E-16 1.43
nbJ-46043 73 1.0767E-16 0.85
nbJ-66380 88 1.1120E-16 0.85

nbH-37 97 1.534E-16 1.47 1.44 2 possible Ha and Hb

nbJ-38883 107 8.3959E-17 0.87
nbJ-33250 109 9.0457E-17 0.85
nbJ-35257 146 1.01916E-16 0.8

Table 5.1: HiZELS objects observed in October 2009 and December 2009. The quality flag provides a
qualitative measure of the confidence in the redshift determination, with 5 being a secure redshift and 1
being the least secure.
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(a) nbH-32, zspec=1.453

(b) nbH-10, zspec=1.468

Figure 5.4: Two HiZELS objects detected in October 2009, with their newly determined spectroscopic
redshifts. The pink line shows the relative throughput of the mask from the flat-field image. These show the
exact positions of the mask features while they are imperfectly aligned. The central empty regions in the
plots correspond to the position of the slit. Regions around the emission lines are shown to the left and right
of the main spectrum with the corresponding 2D spectrum at these points. The blue lines on these zoomed-
in sections show the residual sky subtracted from each spectrum (after initial sky subtraction performed on
a frame by frame basis, see text for details of both levels of sky subtraction) and so peaks in this show the
region of any suspected sky line residuals in the spectra (not same scale as spectrum, scale and offset chosen
to for illustrative purpose).
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5.2.1 HiZELS as a test of FMOS

Spectroscopic vs. Narrow-band imaging determination of emission line flux

The Narrow-band determination of the Ha flux given in Table 5.1 is determined from the narrow-band and

broad-band fluxes in the following way:

Fline = DlNBJ

fNBJ � fJ

1� (DlNBJ/DlJ)
(5.1)

This estimate of the line flux includes any contribution from the nearby [NII] line and depends on the

position of Ha within the narrow-band filter. It is calculated from narrow-band and broad-band fluxes within

a 3" diameter aperture on source (Sobral et al., 2009). These fluxes can be compared to those obtained from

the spectra containing good signal-to-noise Ha detections, by convolving the line profile with the HiZELS

narrow-band filter profile. The flux determined from the spectra must include any [NII] emission to remain

consistent with the narrow-band line fluxes. An aperture correction also needs to be applied on a source-by-

source basis since the fibre aperture is significantly smaller than the HiZELS aperture, being 1.2" diameter

on sky.

The Ha+[NII] flux estimates were obtained by summing the flux within the extent of the two lines

after first having subtracted off the continuum, determined from adjacent regions of the spectrum, free from

sky-line residuals. The errors are estimated by taking all the other spectra with no continuum or emission

lines in the region of the Ha and performing the same operation. The errors are the standard deviation

of the clipped distribution in fluxes. These error estimates then ensure that if the Ha emission is sat over

a sky-line residual, the error should account for this. It is perhaps helpful to point out that the signal to

noise estimates given in Table 5.2 are for the original emission line detection, with the noise estimated from

adjacent regions of the same spectrum. The spectroscopically measured narrow-band flux estimates will

have a different signal to noise ratio, depending on where they fall within the filter profile.

The aperture corrections were estimated using photometry performed on the H-band or J-band UKIDSS

images, depending on the HiZELS detection filter (nbH or nbJ respectively), after first scaling the flux

calibration to the photometry of the calibration star within a 1.2" aperture. Assuming the Ha emission is
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uniform across the object, the ratio between the flux in a 1.2" aperture and the flux within a 3" diameter

aperture (the size of aperture used for the HiZELS photometry (Sobral et al., 2009)), provides an estimate

of the aperture correction. The H-band image was used with seeing FWHM of 1". The effect of seeing on

this aperture correction was estimated using the original H-band image with seeing FWHM of ⇠0.7". The

effects of seeing are much smaller than the error estimates in the original flux estimate.

The main sources of error in these flux determinations will be from the positioning of the fibres and the

sky-subtraction. To estimate the errors introduced by fibre positioning can be modeled, to an extent, when

applying the aperture correction. A monte-carlo simulation of the error in positioning uses a maximum error

of 1.5" radius, and a number of fibre centres distributed normally about the object centre with a sigma of

1.5" (radius from centre within which 68% of the objects fall is 0.75"). This is a lot larger than the quoted

positional accuracy of the fibres (⇠0.2") as here the dominant error is in the loss of flux with time due to

the misalignment between the FMOS wide-field corrector and the telescope axis (section 4.2). The quoted

positional accuracy is a measurement of the accuracy of the acquirement of the fibre positions in the initial

configuration, and would underestimate the positional errors in this case. A sigma of 1.5" was chosen as

the offset between source position and actual fibre position varied with time, and was dependent on position

in the field of view. The brightest sources showed a decrease of at least a factor of 10 in S/N over the

October integration (for the usable frames, see section 4.2), indicating that the fibre had moved far off centre

though still managing to detect some of the source flux. For a likely galaxy size of 1-2" (including seeing) a

displacement of radius 1.1-2.1" is required to put the fibre completely off source and so the 1 sigma value of

the positional uncertainty was chosen to be smaller than this, though a fairly flat distribution of offsets was

desired since these large offsets were systematically occurring across the field of view. The distribution of

aperture corrections ( f luxwithin3”aperture
f luxwithin1.2”aperture ) gives a sharp minimum, where the fibre is correctly centred, and

increases with a shape dependent on the profile of the source. The maximum aperture correction plotted

in Figure 5.5 is taken as the aperture correction at which the histogram of counts falls to half its maximum

value. As such this is not a definite maximum aperture correction but is an estimate fairly independent of

the cutoff radius chosen and is chosen mainly to illustrate the effect of the positioning of the fibres on the

error in the flux estimates. This treatment of the aperture correction will be an over-estimate for the one

source, nbJ-38031 taken from the December data since the fibres were re-configured after each frame and
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the variation in detected source flux was much smaller.

The comparison of Narrow-Band fluxes to those measured from the spectra are displayed in Figure 5.5.

The black points and error bars show the estimates using the minimum aperture correction, for well posi-

tioned fibres, and the pink points plus error bars show the estimates using the maximum aperture correction

estimate. Other than the one source, the spectroscopically determined estimates are systematically low,

though by varying amounts. The one high point (for object nbH-21) is probably affected by a near-by sky-

line residual producing the high value. This indicates that, as expected, the inaccuracy of fibre positioning

is the dominant source of error in the absolute flux calibration for this data set and that we cannot assume a

linear calibration between flux measured from the spectra and the true object flux.

We would expect the estimates for sources measured in December to be better as the fibre positioning

was re-calibrated between each pair of sky and object observations. The one HiZELS source with good

signal-to-noise from this data set (nbJ38031) shows a much lower flux estimate with respect to the narrow-

band flux estimate, however. This is not a truly comparable object, however, as it is an nbJ-detected object,

whereas all of the October observations were of nbH-detected objects. This puts the emission line within a

heavily masked region. It can be seen from Figure 5.6 that the emission line is not only on the edge of the

nbJ filter, which makes the nbJ-measured line flux less reliable, though the effect should be to underestimate

the line flux, not over-estimate it, but it is also possible that some of the Ha and [NII] emission is being cut

out by the mask. This effect would not be large enough to increase the estimate of the narrow-band flux by

a factor of ⇠ 3�4. It is still possible that the fibre positioning is not accurate enough to recover the full flux

in this line but the range of modeled aperture corrections do not account for the flux difference, though there

is one flaw in the assumption chosen here, and that is that the Ha emission follows the same distribution as

the profile of the source in the broad-band image. A larger sample of good signal-to-noise detections with

corresponding narrow-band photometry, with detections at all positions within the filter would be needed to

untangle what is going on here. Unfortunately the position of the masked sky lines within the wavelength

range of this particular narrow-band filter make this difficult.

The HiZELS objects provide an independent test of the flux calibration of the data-set, using the narrow-

band determined line fluxes as a comparison to the flux returned by convolving the line emission with the

narrow-band filter profile. This comparison displays that, as expected for this data set, the absolute flux
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Date HiZELS ID spec-z Ha S/N Narrow-Band line flux Ha+[NII] flux through HiZELS filter Aperture Corrn Corrected filter flux
min max (using min Aperture Correction)

Oct09 nbH-32 1.453 8.8 1.807E-16 1.15E-16±2.56E-17 1.03 1.28 1.18E-16±2.64E-17
nbH-21 1.47 5.8 1.283E-16 9.00E-17±2.09E-17 2.05 2.34 1.85E-16±4.28E-17
nbH-1 1.46 6.8 2.588E-16 7.97E-17±3.85E-17 1.56 2.10 1.24E-16±6.01E-17
nbH-10 1.468 3.1 1.261E-16 5.51E-17±3.87E-17 1.48 2.03 8.15E-17±5.07E-17

Dec09 nbJ-38031 0.85 6.2 2.6403E-16 6.799E-17±1.199E-17 1.32 1.75 8.94E-17±1.58E-17

Table 5.2: Narrow band fluxes vs. those determine spectroscopically as described in the text.

Figure 5.5: The Ha+[NII] fluxes determined by convolving the spectra with the HiZELS nbH filter profile,
and corrected using an aperture correction, are plotted against the fluxes determined from the narrow band
images, according to Equation 5.1. The errors are estimated by performing the same operation at the same
positions in other, empty spectra. The pink points and error bars show those estimated with the maximum
aperture correction and the black points plus error bars show those estimated with the smallest aperture
correction, where the aperture corrections are explained in the text.

calibration is not accurate enough to determine absolute star formation rates of objects from line detections

alone. The reasons for this are many, including the absence of a fibre-flat taken with the fibres in their

observing positions and difficulties in the fibre positioning during the observations.

5.2.2 FMOS as a test for HiZELS

FMOS provides valuable test of the selection criteria of HiZELS emission line objects, checking that the

narrow-band detection is, indeed produced by Ha with spectroscopic redshifts, and testing the contamina-

tion of the selection by AGN and the contamination of [NII] to the Ha flux estimates. FMOS is particularly

valuable for checking the properties of the nbH-selected objects, since they require spectroscopic targeting

in the near-infrared to secure multiple-line spectroscopic redshifts, and to check the rate of AGN contam-

ination. The multiplicity of FMOS, along with it’s wide field of view make it capable of targeting large
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Figure 5.6: The un-smoothed spectrum of nbJ38031 in the region of the Ha and [NII] lines. The purple line
shows the position of the nbJ HiZELS filter and where Ha falls within the filter. The pink line shows how
the throughput varies in this region due to the OH-suppression mask.

proportions of the objects relatively cheaply in terms of telescope time.

By targeting these galaxies, we have provided spectroscopic redshifts for 14 of the sources, 8 of which

are nbH sources. The systematic sky residuals have hampered the assignment of redshifts to the nbJ objects,

where we only expect to observe Ha , and so depend on a single line for a redshift estimates. For the nbH-

objects, however, we are doing better. With the current observations, we cannot offer any insight into the

possible redshift distribution of Ha within the narrow-band filters, due to the small number of objects with

assigned redshifts. We can also not say whether a non-detection is an indication that the line flux is too low

for FMOS, as the mask is still not fully aligned and is creating difficulties with sky subtraction, and could

be cutting out the line emission.

We can, however, say that the early indications show that the rate of contamination due to AGN seems

to be low. From our nine objects with detected Ha , only one, nbH-2, has evidence of possibly harboring an

AGN, with emission lines broader than for the other galaxies in the HiZELS sample (s ⇠ 211 km s�1), and

relatively high amounts of [NII] and [SII] emission. This velocity dispersion is consistent with that of an

elliptical galaxy and does not require the presence of a black hole to produce these velocities.

In this case we look to the emission lines to tell us if there is any hint of AGN activity. Baldwin et al.

(1981) first suggested the use of the ratios of [NII] to Ha and [OIII] to Hb flux as a method for identifying

AGN (come to be known as the BPT diagram). The details of the line strengths of different species in an
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object spectrum can tell us a lot about the excitation mechanism which is producing that line emission.

Three main excitation mechanisms that contribute to exciting various species are; energetic UV continuum

radiation from young, hot O and B type stars; power-law continuum produced in AGN due to release of the

rest mass of matter being accreted onto a super-massive black hole, and shock wave heating. The radiation

present in AGN produces emission lines for a wide range of excitations, from a continuum that extends far

into the UV, while in starburst galaxies the ionising radiation drops bluewards of the Lyman limit. In AGN

we actually see an enhancement of both high- and low-ionisation lines in AGN relative to what’s found in

HII regions. This is because the more energetic radiation penetrates further into the inter-stellar gas clouds

producing partially ionised zones. [NII] and [SII] are two such low-ionisation lines, of which [NII] is clearly

visible in the spectrum of nbH-2 shown above and the presence of [SII] is hinted at, though the detection is

ropey.

The advantage of the BPT diagnostic is that the lines being compared are close in wavelength and so

should be mostly unaffected by differential extinction between them. Narrow-line AGN are observed to

lie at upper right corner of the plot, away from the star-forming sequence. The ratio of [NII] to Ha flux,

determined from Gaussian profiles fitted with fixed relative positions and the Gaussian widths to be the same

for each of the lines, places the object at log(I([NII])/I(Ha) =�0.5±0.2, where the errors are determined

as explained below for fits performed in IRAF. The [OIII] and Hb detections are not high enough signal

to noise and are hampered by systematics in the sky subtraction and so the corresponding ratio of [OIII] to

Hb flux is not available to give a firm determination of the source of ionising flux. The observed [NII]/Ha

ratio is observed in both star-forming galaxies and AGN. It is possible that this [NII] contribution could be

observed in a particularly strong starburst but, given that the broadening of the line is consistent with an

elliptical galaxy, this explanation looks unlikely. We do not tend to see such strong starbursts in ellipticals.

In this case, therefore it is more likely that the high ratio of [NII]:Ha flux is due to an AGN.

For the objects where we have narrow-band line fluxes, a high signal-to-noise detection of Ha and

where the emission lines reside within the filter (not at it’s edge), we can produce a true star-fromation rate

estimate from the Ha emission, separating it from any [NII] emission. For this, we use that narrow-band

flux determination as an absolute flux calibration to scale the emission-line flux first, with the results given

in Table 5.3. The first flux measurement is made from a direct sum of all pixels containing possible Ha flux,
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Figure 5.7: The Ha detection for nbH-2, a potential AGN. The pink line shows the throughput from the
mask.

and the error associated is taken from the distribution of fluxes estimated from empty spectra in the same

region (to account for systematic errors), together with the error in the spectroscopically measured narrow-

band flux measurement, used to scale the values to the fluxes measured from the narrow-band images.

The gaussian fits are performed in IRAF, using splot, with a contribution from [NII](6584Å) also fitted,

requiring the relative wavelengths and FWHM for both lines to remain constant in the fit. The errors for

these measurements are provided by IRAF, where monte-carlo simulations are produced by adding gaussian

noise, defined by the noise model, to the original fit parameters, and new fitting parameters obtained. These

errors are again combined with the error in the spectroscopically-determined narrow-band flux estimates.

The star formation rates are determined from the direct sum of pixels containing possible Ha flux, and the

errors are taken from the error in this sum.

These estimates indicate that we are detecting objects with SFR of⇠24MJ yr�1 with S/N in Ha of⇠7-

8 (being cautious of the result for nbH21, given the proximity to a possible large sky residual, as mentioned

above). These are effectively aperture corrected, total SFRs and bode well for reaching a lower SFR limit

with data unhindered by the fibre-positioning sky subtraction problems exhibited here.

The velocity dispersion measurements were taken from the best-fit FWHM for the Ha lines. To take

account of the PSF of the instrument, the width of the calibration arc lines were measured in the vicinity
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Object Ha flux (direct sum) Ha flux (gaussian fit) Measured Gaussian FWHM Velocity sigma SFR
erg s�1cm�2 erg s�1cm�2 (convolved with instrument PSF) km s�1 MJ yr�1

Å

nbH32 3.436E-16±2.6E-17 3.337E-16±2.8E-17 25.97±2.576 131 23.3±1.8
nbH21 1.018E-16±1.2E-17 1.010E-16±1.4E-17 27.62±4.188 150 10.9±2.2
nbH1 2.281E-16±3.1E-17 2.219E-16±3.5E-17 21.24±3.984 unresolved 24.0±3.3

Table 5.3: Calibrated star formation rates (SFR) from measured Ha flux scaled according to the flux mea-
sured through the narrow band filter.

of the detected Ha with a FWHM of ⇠ 20Å. This corresponds to a velocity dispersion of s ⇠ 158km s�1

(at ⇠ 16000Å). As such the measured velocity dispersions are subject to large errors and the two lines for

which this quantity are estimated are only partially resolved.

5.3 Other Targets and Impact on Target Selection

The full list of objects with assigned spectroscopic redshifts are listed in Appendix D. These targets are not

selected from a single selection function. They include broad-line AGN, narrow-line AGN and star-forming

galaxies and they cover a wide range in redshifts. As such they cannot be used as a cohesive sample for

testing a particular selection mechanism. What they can show, however, is whether a crude cut in B-band

magnitude is appropriate to preferentially select star-forming galaxies.

Figure 5.8: Distribution of B-band magnitudes of objects targeted in December with redshift z > 1.2 (red
histogram) and all objects in December that have been assigned a redshift (blue histogram)

Figure 5.8 shows that, although the targets from December with redshift z > 1.2 covered a broad range

of B-band magnitudes (red histogram), barring one object, the only only targets to secure redshifts had a
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B-band magnitude < 24.5, justifying a B-band cut.

Given that the success of detections depends on the positions of the individual spectra on the OH mask,

and also it’s redshift (which part of the spectrum the emission lines fall in), one cannot say anything about

the sources not assigned a redshift.
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method (Gladders & Yee, 2000). This colour is consistent with the presence of the 4000Å break falling

within the region of the the J- and K-bands, and the over-density of sources in the colour space indicates that

there are more objects than usual in a small redshift range. The red sequence method uses the observational

result that all clusters seem to contain a population of early-type galaxies, called the red-sequence, that lie

along a linear colour-magnitude relation, and were formed at high redshift.

There is an X-ray detection at the position of the observed over-density and is shown in blue in Figure

6.1. Andreon et al. (2009) find a best-fitting spectral model to the observed X-ray spectrum, with a tem-

perature of 7.6+5.3
�3.3keV for a plasma model with redshift fixed at 1.9. This temperature, in turn, provides

an estimate of R500 = 0.52Mpc (the radius within which the density is 500 times the critical density at the

cluster redshift), and a mass within this radius M500 = 2.9+3.8
�2.4 x 1014MJ. These estimates all depend on the

X-ray source being associated with the observed over-density and being situated at redshift 1.9.

6.1.1 Spectroscopic follow-up

It is still possible that the detected structure could be a line-of-sight blend of smaller structures since the

accuracy in photometric redshifts or colour analysis are limited by the sampling of the SED by the filter set.

This limit in photometric redshift accuracy produces confusion in the line-of-sight direction, in this case, an

optimistic photometric redshift error of d z⇠ 0.02 equates to a distance along the line of sight of ⇠30Mpc.

These errors need to be reduced before we can tell whether these objects are all associated with one halo.

This can be achieved with spectroscopic redshifts of member galaxies.

6.2 Observations

In November 2009, three possible member galaxies were targeted with ISAAC on the VLT. The three galax-

ies were placed within two slits, with the configuration shown in 6.2.

Over 4 consecutive half-nights, the objects were targeted over the second half of the night. Slit 1 was

observed on the first three nights, with slit 2 being observed at the end of the third night, as well as on the

final night.
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6.2.1 Observing Strategy

Each slit was observed employing the ABBA method of sky subtraction. This method places the objects at

two different positions along the slit in consecutive observations (position A then position B). The first stage

of sky subtraction is a simple subtraction of frame B from frame A. This leaves an image with a negative and

positive trace of the object. The residual sky present due to temporal changes in the background emission is

then removed by shifting the object trace in frame B to lie over frame A and subtracting the negative trace

from the positive trace.

6.2.2 Calibration Observations

Standard stars were observed at the beginning and end of each half-night observing. They were chosen to

have airmass close to that of the observations at the beginning and end of the night respectively. These

observations were used for flux calibration and telluric correction of the object spectra.

Arc observations and dark frames were also taken for each night’s observations. The arc frames were

used for wavelength calibration, to be refined for the on-sky observations using atmospheric OH lines.

6.3 Data Reduction

A combination of ISAAC pipeline procedures (Observatory, 2009), IRAF tasks and purpose-written IDL

programs were used to reduce this data. The faintness of the objects made the data unsuitable for complete

reduction using the pipeline routines. This is because the absence of object detections in the single frames

meant that any cross-correlation employed in the stacking pipeline procedure, for refinement of the telescope

nod estimates, would not work. The signal-to-noise of the object in the stacked frame is also not high

enough to define the trace across the entire image. The image distortions were therefore first corrected

before stacking so that the resultant spectra were straight and could be summed in the dispersion direction

before extraction.
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6.3.1 Flat Fielding

The flat field lamp is imaged each night before observations are taken. The ISAAC pipeline procedure

isaac_spc_flat was used to combine the individual flat field images. The procedure takes the normalised

difference of an image with the flat field lamp on and another image with the lamp off. It then takes account

of the non-uniform illumination of the slit by the lamp by fitting a polynomial to the image in the slit

direction, to divide the image by. Multiple flat-field observations are then averaged.

The shape of the flat-field lamp was then divided out by fitting a cubic spline of order 100 to the flat

field image in the dispersion direction. Due to a slight tilt of the slit with respect to the detector pixel grid

and also the curvature of the image in the slit direction, the flat-field image was first divided into sections

in the slit direction and each section fit to individually. The normalised sections were then reassembled into

the final flat-field image.

When splitting the image into sections, care must be taken to ensure that the boundary between the

top and bottom detector chips is not in the middle of a section. Fitting to either side of this boundary

independently enables the removal of any residual bias left in the averaged flat-field image.

Each science and calibration frame is divided by this flat-field image to remove variations in pixel-to-

pixel sensitivity.

6.3.2 Cosmic Ray Removal and bad pixel masking

Bad pixels were masked using the bad pixel maps supplied by the observatory. The cosmic rays were

detected and removed on a frame by frame basis using L.A. Cosmic (van Dokkum, 2001), an IRAF routine

that detects cosmic rays from their sharp edges using a Laplacian edge detection algorithm.

6.3.3 Correcting Slit Curvature and Wavelength Calibration

A couple of times a year, the observatory observes a standard star at different positions along the slit to

be used for correcting curvature in the images in the spatial direction. These can be used, along with the

calibration arc images to model the image distortion, in both the wavelength and spatial directions, and

correct for it. The method used to do this is based on that detailed in Valdes (1986) and the steps are as

follows:
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• First take a calibration arc image and identify the lines along some dispersion line using the task

identify.

• Use reidentify to find the positions of the same lines at equally spaced positions along the slit.

• Fit a two-dimensional function to the wavelength solution as a function of both line and column

number using fitcoords.

• Now, for each startrace image, use identify to record the position of the centre of the spectrum along

some column (if the dispersion direction is along the columns then you would identify its position

along a line).

• Use reidentify to assign the centre of the spectrum with this value at all points along the dispersion

direction.

• Combine all the database entries for the startrace frames and fit a two-dimensional function to the

distortions in the slit direction using fitcoords (fitcoords allows you to combine the data by inputting

a list of files and switching the combine switch on).

• The results of these two coordinate function fits are used together in the transform task to correct the

image distortions and produce an image that is linear in both the spatial and dispersion directions.

First a calibration arc image is needed. Each night, a few arc image frames were taken and were flat

fielded before averaging using imcombine to reduce noise. The startrace observations were obtained from

the ESO science archive.

6.3.4 Image Stacking

The data are taken in ABBA format. This means that successive frames are taken with the object positioned

at different places along the slit, first at position A, then at position B. Each sequence of nodded observations

are first combined in pairs of frames (AB, BA). The first stage is to subtract a B-frame from an A-frame then,

subtract this frame from itself, with an offset defined by the size of the nod between the observations. For

these observations, the pointing information supplied in the headers is used to determine the distance of the

nod and to interpolated successive pairs to the same position. This is not optimal as the telescope pointing
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is not usually very accurately calibrated for these nodding observations, but the spectra are not visible in

individual frames, so their precise locations cannot be determined to provide better estimates of the nodding

offsets.

Other observers (Kriek et al. (2008), for example) have tackled this problem when targeting equally faint

objects by placing the standard star at the approximate position of the object on the slit after each frame.

6.3.5 Telluric Correction and Flux Calibration

There are no spectrophotometric standard stars available for calibrating near-infrared observations.

Two standard stars were observed each night, chosen to be close in airmass to the observations at the

beginning of the night and the end of the night respectively. The stars chosen were all B-type stars that have

a fairly featureless spectra in the wavelength of interest that can be modeled as a black-body spectrum of

the appropriate temperature, given the spectral classification of the star.

The frames containing the standard star exposures were reduced, stacked and extracted in the same way

as for the object frames. To remove the instrumental response function and correct the atmospheric telluric

absorption features, the standard star with observed airmass closest to that of the observations is divided

through the observed frames.

The most important factor in this correction is to leave the observed object spectra with no instrumental

imprint left on the continuum. No attempt to match effective airmass is attempted further than choosing

the star with closest matching airmass for the correction. This is because any scaling applied to the stellar

spectrum will scale the instrumental response function that is still present. The airmass corrections are also

expected to be small in the near-infrared, so choosing the star closest in airmass should be reasonable.

This stage provides relative flux calibration by multiplying the telluric-corrected frame by the appropri-

ate blackbody curve of the star.

6.3.6 Noise Estimates

The noise in the final spectra is dominated by the sky. The noise is tracked in the reduction process starting

from the sky subtracted, nodded frames. The noise at each wavelength is estimated using 3s clipping

about the median value for each column within the region of complete sky subtraction. When the standard
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deviation of the clipped distribution varies by less than a fraction of a percent, that standard deviation is

recorded as the noise.

This noise is combined with the noise from the telluric spectrum when the images are divided through

by the standard star, according to

(scorr
corr )2 = (sobs

obs )2 +(stell
tell )2

where scorr is the noise of the telluric corrected image, sobs is the noise in the sky subtracted, nodded image

and stell is the noise in the telluric spectrum. This is applied on a row by row basis to the noise image for

each image contributing to the stack.

The noise in the bright telluric spectrum is assumed to be dominated by poisson statistics. To estimate

this noise, the units for each observed frame must first be converted back into photon counts. The observa-

tions are taken in NDR mode with 6 equally spaced reads and the units of the final frames are an average of

the individual detector integration times. The gain of the detector is 4.5 e�/ADU so multiplying the image

by the gain gives the average number of electrons per read. According to poisson statistics, the signal to

noise varies as Np
N

where N is the number of electrons in this case. In the case of NDR mode the signal to

noise varies as

SNR = SNRDC

q
N(N+1)
6(N�1)

where SNRDC is the signal to noise ratio of the direct counts. The two observations in the nodding sequence

are also averaged further reducing this noise by
p

2. This is then converted back to the original units.

During flux calibration, the noise is then multiplied by the same blackbody spectrum as the data and

the errors for each nodded frame are then combined in quadrature during stacking, taking account of the

differences in coverage of the pixels due to cosmic rays and bad pixels.

6.3.7 Spectrum Extraction

The profile of the standard star observations was used to weight the pixel rows according to the S/N in the

star observation. The rows for which the flux in the stellar profile was greater than 10% of the maximum

were then summed to make the final 1D spectrum.
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6.3.8 Combining Spectra

Spectra from the separate nights are combined in 2D, scaling each to match the flux in the extracted, binned

spectra for each night, then weighted according to signal to noise in the 2D frames. The scaling to match the

flux in each night’s stacked frame corrects for the differences in seeing between the different nights, and any

differences in relative flux calibration. The images are then interpolated to the same wavelength solution

and shifted by integer pixel shifts in the vertical direction so that the peak in the flux in the 2D trace falls

within the same pixel in the final stacked image. The 1D spectrum was then extracted as for the single night

observations.

Target 1 was observed on the first three nights, and all three nights were used in the final stack, whereas

the second night’s observations were not used for the final stacked spectrum of Target 2. The weather and

seeing were not optimal on the second night, and the observed trace was too low signal to noise. With the

poorer sky subtraction possible from the second night’s observations, including this data does not improve

the overall signal to noise of Target 2. Target 3 was observed in slit 2 on the final nights, only one night’s

worth of data is stacked to make the final spectrum for this object.

6.3.9 Low-resolution Binned Spectra

When binning the spectra, a monte-carlo approach is used to provide an estimate of the bin value and its

error. This method was chosen since the sky subtraction is imperfect and one cannot assume that the errors

are independent.

It is assumed that the error in each pixel follows a gaussian distribution with its width defined by the

error assigned to that pixel. 6000 random realisations of the bin are then produced with each pixel assigned

a random value within the gaussian distribution centered on the measured value, and with width given by

the pixel error. The bin is then assigned the modal value determined by 3s clipping of the distribution of

random values, its error is the standard deviation of this clipped distribution. This should prevent regions of

poor sky subtraction from affecting the binned value.

Each of the low-resolution, binned spectra shown in Figure 6.3 show continuum that is fairly flat across

the wavelength range. The large telluric absorption feature at⇠ 11300Å takes out a lot of the information at

lower wavelengths. These regions are cut at a high atmospheric transmission since there has been no scaling
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(a) Target 1 (b) Target 2

(c) Target 3

Figure 6.3: Low-resolution binned spectra for the three target galaxies. The pink shaded regions show
regions excluded from the bins where the atmospheric transmission fell below 90 percent, as determined
from the telluric star observations. The un-binned spectrum is over-plotted in blue.
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applied to the star-observations to fit to the telluric absorption accurately, so the regions are un-reliable.

Wavelengths below 11000Å are not included as the throughput falls off steeply at these low wavelengths. It

is clear that to be able to determine what is going on (what redshifts these objects are at), we need to extend

the wavelength range using broad-band photometric data.

It can also be seen from comparison of the binned spectrum and original spectrum for Target 2 that poor

sky subtraction is affecting the binned values, though the continuum is consistent with being fairly flat to

within the errors.

6.4 Broad-band photometric data

To add to the spectroscopic data, broad-band photometric data is available from the optical to the near-

infrared from the public T0005 release of the CFHTLS-Deep survey and VIDEO. The J, H and Ks VIDEO

images used here were mosaiced, calibrated and registered to the CFHTLS astrometric frame (Bonfield, D.,

private communication).

Photometry was performed on all eight images using SExtractor in dual image mode, selecting from the

H-band where the targets are bright, and weighting using the H-band confidence image. The chosen aperture

size, 2" diameter, ensures the apertures on the sources of interest are not contaminated by neighboring

objects. The differences in seeing in each band were taken into account by calculating a point-source

aperture correction for each image to correct the flux in a 2" diameter aperture to the total flux. The measured

aperture corrections are documented in Table 6.4. A point-source aperture correction was chosen to account

for differences in seeing, as opposed to the approach taken in Chapter 2 of convolving each image to the

broadest PSF, since each of the three sources is only partially resolved in the images, so the point-source

approximation is not a bad one. The region of the image is also quite crowded so broadening of the PSF is

not preferable.

The stars chosen for calculating the aperture correction where chosen separately in each image from the

locus of points in a plot of flux ratio (2" aperture/3" aperture) against flux. The point sources produce a

well-defined locus in this plot and the saturated stars can be identified as they vary from the well-defined

point source ratio. The curve of growth of the stellar profiles were examined in different sized apertures and

an aperture of diameter 10" was chosen as the estimate of total flux. The mean in standard deviation in the
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Filter 3" point source aperture correction
(fraction of total flux within 3")

u* 0.949±0.006
g* 0.953±0.008
r* 0.952±0.008
i* 0.954±0.008
z* 0.945±0.013
J 0.878±0.006
H 0.897±0.012
Ks 0.913±0.018

ratio between the 3" aperture flux and total is then the aperture correction and error respectively.

The photometric errors are calculated for each source taking account of the correlated noise present in

the VIDEO images due to the registering of the images to the CFHTLS pixel grid, which is smaller than the

natural size of the VISTA pixels (see Section 2.3.2 for description). The error in the aperture correction is

also added in quadrature to the photometric errors.

The photometric zeropoints were tested by comparing to the Pickles stellar library (Pickles, 1998) as in

Chapter 2. Corrections were made to the zeropoints of the J, H and Ks bands of 0.1, 0.2 and 0.1 respectively,

with an error of 0.05 in the calibration.

6.4.1 Photometric redshifts, broad-band data only

The same template set as used in Chapter 4 was used to find photometric redshift estimates for the targeted

objects. To test the accuracy of the redshifts, they were compared to the VIMOS VLT Deep Survey (VVDS)

spectroscopic redshifts (Le Fèvre et al., 2005). Only objects flagged with 95 and 100% confidence in the

redshift were used as a comparison. The results are shown in Figure 6.4, and the photometric redshift

estimates for the individual targeted objects are shown in Figure 6.5.

Further calibration of the photometric zeropoints were required at this stage, as displayed in Figure 6.4

(a). There is an option in Le Phare (Ilbert et al., 2006) that allows the user to find best-fitting zeropoint offsets

to the data by using the fact that any systematic offsets will be independent of redshift. The program iter-

atively finds the best-fitting zeropoint shifts by setting the photometric redshift to the known spectroscopic

redshifts of a sample, allowing the best-fitting templates to vary between each iteration. There are options

to fit these shifts as a function of colour, redshift or template. All of these options, however take the original
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Filter Zeropoint correction

u* 0.18
g* -0.096
r* -0.064
i* -0.067
z* -0.04
J 0.025
H 0.248
Ks 0.025

Table 6.1: Photometric zeropoint calibrations from Le Phare (Ilbert et al., 2006)

task of calibrating the photometric zeropoints of the data to training the redshift estimates and calibrating

errors within the templates themselves. Since the targeted objects are expected to be at higher redshift than

we have photometric redshifts for, these options are not used, given that there is no way to model how the

calibrations will be affecting the estimates of objects at higher redshift. The calibrated zeropoint shifts for

each of the bands are recorded in Table 6.1.

Although the photometric redshift estimates have been improved by this zeropoint calibration, there is

still a large scatter for redshifts above zspec ⇠ 1, most likely due to the gap in filter coverage between the

CFHT z*-band filter and the VIDEO J-band filter preventing the tight constraint of the 4000Å break between

these filters at these redshifts. The VIDEO Y-band should improve this uncertainty. The redshift estimates

are systematically lower than the spectroscopic redshifts above zspec⇠ 1, which is an important consideration

when looking at the photometric redshifts of the target galaxies (Figure 6.5, results summarised in Table

6.2). All three estimates place the 4000Å break between the z* and J-band filters. The Y-band images will

therefore be crucial for determining photometric redshifts of the other potential cluster members.

6.5 Redshifts from Spectro-Photometric Fits

The binned spectra are used together with the broad-band photometry to improve the photometric redshift

estimates, with the hope of constraining the shape of the continuum in the region covered by the spec-

troscopy. This requires the absolute flux calibration of the binned spectra, which is achieved by scaling the

flux obtained by convolving the un-binned spectrum with the filter profile to that obtained by photometry.

The flux errors for the bins are combined in quadrature with the error on the photometric measurement. The
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(a) (b)

Figure 6.4: Comparison of spectroscopic redshifts to photometric redshifts. [a] Shows the comparison after
applying zeropoint corrections from comparison with stellar colours, but withouth calibrating the zeropoints
with Le Phare (Ilbert et al., 2006). [b] Shows the improvement after further calibrating the zeropoints with
Le Phare.

Object Photometric redshift estimates
Broad-band data alone Spectro-photometric fit

Target 1 1.9024+0.0205
�0.0232 1.8867+0.0034

�0.0117
Target 2 1.4997+0.0262

�0.0263 1.4788+0.0112
�0.0101

Target 3 1.7475+0.0512
�0.0267 1.7463+0.044

�0.0541

Table 6.2: Photometric redshift estimates, with upper and lower error values quoted from the upper and lower
68% confidence interval. Both the estimates determined with and without the spectroscopic information are
included.

bins are then used as separate top-hat filters in Le Phare to constrain the position of the 4000Å break be-

tween the z* and J-bands, any masked regions in the binned section are also masked in these filters. Figure

6.6 shows the results, with the best-fitting photometric redshift estimate and upper and lower errors defined

by the upper and lower 68% confidence contours. These are determined in Le Phare from contours of equal

Dc

2 = 1.

These indicate that the binned spectrum for object 1 is indeed tightening the constraints on the photo-

metric redshift estimate. The errors on the binned spectrum for object 3 are too large, and actually broaden

the 68% confidence interval. The confidence intervals for object 2 are tightened but, given the level of sys-

tematic errors plaguing the spectrum, for both objects 2 and 3 it is not possible to categorically discount the

presence of a break within the observed wavelength range and, despite the effort to make the errors repre-

sentative of the systematic and Poissonian errors present, they likely still underestimate the systematics.
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(a) Target 1 (b) Target 2

(c) Target 3

Figure 6.5: Best-fitting templates and SEDs for the three target objects. The insets show the probability
distribution functions P(z).
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(a) Target 1 (b) Target 2

(c) Target 3

Figure 6.6: The best-fitting templates and SEDs for the targets after including the binned spectra in the
fitting process.



6.6. Observing faint continuum sources with FMOS 119

The spectrum for object 1, however, shows continuum with good signal to noise and a drop in flux in

the two bluest redshift bins. This drop is seen in the 2D spectrum also, and does not follow the fall off

in throughput of the instrument. When compared to the photometry in the spectro-photometric fit, it is

worrying to see that both points are systematically lower than the fitted SED, though they do agree within

the errors.

There is not yet sufficient evidence to spectroscopically confirm the cluster. Photometric redshift es-

timates for these three potential cluster members are discrepant, though all agree that the 4000Å break

should sit between the z* and the J-band, and the best quality spectro-photometric fit indicates a redshift of

1.8867+0.0034
�0.0117 for that particular potential member. Y-band imaging and further spectroscopic observations

are needed to further this investigation though the current evidence does not support the hypothesis that

these three objects belong to a cluster, with their varying photometric redshift solutions.

6.6 Observing faint continuum sources with FMOS

Spectroscopy of faint continuum sources is difficult, especially in the near-infrared where you have bright

sky emission and broad telluric absorption features. With traditional slit spectroscopy, the best results for

stacking observations of very faint sources has been achieved by placing the star to be used for telluric

correction at the position that you want the object to be on the slit, and nodding between object and star.

This provides a stellar trace for each observation of the object that can be seen and detected, where the object

is not yet visible. This can be used in stacking to find the exact offset between the sky-subtraction nod that

places the object at a different position along the slit, where otherwise you only have the approximate offset

provided by the telescope telemetry.

The sky subtraction technique also has a huge impact on the quality of the stacked spectrum, with the

ABB’A’ technique providing the best handle on systematics as the subsequent nods sample different places

on the detector. These systematics are usually not noticeable as they are smaller than the poisson noise

and readnoise of the detectors, but when stacking many observations they become important. Imperfect

flat-fielding is one possible cause, especially if you are first removing the spectral shape of the flat field.

Fibre spectroscopy takes out the difficulty of finding the faint source on the detector as the traces are

defined in the fibre flat field. Changing which fibres are on the target could also help to mitigate some of
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the systematics that the ABB’A’ strategy takes care of. Stars can also be targeted simultaneously with the

objects for telluric absorption correction thanks to the multiplicity of the fibre-fed system. The problems to

be faced by FMOS for targeting continuum are different, the biggest ones being:

• Accuracy of flux calibration and correction of wavelength-dependent differences in fibre-fibre through-

put.

• Sky subtraction.

Without improvement on the sky subtraction, continuum observations of faint sources will not be pos-

sible. Figure 5.2 shows this, with the systematics in sky-line residuals preventing the reduction in noise

afforded by stacking in most of the H-band. Given the possibilities of Poisson-limited sky subtraction of-

fered by using PCA fitting to the sky lines (Sharp & Parkinson, 2010), these types of observations may be

possible in the future, given an aligned OH-mask or a large enough set of observations to use as a training

set for the routine.



Chapter 7

Conclusions

7.0.1 RSD target selection

The target selection for a redshift survey designed to measure redshift space distortions depends heavily

on the available broad-band photometric data available and over what areas. For conducting observations

with FMOS in cross-beam switch mode we require a minimum surface density of objects at ⇠ 1000 per

square degree, for beam-switching or dedicated fibre sky-subtraction, ⇠ 2000 objects per square degree is

optimal. In Chapter 3, I use the band-merged photometric catalogue for the UDS field to look at how best to

select galaxies in the redshift range 1.4 < zspec < 1.7, comparing colour selections to photometric redshift

estimates. From this I find that B-z-K and B-z-ch1 colour selections perform poorly at isolating galaxies

in the tight redshift range, peaking at a success of ⇠ 20� 25% for both selections. The comparison of

photometric redshift estimates to spectroscopic estimates, however, indicate a success rate of ⇠ 50%, for

the depths afforded in the UDS.

When considering different target fields from which to draw the target population, I find that the depth

and coverage afforded by SWIRE, for the regions with full depth in the UKIDSS-DXS image, and full set of

optical filters, a comparable success rate of photometric redshifts is reached. Including Spitzer IRAC filters

does not improve the photometric redshift estimates in this case. In the absence of the U/B-band and the

z-band the IRAC bands do improve the photometric redshift estimates and a redshift success rate of ⇠ 42%

is reached. This would allow the use of the Lockman hole field, which has no z-band imaging, though the

selection mechanism for all fields should be consistent and so if this were the case then all fields should have

121
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targets selected without use of the z-band images.

Given the number density of sources from the catalogue with full K-band depth and full filter coverage

reaches 1000 objects per square degree at a B-band magnitude of 25 (AB), an area of at least 60 square

degrees would be required, assuming that half of these will give you a redshift in the correct range, which

is optimistic given that the fraction of objects with emission line flux falling below the observable flux limit

has not yet been truly modeled and accounted for. The SWIRE survey is therefore too small, though the

wavelength coverage is good.

Looking at the CFHTLS survey, with the inclusion of IRAC ch1 and ch2 photometry a photometric

redshift success rate of ⇠ 38% can be reached. Without deeper z-band data to select the catalogues from,

however, the number density of sources is again too low.

7.0.2 FMOS performance

The UDS was targeted by FMOS in October and November 2009, employing beam-switching for the method

of sky subtraction. The data taken in October 2009 displayed problems in fibre positioning, which was

corrected for in the data taken in December 2009 by correcting the field configuration after every pair of

sky+object frames. The absolute flux calibration of continuum for point sources was found to be accurate

to ⇠ 11% for the December data, with the accuracy limited by the form of flat field frames taken with these

observations. Flat-field frames should be taken with the spines configured in the field positions to account

for variation in fibre throughput with fibre tilt.

The noise in the data is sky-subtraction limited due to the miss-alignment of the OH-suppression mask.

Despite this, FMOS has secured 70 redshifts for the targets, with 23 of these not having previously been

assigned a spectroscopic redshift.

7.0.3 Spectroscopic targeting of HiZELS

Using HiZELS narrow-band flux measurements to provide an absolute flux calibration, we find that objects

with total SFR of⇠ 23MJ have been observed with S/N⇠ 7�9 in 1.5 hours, where the spread is dependent

on the surface brightness of Ha and hence what fraction is observed through the fibre aperture. Although

robust estimates were only found for two of the HiZELS objects, this provides a valuable measure for the
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true performance of FMOS for sources that are not points and for line widths that are partially resolved.

7.0.4 JKCS 041

Long-slit spectroscopy of JKCS 041 has provided a tighter constraint on the photometric redshift of the

possible cluster, at 1.8867+0.0034
�0.0117. Poor signal to noise and high systematics in the spectra of the other two

targets prevented secure redshifts to be determined, although they indicate quite a large spread in redshift

(one object at ⇠ 1.48, one at ⇠ 1.75, further spectroscopic targeting is required to securely confirm that the

X-ray detection is indeed associated with a cluster at high redshift. The presented spectro-photometric fits,

however, do not support the hypothesis that these objects belong to a cluster.

Although fibre spectroscopy with FMOS would solve some difficulties involved with targeting faint con-

tinuum sources, namely the knowledge of where on the detector the spectrum is positioned, the systematics

introduced at the stage of sky-subtraction need to be much reduced before any sort of stacking can be per-

formed on FMOS spectra. Given probable improvements offered by the PCA method of sky subtraction, this

possibility should be investigated further in the future. If one were to try to mitigate some of the systematics

introduced by flat-fielding/extracting the spectrum from the same position on the detector then the object

could be observed through more than one fibre, though then the fibre:fibre throughput calibrations need to

be more accurately measured and corrected using a flat field with the fibres configured to their observing

positions.





Chapter 8

Current and Future Work

In November 2010, FMOS is targeting objects in the UDS over 10 nights of GTO time. This will provide

the perfect data set to fully test the different selection mechanisms for choosing the targets for the redshift

survey. Given a large number of observations with the spectrograph in a stable configuration will provide the

perfect training set for testing PCA sky-subtraction methods, whether the OH-suppression mask is aligned

or not.

Within the target sample is the full sample of ⇠ 150 HiZELS nbH-selected objects from the UDS field.

Given improved sky subtraction, stable fibre configurations (compared to the observations taken in October

2009) we expect an improved redshift success rate for these objects. This will provide a statistical contam-

ination rate of the sample from other emission lines, as well as the AGN contamination rate. With reduced

systematic errors left from sky-subtraction, I will be stacking these sources to find the average Ha to Hb

ratio, to test whether the average dust properties of star-forming galaxies are any different at z⇠ 1.45. Given

a large enough sample of observed objects, this can be done in bins of Ha luminosity and compared to the

extinction estimates derived by comparing 24µm SFR estimates to Ha-derived SFRs.
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Appendix A

Expectation-Maximisation Algorithm

This Appendix describes the Expectation-Maximisation Algorithm used to calculate the final normalisations

of convolved K-band profiles, and hence the IRAC fluxes. This algorithm was the basis for a program written

in IDL that starts from predicted IRAC profiles (from K-band profiles convolved to the IRAC PSF) registered

to the correct astrometry and pixel grid, and returns the fluxes for each object.

If you have µi expected counts at pixel i, defined by the prior information of all the overlapping ob-

ject profiles at that pixel (hk,i), and the background value, b, at that pixel (Equation A.1) then ak is the

normalisation of the profile of object k.

µi = SK
k=1akhk,i +b (A.1)

The probability, P of measuring the observed number of counts, xi at that pixel is given by Equation A.2,

following Poisson statistics.

P = {Xi = xi} = exp(�µi)
µ

xi
i

xi!
(A.2)

Then the likelihood for the entire image of M pixels is given by Equation A.3, since the probability for

each pixel is assumed independent.
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L(x,µ) =
M

’
i=1

exp(�µi)
µ

xi
i

xi!
(A.3)

This likelihood can then be maximised with respect to ak (A.4,A.5).

∂ logL(x,µ)
∂ak

= 0 =�
M

Â
i=1

hk,i +
M

Â
i=1

xi
hk,i

ÂK
j=1 a jh j,i +b

(A.4)

)
M

Â
i=1

hk,i =
M

Â
i=1

xi
hk,i

ÂK
j=1 aih j,i +b

(A.5)

The best-fitting normalisation of each model profile can then be obtained by solving the set of non-linear

equations iteratively (A.6,A.7)

a

(n+1)
k = a

(n)
k

ÂM
i=1(xi/µ

(n)
i )hk,i

ÂM
i=1 hk,i

(A.6)

µ

(n)
i =

(n)

Â
j

a

(n)
j h j,i +b (A.7)



Appendix B

Identifying Stars

(a) Selection of point sources from the flux
ratio between two different sized apertures

(b) Flux ratio vs flux for both BzK selected
sources and point sources.

(c) B-z vs. z-K shows how stars are selected
using the BzK selection.

(d) B vs. B-V colour.

Figure B.1: Selection of stars from the UDS catalogue
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The figure in this appendix (B.1) displays how stars are selected from both the BzK stellar locus (selected

as in B.1 (c), (b) shows how these compare to the point sources chosen from the K-band flux ratio between

2" and 3" sized apertures) (Daddi et al., 2004) and from the flux ratio between two different sized apertures

B.1 (a). B.1 (d) shows that the BzK selection primarily selects main-sequence stars, while the flux ratio

mainly selects red giants, which are much brighter in K.



Appendix C

B-band magnitude

In this appendix the results for the scaled masses and observed B-band magnitudes are recorded for a range

of star formation histories, ages and extinction. Each mass and B-band magnitude is that required to produce

the limiting Ha flux of 1E-16 erg s�1 cm�2 (see section 3.3.1). If the final scaling required to reach this

limiting flux produces a final stellar mass that is too high, the entry is crossed out and discounted as unphys-

ical. This is a very simplified demonstration of how the observed B-band magnitude of a galaxy is linked to

the extinction and Ha flux. Only the star forming population is considered here, the mass of a galaxy is not

directly linked to the UV continuum since it is the longer lived, lower mass stellar population that dominates

the mass of a galaxy, however this population does not affect the Ha flux or the UV continuum. In reality

the galaxy mass is likely to be made up from many star formation episodes.

131



132 Appendix C

Extinction E(B-V) 0 0.1 0.2 0.3 0.4 0.5

tau Age now redshift age at redshift scaled mass apparent B-band mass B-band mass B-band mass B-band mass B-band mass B-band
(Gyr) (Gyr) (MJ) magnitude (AB)

0.1 9.72 1.4 0.7 8.5320e+11 21.691
0.1 9.72 1.7 0.006 9.8754e+07 23.7 2.224E08 23.8 2.3796E08 24.8 3.6986E08 25.3 5.7415e+08 25.8 8.8967e+08 26.3
0.1 11 1.4 1.98 6.2132e+12 23.991
0.1 11 1.7 1.286 5.5128e+12 24.047
0.1 12 1.4 2.98 6.9052e+12 24.844
0.1 12 1.7 2.286 9.2639e+12 25.154
0.3 9.72 1.4 0.7 2.2659e+10 23.2 5.1034e+10 23.2 5.4600e+10 24.1 8.4865e+10 24.5 1.3174e+11 25.0 2.0413e+11 25.4
0.3 9.72 1.7 0.006 9.8007e+07 23.6 2.2074e+08 23.7 2.3616e+08 24.6 3.6707e+08 25.1 5.6981e+08 25.6 8.8294e+08 26.1
0.3 11 1.4 1.98 1.2950e+12 23.128
0.3 11 1.7 1.286 2.3889e+11 23.1 5.3804e+11 23.2 5.7564e+11 24.1 8.9472e+11 24.6
0.3 12 1.4 2.98 5.7379e+12 24.265
0.3 12 1.7 2.286 4.0882e+12 23.491
0.7 9.72 1.4 0.7 9.7256e+09 23.3 2.1904e+10 23.3 2.3435e+10 24.2 3.6425e+10 24.6 5.6544e+10 25.1 8.7618e+10 25.5
0.7 9.72 1.7 0.006 9.7788e+07 23.5 2.2024e+08 23.6 2.3563e+08 24.5 3.6625e+08 25.1 5.6853e+08 25.6 8.8097e+08 26.1
0.7 11 1.4 1.98 8.1635e+10 23.2 1.8386e+11 23.3 1.9671e+11 24.1 3.0575e+11 24.6 4.7462e+11 25.0 7.3545e+11 25.5
0.7 11 1.7 1.286 4.3845e+10 23.2 9.8750e+10 23.3 1.0565e+11 24.2 1.6421e+11 24.7 2.5491e+11 25.2 3.9500e+11 25.7
0.7 12 1.4 2.98 3.3268e+11 23.3 7.4928e+11 23.3 8.0164e+11 24.2
0.7 12 1.7 2.286 2.0324e+11 23.2 4.5775e+11 23.3 4.8973e+11 24.2 7.6120e+11 24.7
1 9.72 1.4 0.7 8.2087e+09 23.3 1.8488e+10 23.4 1.9780e+10 24.2 3.0744e+10 24.7 4.7725e+10 25.1 7.3952e+10 25.6
1 9.72 1.7 0.006 9.7758e+07 23.5 2.2017e+08 23.6 2.3556e+08 24.5 3.6613e+08 25.0 5.6836e+08 25.6 8.8070e+08 26.1
1 11 1.4 1.98 4.6148e+10 23.3 1.0394e+11 23.3 1.1120e+11 24.2 1.7284e+11 24.6 2.6830e+11 25.1 4.1575e+11 25.5
1 11 1.7 1.286 3.1469e+10 23.2 7.0876e+10 23.3 7.5829e+10 24.2 1.1786e+11 24.7 1.8296e+11 25.2 2.8350e+11 25.7
1 12 1.4 2.98 1.3209e+11 23.3 2.9750e+11 23.3 3.1829e+11 24.2 4.9472e+11 24.6 7.6796e+11 25.1 1.1900e+12 25.5
1 12 1.7 2.286 1.0341e+11 23.2 2.3290e+11 23.3 2.4918e+11 24.2 3.8730e+11 24.7 6.0122e+11 25.2 9.3162e+11 25.7
3 9.72 1.4 0.7 6.4154e+09 23.3 1.4449e+10 23.4 1.5459e+10 24.2 2.4029e+10 24.7 3.7299e+10 25.1 5.7796e+10 25.6
3 9.72 1.7 0.006 9.7679e+07 23.5 2.1999e+08 23.6 2.3537e+08 24.5 3.6583e+08 25.0 5.6790e+08 25.5 8.7999e+08 26.0
3 11 1.4 1.98 2.1129e+10 23.3 4.7588e+10 23.4 5.0913e+10 24.2 7.9135e+10 24.7 1.2284e+11 25.1 1.9035e+11 25.6
3 11 1.7 1.286 1.9743e+10 23.2 4.4466e+10 23.3 4.7573e+10 24.2 7.3944e+10 24.7 1.1478e+11 25.3 1.7786e+11 25.8
3 12 1.4 2.98 3.7245e+10 23.3 8.3885e+10 23.4 8.9747e+10 24.2 1.3949e+11 24.7 2.1654e+11 25.1 3.3554e+11 25.6
3 12 1.7 2.286 4.1151e+10 23.2 9.2682e+10 23.3 9.9159e+10 24.2 1.5412e+11 24.7 2.3925e+11 25.2 3.7073e+11 25.8
5 9.72 1.4 0.7 6.1238e+09 23.3 1.3792e+10 23.4 1.4756e+10 24.2 2.2935e+10 24.7 3.5603e+10 25.1 5.5169e+10 25.6
5 9.72 1.7 0.006 9.7665e+07 23.5 2.1997e+08 23.6 2.3533e+08 24.5 3.6579e+08 25.0 5.6782e+08 25.5 8.7986e+08 26.0
5 11 1.4 1.98 1.8405e+10 23.3 4.1453e+10 23.4 4.4349e+10 24.2 6.8932e+10 24.7 1.0700e+11 25.1 1.6581e+11 25.6
5 11 1.7 1.286 1.8125e+10 23.2 4.0822e+10 23.3 4.3675e+10 24.2 6.7884e+10 24.7 1.0538e+11 25.3 1.6329e+11 25.8
5 12 1.4 2.98 2.9992e+10 23.3 6.7549e+10 23.4 7.2270e+10 24.2 1.1233e+11 24.7 1.7437e+11 25.1 2.7020e+11 25.6
5 12 1.7 2.286 3.5039e+10 23.2 7.8917e+10 23.3 8.4431e+10 24.2 1.3123e+11 24.7 2.0371e+11 25.3 3.1567e+11 25.8

15 9.72 1.4 0.7 5.8491e+09 23.4 1.3174e+10 23.4 1.4094e+10 24.3 2.1907e+10 24.7 3.4006e+10 25.1 5.2694e+10 25.6
15 9.72 1.7 0.006 9.7654e+07 23.5 2.1994e+08 23.6 2.3531e+08 24.5 3.6574e+08 25.0 5.6775e+08 25.5 8.7976e+08 26.0
15 11 1.4 1.98 1.6147e+10 23.3 3.6367e+10 23.4 3.8908e+10 24.2 6.0476e+10 24.7 9.3878e+10 25.1 1.4547e+11 25.6
15 11 1.7 1.286 1.6688e+10 23.2 3.7585e+10 23.3 4.0212e+10 24.2 6.2502e+10 24.8 9.7023e+10 25.3 1.5034e+11 25.8
15 12 1.4 2.98 2.4521e+10 23.3 5.5227e+10 23.4 5.9087e+10 24.2 9.1839e+10 24.7 1.4256e+11 25.1 2.2091e+11 25.6
15 12 1.7 2.286 3.0110e+10 23.2 6.7815e+10 23.3 7.2554e+10 24.2 1.1277e+11 24.8 1.7506e+11 25.3 2.7126e+11 25.8

Brightest 23.1 23.2 24.1 24.5 25.0 25.4
Faintest 23.6 23.8 24.8 25.3 25.8 26.3
Mean 23.3 1.05E11 23.4 1.12E11 24.3 1.42E11 24.8 1.51E11 25.2 3.91E11 25.0

Table C.1: This table shows the stellar masses and observed B-band magnitudes for stellar populations
providing Ha emission of 1E-16 erg s�1 cm�2 for various star formation histories.



Appendix D

FMOS spectroscopic redshifts

Aperture Ra Dec Prev Spec-z Ha spec-z quality observed lines

3 34.62392 -4.95303 0.705 0.705 5 Bright Ha+NII
15 34.61083 -5.00217 1.047 agreeish 4 Ha next to slit
17 34.63192 -5.03881 0.712 agree 2 Ha and SII but in messy region
21 see HiZELS
26 34.5395 -4.996 1.095 agree 4 Huge OIII, SII
27 34.53362 -4.9505 0.711 agree 4 good Ha SII
48 34.53875 -5.03969 1.018 agree 4 good Ha, OII into noisy region
50 34.56242 -5.06903 1.2 1.388 1 looks more like Ha with poss Hb than AGN
68 34.43225 -4.87411 0.875 agree 4 good Ha
77 34.39512 -4.81689 0.881 agree 4 good Ha SII
86 34.46142 -5.0275 0.706 agree 2 Ha
89 34.46217 -5.12097 n/a 1.17 4 Hb, Ha, NII, OIII (1)
102 34.37892 -5.02778 0.801 agree Ha
110 34.32792 -4.87389 n/a 1.32 3 broad Ha, Hb, OIII (1)
118 34.29225 -4.87 1.03 (p) ⇠0.99 2 Ha
128 34.37983 -5.11925 1.27 agree 4 Ha+large NII, OIII (1)
132 34.40667 -5.19881 0.921 agree 2 Ha
166 34.29562 -5.12797 0.824 agree 3 paritally masked, bright Ha
173 34.2785 -5.22517 0.626 agree 3 bright Ha

Table D.1: October observations, IRS1
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Aperture Ra Dec Prev Spec-z Ha spec-z quality observed lines

9 34.53571 -5.20678 1.036 agree 3 Ha
14 34.43862 -5.28336 n/a 0.915 2 Ha
16 34.37038 -5.29819 0.786 agree 2 Ha
25 34.38354 -5.22561 1.342 agree 4 bright, broad Ha, NII
27 34.40667 -5.19881 0.921 agree 3 Ha, NII
32 34.53846 -5.12411 n/a 1.406 3 Ha, partially masked Hb
34 34.56533 -5.08622 n/a 1.495 3 Ha, NII, SII
36 34.57329 -5.06633 n/a 1.457 2 Ha, NII, poss Hb
51 34.26525 -5.25822 0.807 agree 3 Ha
52 34.27129 -5.27481 0.809 agree 3 broad Ha, NII
54 34.18592 -5.27364 0.758 agree 3 Ha
58 34.24167 -5.21186 0.896 agree 3 Ha
65 34.37983 -5.11925 1.27 agree 3 good Ha, NII, poss OII, Hb
76 34.51438 -5.01822 1.044 agree 4 Ha, OII, Hb into noisy region
79 34.46271 -5.05081 0.873 agree 3 Ha, SII
86 34.32283 -5.16761 1.03 1.033 3 Ha
90 34.17154 -5.22172 1.053 agree 3 Ha near slit
94 34.12371 -5.21389 n/a 1.44 4 Ha, OIII, Hb
104 34.32733 -5.04436 0.822 agree 2 partially masked Ha
130 34.16296 -5.14297 n/a 1.474 2 Ha and poss OII (1)
132 34.12312 -5.16219 HiZELS nbJ 0.855 3 Ha
135 34.09579 -5.13506 2.09 agree 4 Huge OII emission, small amt OII?
149 1.445 1.449 5 Ha, OIII
153 34.45088 -4.86392 1.602 1.605 3 OIII
155 34.43488 -4.86522 0.707 agree 3 ha
156 34.38162 -4.88819 n/a 1.405 3 ha, hb, OIII, all faint
160 34.31804 -4.95325 1.18 agree 5 ha, OIII
184 34.32792 -4.87389 1.319 agree 4 broad ha, poss hb
186 34.35429 -4.84364 1.479 agree 4 Ha, hb
196 34.17517 -4.93317 0.6 agree 4 bright Ha

Table D.2: December observations, IRS1

Aperture Ra Dec Prev Spec-z Ha spec-z quality observed lines

15 n/a 1.49 1 possible Ha
67 1.026 agree 5 broad Ha/NII near slit
74 0.995 (p) 0.895 3 Ha,NII
96 0.806 agree 4 Ha,NII
104 0.805 agree 4 Ha
112 1.42 agree 4 broad Ha
117 0.981 agree 4 broad Ha
126 0.714 agree 5 good continuum, Huge Ha/NII, very broad
141 1.382 1.389 2 Ha+Hb

Table D.3: December observations, IRS2



Appendix E

Measurements of cosmic SFR compiled by

Hopkins (2004)

The following table documents the work done by many different authors to contribute to the understanding

of the form of the cosmic SFR. This list is not exhaustive and only includes the measurements compiled in

Hopkins (2004).
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Reference SFR estimator Redshift

Giavalisco et al. (2004) 1500Å 3 points over range ⇠ 3.780�5.74
Wilson et al. (2002) 2500Å 3 points over range ⇠ 0.350�1.35

Massarotti et al. (2001) 1500Å 3 points over range ⇠ 1.500�4.000
Sullivan et al. (2000) 2000Å 0.150 pm 0.150
Steidel et al. (1999) 1700Å 2 points ⇠ 3.040�4.130
Cowie et al. (1999) 2000Å 2 points ⇠ 0.700�1.250
Treyer et al. (1998) 2000Å 0.150 ± 0.150

Connolly et al. (1997) 2800Å 3 points over range ⇠ 0.750�1.750
Lilly et al. (1996) 2800Å 3 points over range⇠ 0.350�0.875

Madau et al. (1996) 1600Å 2 points over range⇠ 2.750�4.000
Teplitz et al. (2003) [OII] 0.900 ± 0.500
Gallego et al. (2002) [OII] 0.025 ± 0.025
Hogg et al. (1998) [OII] 11 points over range ⇠ 0.200�1.2

Hammer et al. (1997) [OII] 3 points over range ⇠ 0.375�0.875
Pettini et al. (1998) Hb 2.750 ± 0.750

PŐrez-GonzĞlez et al. (2003) Ha 0.025 ± 0.025
Tresse et al. (2002) Ha 0.700+0.400

�0.200
Moorwood et al. (2000) Ha 2.200 ± 0.050

Hopkins et al. (2000) Ha 1.250 ± 0.550
Sullivan et al. (2000) Ha 0.150 ± 0.150

Glazebrook et al. (1999) Ha 0.900 ± 0.100
Yan et al. (1999) Ha 1.300 ± 0.600

Tresse & Maddox (1998) Ha 0.200 ± 0.100
Gallego et al. (1995) Ha 0.022 ± 0.022
Flores et al. (1999) 15µm 3 points over range ⇠ 0.350�0.875
Barger et al. (2000) 850µm 2 points over range ⇠ 2.000�4.500
Hughes et al. (1998) 850µm 3.000 ± 1.000
Condon et al. (2002) 1.4GHz 0.005 ± 0.005
Sadler et al. (2002) 1.4GHz 0.080 ± 0.080

Serjeant et al. (2002) 1.4GHz 0.010 ± 0.010
Machalski & Godlowshki (2000) 1.4GHz 0.070 ± 0.070

Haarsma et al. (2000) 1.4GHz 5 points over range ⇠ 0.280�1.6
Condon (1989) 1.4GHz 0.005 ± 0.005

Sadler et al. (2002) 1.4GHz 0.080 ± 0.080
Serjeant et al. (2002) 1.4GHz 0.010 ± 0.010

Machalski & Godlowshki (2000) 1.4GHz 0.070 ± 0.070
Haarsma et al. (2000) 1.4GHz 5 points over range ⇠ 0.280�1.6

Condon (1989) 1.4GHz 0.005 ± 0.005
Georgakakis et al. (2003) X-ray(0.5-2keV) 0.24+0.06

�0.24

Table E.1: The references for the cosmic SFR measurements contributing to the picture of how this varies
with redshift, as compiled by Hopkins (2004)
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