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Abstract

This work presents a search for galaxies at 6.5 . z . 9.8 based on the

Lyman-break technique, using the latest HST WFC3 near-infrared

data covering ∼ 150 arcmin2 of the GOODS-South field. With these

data, it is possible to find sufficient z ≈ 7−9 galaxies to fit both φ∗ and

M∗ of the UV Schechter luminosity function. There is evidence for

evolution in this luminosity function from z = 6−7 to z = 8−9, in the

sense that there are fewer UV-bright galaxies at z ≈ 8− 9, consistent

with an evolution mainly in M∗. The candidate z ≈ 7 − 9 galaxies

detected have insufficient ionizing flux to reionize the Universe, and it

is probable that galaxies below our detection limit provide a significant

UV contribution. The faint-end slope, α, is not well constrained.

Adopting a similar faint-end slope to that determined at z = 3 − 6

(α = −1.7), and a Salpeter initial mass function, reionization could be

achieved at z ≈ 7 for an escape fraction of ionizing photons fesc = 0.5

integrating the luminosity function down to MUV = −15, while at

z ≈ 8, for the same fesc, the ionizing photon budget still falls short

even integrating down to MUV = −8. A steeper faint end slope or a

low-metallicity population (or a top-heavy IMF) might still provide

sufficient photons for star-forming galaxies to reionize the Universe,

but confirmation of this might have to await the James Webb Space

Telescope.
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Chapter 1

Introduction

The term Epoch of Reionization (EoR) refers to the period during which the gas in

the Universe turned from almost completely neutral to almost completely ionized,

between 150 million and one billion years after the Big Bang (corresponding to the

redshift range 6 . z . 20). This period saw the formation of the first stars and

galaxies, that with their light contributed to the ionization of the neutral hydrogen

that surrounded them. However, it is not clear how and when exactly this process

took place and which was the primary source of ionizing photons. It is therefore of

extreme interest to observe star-forming galaxies in the EoR, not only to assess

their role in the reionization process, but also to acquire information on the

evolution of galaxies, their star formation history and their luminosity function,

and of the intergalactic medium (IGM) and the structures of the Universe.
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1.1 Early stages of the Universe

To better understand the epoch of reionization, a brief “history of the Universe”

is described here. The currently accepted theory is that of the hot Big Bang,

according to which all the energy and matter that we now see (and even energy

and matter that we do not see) was in an extremely hot and dense state, and

started expanding and cooling. The expansion rate was extremely high during a

short phase called inflation. After inflation, the expansion continued, although at

a much lower rate. The continuing expansion obviously coincided with a drop in

temperature, thanks to which the first fundamental particles gradually formed.

With further decrease in temperature the strong interaction became enough to

bond quarks into hadrons, including protons and neutrons, and successively into

nuclei. At this stage, only a few minutes after the Big Bang, the temperature

is still too high to allow electrons and nuclei to bond, leaving the charged par-

ticles free to interact with photons, whose mean free path is consequently short.

This continues until about 380,000 years after the Big Bang (z ≈ 1100), when

temperature drops low enough to allow the formation of neutral atoms (recom-

bination). Photons are then able to travel undisturbed forming what we now

call the cosmic microwave background (CMB). Dark matter structures begin to

form in the matter-dominated Universe, dragging hydrogen into dense regions,

where it eventually collapses gravitationally to form the first stars and galaxies,

at redshift z = 20 − 30. This starts the reionization process, which is over by

z ≈ 6 (see Figure 1.1).
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Figure 1.1: Figure credit Djorgovski (http://www.astro.caltech.edu/ george/reion/).
Sketch of the history of the Universe.
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1.2 The End of the Epoch of Reionization

It is still unclear when the process of reionization started, how long it lasted

and what caused it, but strong evidence constraints its completion: The Gunn-

Peterson trough (Gunn & Peterson 1965) has been observed in the spectra of

quasars at redshift z = 6.28 and above (Becker et al. 2001, Fan et al. 2001,

2006). The Gunn-Peterson trough is the near total absorption of the continuum

flux at wavelengths shorter than that of the Lyman-α, 1216 Å caused by the

significant amount of neutral hydrogen present at those redshifts: intervening

intergalactic clouds of neutral hydrogen along the line of sight absorb the radiation

coming from distant galaxies1, notably at the wavelength of Lyman-α at 1216Å,

the n = 2 → n = 1 transition of atomic hydrogen. Since these clouds are

distributed at different distances from the observed galaxy, different sections of

its redshifted spectrum are absorbed (Lyman-α forest, see Figure 1.2). When the

neutral hydrogen is smoothly distributed along the line of sight (i.e. when the

intergalactic medium, or IGM, is largely neutral), nearly all the photons with

lower wavelength than that of Lyman-α are at some point absorbed.

Since a small neutral fraction (XHI ∼ 10−4) is enough to cause complete

absorption of Lyα photons, the observation of the Gunn-Peterson trough does

not necessarily mean that the source is in the EoR, as towards the end of the

reionization process the neutral hydrogen is not uniformly distributed and could

be local. There is however evidence of strong evolution in the IGM neutral

fraction around redshift z ≈ 6: a study of 19 quasars of redshift 5.74 < z < 6.42

1At wavelengths shortward of the ionization edge of hydrogen at 912Å(the Lyman limit)
there is near-total absorption of light from objects over all redshifts due to intervening Lyman
limit absorption systems, meaning that ionizing Lyman continuum photons have a short mean
free path and are not observed directly.
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Figure 1.2: Figure credit Djorgovski (http://www.astro.caltech.edu/ george/reion/).
QSO spectrum showing Lyman-α forest features due to the radiation absorption
by intervening neutral hydrogen clouds.
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by Fan et al. (2006) suggests a significant neutral fraction, XHI > 10−3, at z ≥ 6,

compared to a XHI < 10−4 at z ∼ 5.5 (see Figure 1.3). These results suggest

that given the rapid increase in neutral fraction around z ≈ 6, if reionization

was a sudden process it would have taken place not much earlier than that.

However, WMAP data of CMB polarization constrains sudden reionization at

z ≈ 11.0 ± 1.4 (Dunkley et al. 2009), excluding such a process at z ≈ 6 at

a 3.5σ level. The reionization process appears therefore to be rather slow and

gradual, or at successive steps or even repeated (a first reionization followed by

recombination and second reionization). This makes the extrapolation of the

redshift at reionization from the measured optical depth τ very model-dependent

and hence uncertain.

1.3 Galaxies in the Epoch of Reionization

Star-forming galaxies are the most likely candidates for the production of ionizing

photons at high redshifts. Other sources like quasars or active galactic nuclei

(AGN), even though contributing to reionization, are unlikely to provide enough

ionizing photons by themselves (Madau, Haardt & Rees 1999; Bolton & Haehnelt

2007). The importance of high redshift galaxies is not limited to their role in

reionization: the UV luminosity function (LF) and the star formation rate (SFR)

and their stellar masses, along with the volume-averaged star formation rate

density, are crucial quantities to measure if we are to monitor galaxy formation

and evolution over cosmic time, and to compare with simulations to determine

if our understanding of the physics is complete. The goal of this thesis is to

discover candidate galaxies at redshifts z = 7 and beyond, and to determine their

6



Figure 1.3: Figure and caption from Fan et al. (2006): Spectra of our sample of
nineteen SDSS quasars at 5.74 < z < 6.42. Twelve of the spectra were taken
with Keck/ESI, while the others were observed with the MMT/Red Channel and
Kitt Peak 4-meter/MARS spectrographs.
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individual UV luminosities (and corresponding star formation rates) and study

the overall characteristics of the galaxy population at this early epoch.

1.4 Observing High Redshift Galaxies

The detection and observation of high redshift galaxies is challenging: because

of their extreme distances, they appear as extremely faint sources, even if their

absolute magnitude is bright. There are a number of methods that have been

used to search for these galaxies, with different degrees of success. Some have

not been successful at z > 7 due to technical limitations of current observational

data, such as AGN and Balmer break searches, while others are have produced

outstanding results in the past few years and are described in detail here.

1.4.1 Lyman-break technique

This technique was initially used by Guhathakurta et al. (1990) to identify galax-

ies at redshift z ≈ 3, unsuccessfully: none of the candidates identified were spec-

troscopically confirmed. The first successful Lyman-break galaxy (LBG) search

was carried out by Steidel and collaborators (Steidel et al. 1996 and references

therein), who identified many candidates that were spectroscopically confirmed

shortly after, still for z ≈ 3. Even if the Gunn-Peterson trough is not observed at

these redshifts, an intrinsic drop in flux is expected at wavelengths shorter than

that of the Lyman limit, 912 Å corresponding to the energy necessary to ionize

neutral hydrogen, abundant in main sequence star atmospheres. This drop can

be further enhanced by absorption from interstellar neutral hydrogen, likely to

be abundant in young star-forming galaxies. Additional absorption between 912
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Å and 1216 Å is produced by the intervening Lyman-α forest clouds. The atten-

uating effect due to the Lyman-α forest is of a factor of about 2 at z ≈ 3 (Madau

1995) and becomes stronger with the increasing of redshift until we observe the

Gunn-Peterson trough, at which point the break at 912 Å becomes unimportant

because there is no flux below 1216 Å. The observed wavelength at which the

break occurs is determined by the redshift of the source and lies in the optical

for redshifts 2.5 . z . 6 and in the near IR at higher redshifts. Identification

of Lyman-break galaxies is achievable by broad-band imaging either side of the

break: at wavelengths shorter than that of the break these galaxies will have a

much lower flux than at higher wavelengths. This selection is subject to con-

tamination by objects with a significant decrement in flux at a similar observed

wavelength, as will be thoroughly described later on in section 3.2.1, and hence re-

quires spectroscopic confirmation or detailed analysis to reject foreground objects

through multi-waveband photometry of the candidates found.

1.4.2 Line Emission Narrow-band Searches

Another (recently) successful method is Lyman-α emission search by narrow band

imaging. Lyman-α emission lines with rest frame equivalent widths of a few tens

of Ångstroms, typical of Lyman break galaxies at z ≈ 3 − 6 (e.g. Stanway

et al. 2004), can be identified relatively easily with narrow-band (∼ 100 Å)

filters. Galaxies identified in this way are called Lyman-α emitters (LAEs). This

technique is complementary with the Lyman break technique: given the smaller

filter passbands, narrow-band imaging probes a much reduced redshift range,

and hence smaller volumes, and is limited to objects that show bright Lyman-α
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emission (Lyman-α emitters, LAEs hereafter). For the same reason, however, it

is much more effective in finding cosmic structure, since all the detected objects

are in a much narrower redshift range (Capak et al. 2011), and it is also effective

for objects with a continuum emission much fainter than that observable with

Lyman-break technique. This technique is heavily affected by contaminants, as

many longer rest-wavelength lines at lower redshift (such as Hα) are likely to

be detected. Broad-band imaging can rule out some lower redshift objects, but

spectroscopic follow up is still necessary. The first searches with this technique

date back to the early nineties (e.g. Pritchet & Hartwick 1990, Djorgovski &

Thompson 1992) with no success, and following studies detected a small number

of objects (Hu & McMahon 1996). The first substantial results (hundreds of

candidates) with this technique came almost a decade later (Malhotra & Rhodes

2002, Ouchi et al. 2003). The relations between LAEs and LBGs are still unclear

and under investigation.

1.4.3 Gamma Ray Bursts

Gamma-ray bursts (GRBs) are extremely powerful, rare and short lived gamma

ray emissions associated with the death of massive stars (Woosley & Bloom 2006).

A GRB is followed by an “afterglow”, successive emissions at longer wavelengths,

from x-ray to optical, attributed to the interaction between the object causing

the burst and the external environment. When a GRB is detected (in the higher

atmosphere or from space, due to atmospheric attenuation), its afterglow is ob-

served by other instruments at lower frequencies. Absorption features in the

afterglow spectrum gives information on the redshift of the source and possibly

10



on the IGM along the line of sight. The highest redshift object spectroscopically

confirmed up to date is a GRB, GRB 090423, located at z = 8.23 (Tanvir et al.

2009), and other GRBs have confirmed redshifts of z > 6. However, follow-up

observations of these objects have failed to identify their host galaxies, suggesting

that such hosts are mainly galaxies beyond our present detection limits.

1.4.4 Application of the Lyman break technique to the

EoR

The rest-frame far-UV spectra of star-forming galaxies at redshift z > 2 can be

observed at optical wavelengths, allowing for the Lyman break technique to be

used with ground-based telescopes. The first searches for Lyman-break galaxies

(LBGs) by Guhathakurta et al. (1990) and Steidel & Hamilton (1992) employed a

U -band filter centred at around 3600 Å and two filters at longer wavelengths, Bj

and R; G and R respectively. With these sets of filters, objects whose flux drops

in the U -band are easily identified: the U -band “dropouts”, or more simply “U -

drops”, are galaxy candidates in the redshift range 2.5 . z . 3.5. Later work by

Steidel et al. (1996) identified a larger number of candidates from both ground-

and space-based observations and was able to spectroscopically confirm many

of them with the 10-m Keck telescope, while Madau et al. (1996) applied the

technique using U300, B450, V606 and I814 images from the Wide Field Planetary

Camera 2 (WFPC2) on the Hubble Space Telescope (HST) to identify U -drops

and B-drops, at redshifts z ≈ 4. Given these successes and the flexibility of this

technique, more studies were conducted to increase the samples and to push it to

higher redshifts, particularly after the Advanced Camera for Surveys (ACS) was
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mounted on the HST in March 2002. Its advanced technology and wider range of

filters (i′775 and z′850 in particular) allowed a redshift range of 5.6 < z < 6.5 to be

reached by selecting i′-drops (Bunker et al. 2004, Bouwens et al. 2004), and along

with large ground-based telescopes made the discovery of z ≈ 6 almost routine.

The installation of Wide Field Camera 3 (WFC3) on the HST in Summer

2009 meant another major leap forward in the use of the Lyman-break technique,

making the detection of galaxies at redshifts z ≥ 7 possible with the infrared

channel of WFC3 and led to the discovery of several galaxy candidates at z ≈

7− 10 (Bunker et al. 2010, Wilkins et al. 2011a, Lorenzoni et al. 2011, Lorenzoni

et al. 2012, Bouwens et al. 2011, Oesch et al. 2012b, Bradley et al. 2012; see

Chapters 4 and 5). The Near Infrared Camera and Multi-Object Spectrometer

(NICMOS), was already available on the HST before WFC3 (Bouwens et al. 2006

and 2007), however NICMOS had a smaller field of view and was less sensitive

than WFC3. In addition, the filter closer to the optical available is J110 at 1.1µm,

leaving a significant wavelength gap between the broadband images one could

take. This gap is now closed thanks to the two broadband Y -band filters at

≈ 1.0µm available in the WFC3.

This thesis is organised as follows: Chapter 2 briefly describes the data used

(instruments and surveys) and analyses in detail the data reduction process. In

Chapter 3 the candidate selection criteria and the reasons why they were chosen

are shown, along with the resulting high-redshift galaxy candidates lists. Chap-

ter 4 describes the derivation of the UV luminosity function, its evolution, and

compares the results with other groups works. The implications for reionization

are treated in Chapter 5. Throughout, we adopt the standard concordance cos-

mology of ΩM = 0.3, ΩΛ = 0.7 and use H0 = 70 km s−1 Mpc−1. All magnitudes

12



are on the AB system (Oke & Gunn 1983).
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Chapter 2

Observations and data reduction

In this chapter the instruments and the surveys used in the work that led to this

thesis are briefly described, along with a detailed description of the data reduction

process.

2.1 Instruments

The data reduced and analysed for this work come from two instrument mounted

on the HST, ACS for optical data and WFC3 for the near infrared imaging.

2.1.1 Advanced Camera for Surveys

ACS is a third generation instrument mounted on HST in March 2002. The

data used here are from the Wide Field Channel (WFC) whose field of view is

202′′×202′′, covering wavelengths from 3500 Å to 11000 Å with a plate scale of

0.05 arcsec/pixel. The detector is composed of two 2048×4096 pixels CCDs. ACS

includes two other channels, the High Resolution Channel (HRC) and the Solar

14



Blind Channel (SBC). The former has a smaller (29′′×26′′) field of view than

WFC, covering a slightly wider (towards the near UV) wavelength range with a

plate scale of 0.027 arcsec/pixel, and is no longer operational, while the latter is

designed for UV observations, covering the 1150 to 1700 Å range with a field of

view of 34.6′′×30.5′′ and plate scale of 0.032 arcsec/pixel.

2.1.2 Wide Field Camera 3

WFC3 is a fourth generation instrument installed on HST in May 2009, and

comprises an infrared (IR) and an ultraviolet-visible (UVIS) channel. The IR

channel detector is a Teledyne 1024×1024 pixel HgCdTe detector (a 100-pixel

strip on the edge is not illuminated by sky and used for pedestal estimation),

with a field of view of 123′′×136′′ and pixel scale of 0.′′13. Unlike CCDs, which to

read the charge generated from the collected photons shift it from pixel to pixel,

the individual pixels of HgCdTe arrays are independent and can be read non-

destructively, so it is possible to see the signal accumulating in each pixel during

the course of an observation (“sampling up the ramp”). Repeated non-destructive

readouts are also useful for the recovery of pixels hit by cosmic rays, as in that

case two adjacent reads would result in a much larger jump in the electron counts

than expected. The IR detector operates between 9000 and 17000 Å, an ideal

range for the search of galaxies in the EoR: the Lyman-break from a source at

z ≈ 8 is expected to be seen at around 11000 Å. For this reason and for the pre-

existing optical coverage of the fields observed, the data used here come from this

channel. The UVIS channel uses the same detector package as the ACS/WFC

channel, but with a smaller pixel scale (0.04 arcsec/pixel) for a total field of view

15



of 162′′×162′′. It covers the range between 2000 and 10000 Å.

2.2 HST public surveys

Several surveys have been carried out for the search of Lyman-break galaxies,

beginning with those made with WFPC2 briefly described in the introduction.

Successive and more advanced surveys in the past decade include imaging with

ACS and more recently with WFC3. For this work I have analysed a number of

them covering the Hubble Ultra Deep Field (HUDF) and its two flanking fields

(see Section 2.2.1), and the Great Observatories Origins Deep Survey (GOODS)

South area, whose IR imaging with WFC3 has been carried out in two different

programmes, the Early Release Science (ERS, see 2.2.2) and the Cosmic Assembly

Near-infrared Deep Extragalactic Legacy Survey (CANDELS, see 2.2.3). See

Figure 2.1 for the relative positions of these fields. The HUDF and its flanking

fields have a limited area (4.2 arcmin2 each) with deep coverage in both optical

and IR, while the rest of the GOODS-South area (about 10′×15′) has shallower

non uniform imaging. Each programme involved in this work is described here.

2.2.1 HUDF and flanking fields

The Hubble Ultra Deep Field (HUDF) is an area selected for deep optical imag-

ing with HST/ACS by Beckwith et al. (2006), centred on the coordinates R.A.:

3:32:39.0, Dec.: -27:47:29.1 (J2000). Its location was chosen for a number of rea-

sons: maximise HST efficiency (long viewing periods, minimal Galactic absorp-

tion sources, mainly dust and neutral hydrogen), making it accessible to other

astronomical observatories and overlap with observations (existent or planned at
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Figure 2.1: Figure from Oesch et al. (2012a). Fields used in this work in the
GOODS-South area. ACS observations are marked with cyan for the GOODS-
South and blue for HUDF and flanking fields. WFC3 observations are marked in
yellow (ERS), orange (CANDELS) and red (HUDF, UDF-P12, UDF-P34)

the time) at different wavelengths. The Chandra Deep Field-South (CDF-S, Giac-

coni et al. 2002) satisfied these criteria, in particular it had already been observed

in X-ray (with Chandra and XMM-Newton), optical (with ACS, Giavalisco et al.

2004) and in the infrared (with Spitzer Space Telescope, Dickinson et al. 2004).

Observations were carried using the 4 filters F850LP (z′-band), F775W (i′-band),

F606W (v-band), F435W (b-band), the same used for the GOODS-South obser-
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vation (see section 2.2.2), to 10σ limiting magnitudes mAB ∼ 29 (calculated in

an aperture of 0.′′24 diameter). These data cover an area of 200′′×200′′ (∼ 11

arcmin2) coinciding with ACS’s field of view.

The infrared data used here come from the HST Treasury programme GO-

11563 (P.I. G. Illingworth), which covers the HUDF and two nearby deep flanking

fields (UDF-P12 and UDF-P34, also referred to as HUDF09-1 and HUDF09-2 in

programme GO-11563) using the WFC3-IR filters F105W (Y -band), F125W (J-

band) and F160W (H-band) to a similar depth to the ACS observations (see

tables 1 and 2 for depths). This programme also includes parallel observations

with ACS of these three deep fields in the v, i′ and z′ bands. The UDF-P12

and UDF-P34 fields were previously observed with the same ACS filters in the

programme GO-10632 (P.I. M. Stiavelli) in 2005-6. These fields, with centres

coordinates R.A.: 3:33:01.9, Dec.: -27:41:10 (J2000) and R.A.: 3:32:23.6, Dec.:

-27:42:50 (J2000) respectively, were originally parallel fields observed with NIC-

MOS while the HUDF was imaged with the ACS.

The WFC3 data were taken in MULTIACCUM mode using SPARSAMPLE100,

which non-destructively reads the array every 100 seconds. There were two ex-

posures per orbit, with each MULTIACCUM comprising 16 reads for a total

duration of 1403 sec per exposure (see table 1). For the Y -band images of the

HUDF, two visits (8 exposures) were severely affected by image persistence and

were excluded from our data reduction.

A preliminary list of z′- and Y -drops in the HUDF only is presented on Bunker

et al. (2010), while more complete inspections of all the three deep fields are

described in Wilkins et al. (2011a) and Lorenzoni et al. (2011) for z′- and Y -

drops respectively.
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2.2.2 ERS

The Early Research Science programme (GO/DD-11359, P.I. R. OConnell) covers

the northern area of the GOODS-S field with ten pointings for a total area of

∼ 37 arcmin2 at both UV and IR wavelengths with WFC3. The filters used

for the IR channel are the same as in the Illingworth programme for J- and

H-bands (F125W and F160W), while for the Y -band a slightly narrower filter

was used, F098M, that does not overlap with F125W (while F105W does). The

effect of this different filter selection is discussed in section 3.2. As for HUDF,

SPARSAMPLE100 in MULTIACCUM mode was used. 3 exposures per orbit

were taken, each with 9 or 10 reads corresponding to a total time of 803 or 903 s

per exposure.

Optical observations of this region were part of the GOODS Hubble Treasury

Programme (P.I. M. Giavalisco) and employed the filters that were used later by

Beckwith et al. (2006) in their HUDF survey. 5σ depths measured in 0.′′6 diameter

apertures, corrected for aperture loss and reddening as described in section 2.3,

reach mAB ∼ 28.0 in the b- and v-bands, ∼ 27.5 in the i-band and ∼ 27.3 in the

z′-band.

An analysis of the first 6 pointings for z′-drops at z ≈ 7 was presented in

Wilkins et al. (2011a), with the full ERS mosaic used to select z′-drops in Wilkins

et al. (2011b). Y -drops from this data are presented in Lorenzoni et al. (2011).

2.2.3 CANDELS

The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (Grogin

et al. 2011, Koekemoer et al. 2011) is a very extensive survey, currently underway,
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ACS/WFC3 2σ Detection Limits (AB magnitudes)
Field ID Area (sq.arcmin) b435w v606w i775w z850lp Y098m/105w

a J125w H160w

HUDF 4.2 30.3 30.7 30.6 30.0 29.65 29.70 29.67
P34 4.2 - 29.9 29.5 29.7 29.45 29.58 29.41
P12 4.2 - 29.9 29.6 29.6 29.16 29.50 28.23
ERS 37.0 29.1 29.1 28.5 28.4 28.02 28.39 28.10
CANDELS deep 62.9 29.1 29.1 28.5 28.4 28.77 28.29 28.16
CANDELS wide 32.8 29.1 29.1 28.5 28.4 27.79 27.90 27.57

aY098m for the ERS field and Y105w for all the remaining fields.

Table 2.1: Summary of observations. All magnitudes are on the AB system,
and measured in a 0.′′6-diameter aperture with an aperture correction applied to
correct to approximate total flux (for compact sources), as described in the text.

that covers different areas of the sky to different depths and with different filters.

It includes programmes GO-12060, 12061, 12062, 12063, 12064, 12440, 12442,

12443, 12444 and 12445 (P.I. S. Faber). The majority of the observation time

is dedicated to the GOODS-South (completed) and -North (underway) fields,

with the rest distributed in the wider fields COSMOS (Scoville et al. 2007), the

Extended Groth Strip (EGS, Davis et al. 2007), and the UKIRT Infrared Deep Sky

Survey (UKIDSS) Ultra-deep Survey field (UDS, Lawrence et al. 2007, Cirasuolo

et al. 2007).

The main focus here is given to the GOODS-S observations, which have been

used for this work. This field was defined by the GOODS Hubble Treasury Pro-

gramme within the larger CDF-S, it covers a region of space of approximately 10′

× 16′ and it is centred at the coordinates R.A.: 3:32:30, Dec.: -27:48:20 (J2000).

It provides the optical b-, v-, i-, and z-band images used for our work.

The GOODS-S area not surveyed by the ERS is divided in two regions, a Deep

region, consisting of 3 × 5 WFC3/IR tiles (∼ 65 arcmin2) where pre-existent

Spitzer data are deeper, and a Wide region of ∼ 34 arcmin2 covered by 9 point-
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ings. The filters used are the same IR filters used for the HUDF programme,

plus shallow coverage with F350LP for supernovae discrimination. Parallel ob-

servations with ACS filters F814W, F850LP and F606W were also included in

the programme. The IR depths (5σ) reach mAB ∼ 27.5 and 26.5 for Deep and

Wide areas.

The strategy for the GOODS-N field is very similar to the one adopted for

the GOODS-S, with a Deep central area and two Wide areas, with similar depths

and the same filters. For the other wider fields, no Y -band observations are

scheduled, making them less amenable for the search of redshfit z ≈ 7 − 9 star

forming galaxies.

2.2.4 Pure-Parallel Programmes

Pure-parallel programmes only include data taken from instruments that are not

employed by the primary observation. Two of these programmes were designed

for high redshift galaxies searches: the Brightest of Reionization Galaxies (BoRG,

Trenti et al. 2011) and the Hubble Infrared Pure Parallel Imaging Extragalactic

Survey (HIPPIES, Yan et al. 2011). Both programmes include random pointings

at high galactic latitudes (|b| > 30◦) and use the WFC3/IR filters used in the

ERS observations, plus a UVIS v-band filter, F606W for BoRG, F600LP for HIP-

PIES. These kinds of surveys have some advantages: they are relatively ‘cheap’,

as they use instruments’ ‘spare time’, cover a wide area (∼ 274 arcmin2 BoRG,

∼ 123 arcmin2 HIPPIES) and given the random nature of the pointings are vir-

tually unaffected by cosmic variance. On the other hand, the imaged fields do

not necessarily already have coverage in the optical bands, so that imaging in an

21



optical band is required and the total exposure for each filter is reduced, resulting

in observation whose depth is about half a magnitude shallower than the CAN-

DELS Wide areas. The presence of only one optical band also leads to a heavier

contamination of the sample. Other issues are the non uniform exposure times

for different fields because of the different duration of the primary programmes,

and the absence of dithering when such programmes are spectroscopic (which is

the majority of the time). Data from these programmes were not used in this

work, although we compare our results with those from the parallel-time surveys

in section 4.3.

2.3 Data Reduction

Initially, the IRAF.STSDAS calibration pipeline calwfc3 was used on each raw

frame to calculate the count rate and reject cosmic rays through gradient fitting,

as well as subtracting the zeroth read and flat-fielding, producing an flt image.

The Space Telescope Science Institute (STScI) team applies the same pipeline

and makes the results available, so this step has been skipped after thoroughly

checking that the resulting files from both reductions coincide, working directly on

the flt files. Analogously, IRAF.STSDAS pipeline calacs was used to process

ACS raw frames (See Figure 2.2 for a comparison between ACS raw and flt

frames). Each single flt file has two extensions: ‘sci’, which is the actual image

of the sky, and ‘dq’, standing for data quality, a map of the bad pixels for that

specific frame (this includes dead pixels, hot pixels and pixels affected by cosmic

rays). As can be seen in Figure 2.2, a single flt frame looks far from ideal for

science, however the final images include a number of frames varying from a few
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Figure 2.2: Differences between a raw (top) and a flt frame (bottom) from
ACS: the calibrated flt frame background looks much smoother than that of
the uncalibrated raw frame. Cosmic rays still affect the flt frames, and will be
dealt with in successive steps (MULTIDRIZZLE, see text). Both images cover
the same area of ∼ 14′′ × 10′′.
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units to several tens. The individual exposures of a same area are taken with

slightly different pointings, shifted by a small size compared to the total size

of the detector. This process, referred to as dithering, avoids that the same bad

pixels repeating on the same point in the sky, which would result in a loss of data.

It also minimises the impact of flat-fielding errors and, if a sub-pixel dithering

is applied, partially recovers information lost due to undersampling. The size of

the shifts depends on the observed object and the detector used; for example the

ACS dithering must take into account the strip between the two CCDs to avoid

a portion of the sky getting no coverage at all.

2.3.1 MULTIDRIZZLE

We used MULTIDRIZZLE (Koekemoer et al. 2003), a PyRAF-based script, to

combine the single exposures taken through the same filter in each pointing.

While combining images, MULTIDRIZZLE eliminates geometric distortions, re-

jects cosmic rays and can also recover information lost because of undersampling

(when the point spread function, PSF, has a size comparable to or smaller than

the pixel size). For a visual representation of the effect of undersampling and of

the drizzling process see Figure 2.3.

The code establishes an output grid whose parameters such as pixel size and

orientation are set by the user. The input pixels are shrunk to a smaller size,

determined by the parameter ‘pixfrac’ that can vary between 0 and 1, and over-

lapped onto the output grid (see Figure 2.4). The flux value of each shrunk input

pixel, or “drop”, is distributed to the corresponding smaller output pixels with

weights proportional to the area of overlap between them. A pixfrac value of
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Figure 2.3: Figure from Fruchter & Hook (1997). Upper left corner shows the
“true image”, i.e. the image one would see with an infinitely large telescope.
The upper right shows the image after convolution with the telescope’s optics.
The lower left shows the image after CCD sampling, and the lower right shows a
linear reconstruction of dithered CCD images.
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1 would mean that the input pixels are not shrunk at all and just distributed

onto the output grid, so that the image would not improve its spatial resolution,

while a value of zero would concentrate each pixel’s information in one point. In

this case, the finer output pixel grid would not be completely populated and the

resulting image would show a number of blank pixels. It is therefore important to

choose a suitable “drop” size for the data being processed with MULTIDRIZZLE.

The output image has 2 extensions, a ‘sci’ image, which is the actual image of

the sky used for science, and a ‘wht’ (weight) image, generated from the ‘dq’ ex-

tensions of the flt frames, which carries the relative weight of the output pixels

and can also be used as an exposure map and to determine the actual quality

of the scientific image: the latter can in fact look reasonably good even if the

registration of the frames is not perfect, but the wht image would not appear

smooth at the spatial locations corresponding to bright objects, where a smudge

can be seen (Figure 2.6).

To obtain deep images it is necessary to stack many frames, generally taken

during different orbits. The HST pointing accuracy varies from ∼ 0.′′002− 0.′′005

within a single orbit to∼ 0.′′005−0.′′020 in case of target reacquisition for successive

orbits in the same visit (Gilliland 2005). Between different visits, using the same

guide targets with the same angular orientation, precision is about ∼ 0.′′05−0.′′10,

comparable to the ACS pixel scale. When a large number of parallel observations

is included in the data, like in the case of HUDF and its flanking fields, it is likely

to have different observation angles in different visits, while for wider programmes

like ERS the different pointings might have relied on different guide-stars. Both

cases can result in an offset of several pixels for the same object in different

frames.
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Figure 2.4: Figure from Fruchter & Hook (1997). Schematic representaion of
drizzling: the pixels of the original grid (red) are shrunk (cyan) and projected
onto a finer output grid.

2.3.2 Data reduction pipeline

It is crucial to determine these pointing inaccuracies between the frames before

stacking them with MULTIDRIZZLE, and given the very faint nature of the

objects we are looking for, a sub-pixel precision registration is needed. Several

IRAF routines are used to evaluate the inter-frame shifts; the basic idea is to

measure the position of a certain number of objects from a reference image,

identify those objects in all the other single frames and measure the average

coordinates shift for each frame. The best option for the reference image is to

use the result of a first plain “drizzling” of the frames. This works if the shifts
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between the frames are small (one pixel or less) and the resulting multidrizzled

image is of decent quality. If the shifts are larger, the resulting image is blurred

(see Figure 2.5, top panel) and the coordinates of the objects measured on it

would not be the correct ones. The list of coordinates used as reference is created

using the IRAF task daofind and generally includes from several tens to a few

hundred objects. The IRAF task center searches an image for objects within

a certain radius (set by the user) from a list of given coordinates, and returns

the centre coordinates of the objects in that image. This routine is used on

intermediate products of the MULTIDRIZZLE process, the “single sci” images:

each of these images correspond to a single flt frame corrected for distortion and

cosmic rays, and oriented like the final multidrizzled image.

If the shifts between the single frames are too high (a few pixels) to obtain

a good stacked image with a first run, one of the “single sci” resulting images

can be used. However, the quality of these images is proportional to the number

of frames involved in the MULTIDRIZZLE process because of better cosmic ray

rejection: if only a few (less than 5) frames are stacked, the “single sci” images

can still present some cosmic rays that can be picked up as sources from daofind.

In this case, an already reduced image of the same field (usually in a different

spectral band) can be used to determine the list of references.

The average coordinates difference between each single image and the refer-

ence image can then be easily calculated (IRAF task geomap is used here), giving

the relative shift between the single frames as a result. MULTIDRIZZLE allows

for a shift file to be entered as input, however there have been several times when

this shift file did not appear to work. To avoid any malfunction, instead of en-

tering a shift file, the central coordinates in the header of the single frames are
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Figure 2.5: Top panel: drizzle output with no correction for the inter-frame
shifts of the order of a few pixels. Bright objects profiles are not well defined,
while fainter ones just appear as diffuse objects. Bottom panel: drizzle output
obtained from the same frames as the top panel, corrected for shifts. Images size
is ∼ 60′′ × 36′′.
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Figure 2.6: Weight images corresponding to the ‘sci’ images in Figure 2.5. Top
panel: wht image from a drizzling with no shift correction. Typical patterns
due to poor registration can be seen as shadows across the image. The perfectly
circular dark areas correspond to a circular masking in the ‘sci’ image. The
white stripe is the overlap between two sets of frames with different (adjacent)
pointings. Bottom panel: image from a drizzling with shift correction. The
absence of shadows implies a correct alignment of the contributing frames.
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modified by the opposite of the calculated shift. Processing these altered frames

with MULTIDRIZZLE should now result in a perfectly registered image, although

some iterations of this process can be required, especially when the starting shifts

are large. At the end of the process, the weight image will be smooth and without

smudges due to poor registration (with the only exception of very bright objects,

especially those with diffraction spikes). Figures 2.5 (‘sci’) and 2.6 (‘wht’) show

the difference between MULTIDRIZZLE outputs not corrected for frames shift

(top panels) and corrected for the shift (bottom panels).

To successfully use the Lyman-break technique it is very important that the

IR images are registered with extreme precision (sub-pixel) to the optical images,

which in this case are the GOODSv2.0 ACS drizzled images. To achieve such

precision, the shift between the ACS and WFC3 images is calculated in an anal-

ogous way as the inter-frame shifts, and it is then subtracted from the central

coordinates of the multidrizzled image: the resulting coordinates are imposed as

new central coordinates for a final MULTIDRIZZLE run.

Another problem for a correct registration of optical and IR images is given,

especially for the data collected in the first months of activity of WFC3, by a

rotation offset between the two sets of images. If this offset is present, it is usually

of a few decimals of degree, and the rotation angle can be easily calculated by

geomap along with the shifts between the images. This angle is added to the

input list for the last MULTIDRIZZLE run.

As we have just seen, at least three MULTIDRIZZLE runs and the use of

several IRAF routines are necessary for each pointing and for each spectral band.

MULTIDRIZZLE can require up to a couple of hours to run if many frames are

processed, it is therefore advisable to minimise the interactions with the reduction
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process. In order to do that, I created a PYTHON script that calls the needed

IRAF routines and performs the desired calculations. There are two versions

of this script, drizzler.py and shifter.py. The first is used to stack frames

from a single pointing (HUDF and flanking fields) and follows the procedure just

described, and is easily adaptable to the ERS observations: the ERS area is in

fact covered by ten distinct adjacent pointings, with each exposure of a certain

pointing (also called ‘tile’) taken during the same visit (in two consecutive orbits).

It is therefore reasonable to stack the frames of each pointing and then combine

the results together. CANDELS observation strategy is different: each visit covers

the whole field (either GOODS-S Wide or Deep), and since ACS and WFC3 are

used at the same time, the observation angle of the main target varies according to

the areas to be covered by the parallel observation. As a result, the tiles covering

the field have different centres each visit and cannot be isolated in pointing groups

like in the ERS case. Combining all the tiles from each visit together is not

advisable, as a large total area heavily affects the run time of MULTIDRIZZLE

and the corrections for pointing inaccuracy would be much more difficult. The

adopted data reduction strategy is to combine together all the frames overlapping

an ACS tile. The shifter.py script is modified to automatically select the WFC3

tiles to be ‘drizzled’ given a certain ACS tile, before running the procedure. This

is easily done by reading the central coordinates of each WFC3 tile in the database

and selecting those whose centre is within a certain distance from the centre of

the ACS tile. Beside this addition, there are two other main differences in these

script: the reference image used to register the frames, and a loop on the shift

evaluation procedure. Both these variations are due to the high shifts (up to

ten pixels) between the frames, a consequence of the observation strategy (as the
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pointing precision decreases for frames taken in different visits). These shifts make

a plain (with no attention taken to the shifts) ‘drizzle’ useless as the resulting

image is not suitable for the detection of reference objects (see Figure 2.5, top

panel). The use of one of the ‘single sci’ files is also not possible for different

reasons: if the resulting multidrizzled image is flawed, the intermediate images

generated in the process are also flawed, and even if they were reasonably good,

there would be an incomplete overlap (or no overlap at all) between the different

frames to stack, and a list generated from a single tile would not cover all the

others. For these reasons, the list of reference objects is taken from the ACS

tiles (z′-band). Since many of the combined frames lie mostly outside of the ACS

tile of interest, objects from ACS tiles adjacent to it must be included in the

list, that can include up to more than a thousand objects. These big shifts are

also difficult to exactly quantify with a single measurement, so the procedure is

iterated: the original reference object grid is shifted by the amount found with

the first iteration, shifts from this new grids are calculated and added to the first

ones, and so on. Usually, two iterations are enough to obtain a registration within

0.15 pixels, but sometimes three or four are necessary to reach this precision.

The new WFC3 images of fields HUDF, UDF-P12 and UDF-P34 were reduced

using the latest version of calwfc3 (29 October 2009 release). An earlier reduction

of the HUDF WFC3 images was presented in Bunker et al. (2010), where the

WFC3 pixels were split into a 3×3 grid and the frames were shifted and added,

and fits to the geometric distortion were used, due to MULTIDRIZZLE not then

being available for the newly-commissioned WFC3. For the UDF and flanking

fields, we used a pixel fraction of 0.6 to recover some of the undersampling. In each

of these three fields we survey 4.18 arcmin2 in all exposures, with another 0.67
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arcmin2 surveyed at half the maximum depth in each field. For the ERS project,

a pixfrac of 1 was used because of the small number (6) of frames per pointing.

The ten different pointings in each filter were then mosaicked together, using

inverse-variance weighting for the overlap regions (i.e. weighting each pixel by

its exposure time), producing a field of fairly uniform depth covering 37 arcmin2,

with a further 8 arcmin2 going less deep. CANDELS data were ‘drizzled’ with a

pixfrac of 0.8 for the Deep and 1.0 for the Wide area. We used our own reduction

of all the WFC3 data for the CANDELS GOODS-S Wide area and of the Y -

band data of the Deep region. For the J- and H-bands covering the Deep, we

used the reduced single epoch images made available by the CANDELS team1

and co-added these together with inverse variance weighting. The resulting areas

are 65.0 arcmin2 and 34.4 arcmin2 for Deep and Wide, respectively.

All the WFC3 data used for this work were combined with MULTIDRIZZLE

to an output pixel size of 0.′′06 from the original 0.′′13 pix−1, which corresponds to

a 2× 2 block-averaging of the GOODSv2.0 ACS drizzled images in b-, v-, i- and

z′-band. In our final combined HUDF J-band image, we measure a FWHM of

≈ 0.′′1 for point sources in the field.

For the optical HST ACS data, publicly-available reductions of b, v, i, z′ bands

were used for the HUDF (Beckwith et al. 2006), the GOODS-South (GOODSv2.0

ACS from the GOODS team) and flanking field UDF-P12 (provided by the

UDF05 team, Oesch et al. 2007). We reduced the v, i, z ACS data for UDF-

P34 from the HST archive, using MULTIDRIZZLE to combine a large subset of

the data comprising blocks of data taken close in time with similar telescope roll

angles, using an output 0.′′03 pixel scale. These subsets of drizzled images were

1See http://candels.ucolick.org/data access/GOODS-S.html
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then registered and combined with IRAF.imcombine. All the ACS images were

then block-averaged 2× 2, resulting in a 0.′′06 pixel scale, and registered with our

drizzled WFC3 frames.

2.3.3 Aperture photometry

As most high-redshift galaxies are likely to be barely resolved (e.g., Bunker et

al. 2004, Ferguson et al. 2004) we measure the flux of the sources with circular

apertures centred on the objects. The determination of the aperture’s size has

to consider two main factors: the aperture should be large enough to enclose a

significant fraction of the flux, but should also be small enough to limit the sky

background noise (and to avoid flux contamination from other objects). Assuming

point sources, their point spread function (PSF) is approximated by a gaussian

profile, whose standard deviation σ is related to the FWHM by the relation

FWHM= 2
√

2ln2σ ≈ 2.355σ. The fraction of flux enclosed in an aperture as

a function of the aperture radius is shown in Figure 2.7 (left panel): for an

aperture diameter of 2×FWHM, more than 90% of the flux is collected, and

virtually all the flux is enclosed in 3×FWHM diameter apertures, therefore a

larger aperture would not improve the signal, already at its maximum, but it

would include more sky background increasing the noise, which grows linearly

with the aperture radius. As we can see in Figure 2.7(right panel), S/N has a

maximum for apertures with a diameter of 1.34×FWHM (or a 1.58σ radius),

including ∼ 72% of the total flux. Since the average FWHM measured for point

sources in our IR data is of ≈ 0.′′15 (in the H-band), an aperture of 0.′′15 diameter

would seem ideal. However, we cannot assume that our targets are point sources,
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Figure 2.7: Left panel shows the fraction of flux from a gaussian PSF enclosed in
an aperture as a function of the aperture radius. Right panel shows the normalised
signal to noise ratio as a function of aperture radius in a sky background noise
dominated regime.

so the actual PSF will depend on the spatial profile and the size of the object .

To allow for larger FWHM, we chose an aperture diameter of 0.′′6, corresponding

to 10 pixels on our images.

To correct for the loss of flux, we apply an aperture correction, a magnitude

value to be subtracted from the magnitudes measured in apertures. The value

of this correction can be found measuring the difference between the total flux

and the aperture flux of several bright but unsaturated point sources, relatively

isolated in the images, for each spectral band. The correction was determined to

be ≈ 0.2 mag for our WFC3 Y -band images and ≈ 0.25 mag for J- and H-band.

We note that the H-band images display significant Airy diffraction rings around

point sources. For the ACS images, the better resolution and finer pixel sampling

require a smaller aperture correction of ≈ 0.1 mag. All the magnitudes reported

in this thesis have been corrected to approximate total magnitudes (valid for
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compact sources), and we have also corrected for the small amount of foreground

Galactic extinction toward these fields using the COBE/DIRBE & IRAS/ISSA

dust maps of Schlegel, Finkbeiner & Davis (1998). The optical reddening is

E(B − V ) = 0.009, equivalent to extinctions of A850lp = 0.012, A105w = 0.010,

A125w = 0.008 & A160w = 0.005.

2.3.4 Noise

As in the case with CCDs, the counts received by HgCdTe detectors are subject

to different kinds of noise: photon shot noise, intrinsic in the photon detection

process and governed by Poisson statistics; dark noise, due to electrons generated

by thermal processes, Poissonian; read out noise, produced in the conversion from

analog to digital numbers, time independent. These noises are uncorrelated and

can hence be combined in quadrature to obtain the total noise. However, the geo-

metric transformation and image re-gridding described earlier produce an output

where a pixel is not independent from all the others: the signal allocated to it

comes from different pixels of the input images, and fractions of these pixels can

also contribute to the signal in adjacent output pixels. The signal is therefore cor-

related and measuring the standard deviation in blank areas of the final drizzled

image will underestimate the noise.

To ascertain the true significance of object detections, the real noise is deter-

mined using several different techniques. A crude combination of the individual

flat-fielded images using integer-pixel shifts was produced. While this was not

used for our science (as the significant geometric distortions were not accounted

for, and it did not address the under-sampling of the PSF as “drizzle” does),
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this output frame has the advantage that the noise properties are preserved and

adjacent pixels were uncorrelated. The limiting magnitudes found using these un-

correlated “true-noise frames” are in good agreement with the STScI HST/WFC3

Exposure Time Calculator (ETC) – Table 2.1 presents our 2σ limits in a 0.′′6-

diameter aperture, with the aperture correction applied.

The decreasing of the of the noise (normalized per unit time) as the square

root of the number of frames combined was verified by measuring the standard

deviation of the counts in blank areas of sky in this shift-and-add mosaic and of

single flt images.

A more complete noise model based on the detector gain (the conversion

between electrons accumulated and counts recorded by the detector), readout

noise and Poisson counts of the measured background (including the instrument

dark current) was also produced:

σe− =
√
N2
ro +N2

P (2.1)

where σ is the standard deviation, Nro is the readout noise and NP is the Poisson

noise. The square of the Poisson noise is equal to the pixel value (in electrons),

giving:

σe− =
√
N2
ro + n̄e− · texp (2.2)

with texp the exposure time and n̄e− the measured average number of background

electrons per pixel per second. Dividing by the exposure time gives the noise

normalized to unit time, that can be obtained from the images by selecting an

area free from objects and artefacts and measuring the standard deviation in that
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area (the frame output by the calwfc3 pipeline has units of electrons per second,

so has already been corrected for the gain and normalized by the exposure time).

Discrepancies between the expected and measured values are well within 10%.

Finally, the predicted noise for the combined image is given by:

σe− =

√
N2
ro + n̄ · texp

texp ·
√
nF

(2.3)

where nF is the number of frames contributing to the final image. Again, there

is good agreement between the expected and measured values.

Another way of evaluating the noise is to apply a correction factor FA to the

correlated noise measured in areas of the multidrizzled images. The derivation of

this correction factor is fully described in appendix A of Casertano et al. (2000).

This factor depends on the chosen pixel scale and pixfrac parameters, and on

the placement of the area where photometry is performed onto the output grid,

meaning that it can vary across the image. However an average correction factor

is derived in the same paper:

√
FA =

 1− p
3s

for s > p

( s
p
)(1− ( s

3p
)) for s < p

(2.4)

where s is the the ratio between the output and input pixel scale and p is the

pixfrac value. Dividing the measured correlated error by FA gives a very good

approximation of the uncorrelated errors: a good agreement (at the 0.05 mag

level) was found with the sensitivity measurements using the true-noise frames

described earlier, except for the HUDF data where the corrected drizzle noise un-

derestimated the true noise by 0.1-0.2 mag, perhaps because of the large number
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of frames combined with small sub-pixel shifts. The sensitivity measurements

from the true-noise frame were adopted, having checked that consistent results

were produced by the ETC, the noise model, and the noise in the drizzle frame

corrected for pixel correlations. Our measured noise in the HUDF is in good

agreement with Bouwens et al. (2010a), but we note that McLure et al. (2010)

appear to be ≈ 0.3 mag less sensitive (although we note that their 5σ magni-

tude limit in a 0.′′4-diameter aperture appears not to have been corrected to total

magnitudes with an aperture correction, unlike in Bouwens et al. 2010a).
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Chapter 3

Selection of Candidates

Once the WFC3 frames are stacked with sub-pixel precision and registered to the

ACS images, block-averaged 2 × 2, obtaining the same pixel scale of 0.′′06 set as

MULTIDRIZZLE output for the WFC3 images, high redshift galaxy candidates

can be selected. The process requires several steps and all the criteria used are

described in this chapter.

3.1 Construction of Catalogues

The first step of candidate selection is to create catalogues of the sources in the

observed fields. The SExtractor (Source-Extractor) photometry package (Bertin

& Arnouts 1996) version 2.5.0 was used for this purpose: it estimates the back-

ground, detects sources and performs photometry.

The program recognises as a source every object showing at least a number

of contiguous pixels with a signal of a certain σ or higher. Both the number of

contiguous pixels and the σ threshold are set by the user. Given the compact
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nature of primeval galaxies, the chosen number of contiguous pixels for this work

is 5, with a signal of 2σ. We carried out comparisons of catalogues obtained with

different parameters (12 and 24 contiguous pixels with 1.5σ). These catalogues

are of course different, but once our selection criteria are applied (see Section 3.2)

the resulting lists of objects are very similar to each other. After the objects are

selected, the program is capable of both isophotal and circular aperture photom-

etry (see Figure 3.1), and also estimates the total apparent magnitude. Aperture

photometry with 0.′′6 diameter (ten pixels) with an aperture correction is adopted

for this work. It is preferable to the isophotal photometry that would not be reli-

able given the faintness of the objects we are looking for. These objects are also

compact so an aperture does not usually cut out a significant portion of the PSF,

while a total magnitude calculation could include other objects (or parts) in the

computation.

SExtractor can be operated in two different modes: single-image and dual-

image. In single-image mode it simply identifies sources and performs photometry

of a specified image while in dual-image mode it identifies sources on a “training”

image and performs photometry at the same coordinates but in another image.

The dual-image mode is clearly suited for the use of the Lyman-break technique,

since it relies on multiple images at different wavelength and it is particularly

handy for the photometry in the optical bands, where minimal flux is expected.

Both the images taken with the first and second filters longwards of the ex-

pected break wavelength can be used as training images. The first filter can be

affected by the break for objects in the far end of the redshift range probed re-

sulting in a lower flux, so these objects might not be picked up by SExtractor.

However, if such objects are so faint not to be selected, they are unlikely to be
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Figure 3.1: An image produced by SExtractor, with apertures for photometry
traced around the selected targets. The number and diameter of apertures around
targets are set by the user.

suitable dropouts (they could be actual dropouts, but at higher redshifts). The

second filter longwards of the break will not be contaminated by the break, but

given the ‘blue’ UV spectral slope of these objects, meaning that flux density (fv)

decreases with the increase of the wavelength (Wilkins et al. 2011b), its signal

might be weaker than that in the lower wavelength filter. It is however rare to

have such steep spectral slopes that an object to disappears between two consec-

utive broadband filters, and indeed a single detection longwards of the break is

not considered as strong proof for being a high redshift galaxy.

SExtractor is run in single-mode for the training image, and then in dual-

image mode between the training image and all the other available broad band
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images for that field (or area of the field). The result is a number of catalogues

equal to the number of different images, with magnitudes computed for each

aperture used in the training image. The respective aperture corrections are

applied to these magnitudes, while the magnitude errors are divided by the factor

given by equation 2.4. The aperture corrections are 0.1 magnitudes for the ACS

images, 0.2 for Y -band and 0.25 for the J- and H-band (see section 2.3.3). The

aforementioned reddening corrections are also applied.

3.2 Candidate Selection

As already mentioned, the identification of candidates is achieved using the Ly-

man break technique (e.g. Steidel et al. 1996), where a large colour decrement is

observed between filters either side of Lyman-α in the rest-frame of the galaxy.

At z ≈ 8 − 9 the location of the Lyman-α break is redshifted to ∼ 1.1µm the

WFC3 Y105w and J125w are suitably located such that a 7.6 < z < 9.8 star forming

galaxy will exhibit a significant flux decrement between these two filters, while

for z ≈ 7 the break lies at ∼ 1.0µm, between filters WFC3 Y105w and ACS z850lp,

with a redshift range of 6.5 < z < 8.0. It is important to know that the selection

efficiency drops at the extremes of these ranges, as will be shown later.

3.2.1 Contaminants

Searching for distant galaxies using only broadband photometry means that con-

tamination of the sample of high redshift galaxies by other kinds of sources is a

potentially serious issue. There are two main sources of contamination: objects

whose intrinsic colours are similar to those of the target population; and faint ob-
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jects with intrinsically different colours but whose observed colours scatter into

our selection because of photometric noise. A third source of contamination, tran-

sient phenomena, might occur when different broadband images are separated by

many years: a transient such as a supernova or high-proper-motion object which

entered the Y -band but was absent at that location in the ACS could be erro-

neously identified as a Lyman-break galaxy. These contaminants might be an

issue in this search for z′-drops, as the WFC3 Y -band images of the GOODS-

South field were taken several years after the ACS z′-band images, and indeed

a probable supernova was identified in the WFC3 imaging of the HUDF (e.g.,

Bunker et al. 2010), while it is not significant for the Y -drop selection, since the

WFC3 Y -, J- and H-band images were taken close in time.

3.2.1.1 Intrinsically Red Objects

There are two distinct types of objects whose apparent z850lp−Y105w (Y105w/098m−

J125w) colours are similar to those of Lyman- break galaxies at z ≈ 7 (z ≈ 8− 9):

lower-redshift galaxies at z ≈ 1.5 (z ≈ 2) have the Balmer/4000Å break feature

between the filters used, while some low mass dwarf stars, especially those of

L and T spectral class, have low temperatures and broad absorption features

that can mimic a spectral break at the right point of the spectrum. Given the

direction of observations, well outside the Galactic plane, the main contribution

to contaminants is expected from lower redshift galaxies rather than Galactic

dwarfs. Examples of the spectral energy distributions (SEDs) of each of these

types of object (a model 3.5 Gyr old single aged stellar population at z = 2.5 and

a T4.5 dwarf star) are shown in Figure 3.2 along with the filters used for imaging

and a synthetic z = 8.0 galaxy SED.
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Figure 3.2: Top panel - Model (from the Starburst99, Leitherer et al. 1999)
spectral energy distribution (SED) of a redshifted z = 8 star forming galaxy.
Middle panel - Potential contaminants: Observed SED of a low-mass dwarf star
(class: T4.5, Knapp et al. 2004) together with the model (Starburst99) SED of a
3.5Gyr Single-aged Stellar Population (SSP) at z = 2.5. The bottom two panels
show the transmission functions of the combination of filters available to each
field.

The similarities between these objects’ SEDs are however limited to the two

filters either side of the break, particularly for the lower-redshift interlopers: as
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said, z ≈ 7− 9 star forming galaxies tend to have blue spectral slopes, while the

lower redshift galaxies appear to be redder. The addition of a further filter at

longer wavelengths (J125w for z′-drops and H160w for Y -drops in this work) can

then be used to discriminate between high-z and lower redshift galaxies: with an

additional filter it is possible to plot the expected location of both actual targets

and interlopers on a colour – colour diagram (see Figures 3.3, 3.4 and 3.5) where

these objects occupy different areas and can then be discriminated against. To

predict where in the colour – colour diagram the high-z galaxies and the lower

redshift interlopers would be placed, a synthetic galaxy spectrum is convolved

with the transmission functions of the filters used for the observations. The areas

enclosed in the resulting functions (one for each filter) are proportional to the

flux collected with each filter, an insufficient information to infer a magnitude,

but enough to calculate the flux differences between filters, i.e. the colours, which

are the matter of interest in this case. This operation is performed for a range

of different redshifts and for both high-z galaxies and lower redshift interlopers

synthetic spectra to obtain the tracks (blue and red, respectively) in the colour

– colour diagrams (Figures 3.3, 3.4 and 3.5).

The synthetic galaxy spectra used reproduce the drop in flux at the Ly-

man break are obtained using PEGASE.2 (Fioc & Rocca-Volmerange 1997) and

present no flux below 912 Å and 99% absorption between 1216 and 912 Å and

blue rest-frame UV colours. A Gaussian distribution of spectral slopes have been

used, with 〈β〉 = −2.2 and σ(β) = 0.5, reflecting the generally blue spectral

slopes observed in Lyman-break galaxies at z ≥ 6 (Stanway, McMahon & Bunker

2005; Bouwens et al. 2010b; Wilkins et al. 2011b; Bunker et al. 2010). β is

the UV spectral slope parameter, defined as fλ = λβ, with fλ flux density per
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wavelength interval and λ the rest wavelength. β = −2 implies no decrement in

flux in the two successive filters longwards of the Lyman-break (i.e. for Y -drops

J −H = 0.0).

L and T dwarfs contamination to the Y -drop sample in the HUDF, CAN-

DELS, P12 and P34 fields is mostly ruled out by the Y − J colour selection

adopted, but the addition of the of a longer wavelength filter (H160w) is still im-

portant in excluding these objects in the ERS field, where the different Y -band

filter used results in larger Y − J colours for Galactic dwarfs (Figure 3.4, bottom

right panel). For the z′-drop sample, the additional filter (J125w in this case) is

necessary in all fields (Figure 3.3) to rule out Galactic contaminants.

3.2.1.2 Photometric Scatter

Even with the addition of a third filter, some contaminants will be scattered into

the area where our targets are located because of photometric noise and could

be selected as candidates. At low signal to noise ratio, this contamination could

be significant and has to be taken care of. To do that, the optical images of

the analysed fields are used: intrinsically, z ≈ 7− 9 galaxies should not have any

significant flux in the b435w, v606w and i775w bands, so objects with a> 2σ detection

in one or more of these spectral bands will be excluded from the candidates

selection.

3.2.2 Selection criteria

In this section, the selection criteria used for both z′- and Y -drops in the analysed

fields are described in detail.
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3.2.2.1 z′-drops in HUDF, P12, P34 and ERS

In order to select robust z ≈ 7 star-forming galaxy candidates, a J-band mag-

nitude cut is imposed: only objects with a signal stronger than 6σ are selected.

The noise varies for each field and is reported in Table 2.1. The J-band is chosen

as it will be unaffected by either the drop in flux due to the Lyman-break or the

possible Lyman-α emission, being therefore a good indication of the rest-frame

UV luminosity of the candidates.

As already mentioned, the observations of the ERS field employed a different

Y -band filter (F098M) from those of the deeper fields (HUDF, P12 and P34,

where F105W was used). This affects the expected colours for high-z galaxies,

so two different windows are drawn in the colour – colour diagrams for the deep

fields and ERS. The colour selection criteria for HUDF, P12 and P34 are:

(z850lp − Y105w) > 1.0

(z850lp − Y105w) > 2.4× (Y105w − J125w) + 0.4

(Y105w − J125w) < 1.0

while for the ERS field the colour cuts are:

(z850lp − Y098m) > 1.2

(z850lp − Y098m) > 0.9× (Y098m − J125w) + 0.7

(Y098m − J125w) < 2.0
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Colour – colour diagrams for each field including the expected position of

interlopers, of high-z galaxy and candidates actually selected are shown in Wilkins

et al. (2011a).

In case of a non-detection in the z′-band (i.e. the signal at the specified

coordinates found by SExtractor in the J-band image is less than 2σ), the 2σ

limit is quoted in the tables, and the same limit is used to determine the z − Y

colour.

3.2.2.2 z′-drops in CANDELS

For the selection of candidates in the CANDELS area, the brightness cut im-

posed is different: candidates have to be detected at at least 5σ in both Y - and

J-bands. This cut is comparable to a 7σ cut on a combination of these two wave-

band images, but minimises the influence that either Lyman-break and Lymanα

emission in the Y -band or a declining spectral slope in the J-band might have on

the selection. The filters used for the CANDELS observations are the same used

in the Illingworth programme (HUDF and flanking fields), so the same colour

cuts are used as in Wilkins et al. (2011b). In addition, a selection of candidates

is performed using Bouwens’ group selection window (Bouwens et al. 2011, Oesch

et al. 2012):

(z850lp − Y105w) > 0.7

(z850lp − Y105w) > 1.4× (Y105w − J125w) + 0.42
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(Y105w − J125w) < 0.45

This “double” selection is carried out to allow for a better comparison with

other groups as well as to assess the influence of the colour selection window on

the determination of a luminosity function. The colour – colour diagram including

both the “Deep” and “Wide” CANDELS areas is shown in Figure 3.3.

To determine the z − Y colour, the effective signal of the z′-band is used if it

is stronger than 1σ. If the signal is less than 1σ, the lower limit applied to the

z′-band magnitude is determined by adding to the measured signal the average

background noise of the z′-band image in the same-sized aperture.

3.2.2.3 Y -drops in HUDF, P12, P34 and ERS

The Y -drop candidates in these fields are selected imposing a J-band magnitude

6σ cut, although only candidates with a 7σ detection will be considered for the

calculation of the luminosity function. The catalogues for the selection were also

based on the J-band image, even though it is immediately before (i.e. at longer

wavelengths than) the expected wavelength of the Lyman-break and it could be

contaminated by the spectral break or possible Lyman-α emission. As explained

earlier, this does not heavily affect the SExtractor selection, but it could have a

bigger influence on the inferred continuum luminosity. The choice of applying a

brightness cut in the J-band was however necessary as the H-band images for

ERS and P12 are particularly shallow and magnitudes in that band would have a

large uncertainty anyway. Moreover, most of the selected objects are also weakly

detected in the Y -band: for these objects the break occurs either completely
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Figure 3.3: Colour - colour diagram for z′-drops selected in the CANDELS wide
and deep areas. The shaded areas are the selection windows used, defined in
Section 3.2.2 (light shading for the B11z selection window, darker shading for
W11). The objects we found are shown as grey dots (objects not meeting any of
the colour - colour windows we are considering), black dots (objects in B11z) and
black circled dots (objects meeting W11). The coloured dots denote the position
of potential L and T dwarfs stars contaminants. The solid red line shows the
colours that lower redshift galaxies (modelled as an instantaneous burst of star
formation at z = 20 and no dust) would have, and the dotted, dashed and dot-
dashed lines show this low-redshift template with reddenings of E(B− V ) = 0.1,
0.25 & 0.5 respectively. The blue line is the predicted path taken by high-redshift
galaxies (constant star formation from z = 20, no dust). For the red and blue
tracks, numbers in correspondence with open circles indicate the redshift.
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outside the J-band or in the small overlap region of filters J125 and Y105. In the

former case, only Lyman-α emission (if any) could affect the absolute continuum

magnitude calculation from the J-band, and only if the break occurs just outside

the J-band filter, while in the latter the break would only affect a minor portion

of the whole filter, minimising the magnitude inaccuracy.

For the fields observed with the Y105 filter, the colour selection criteria are:

(Y105w − J125w) > 0.9

(Y105w − J125w) > 0.73× (J125w −H160w) + 0.9

(J125w −H160w) < 1.5

while for ERS field, where the Y098 was employed, are:

(Y098m − J125w) > 0.9

(Y098m − J125w) > 0.64× (J125w −H160w) + 1.28

(J125w −H160w) < 0.8

Colour – colour diagrams for these four fields are shown in Figure 3.4. The

non-detection criterion on the optical bands could in theory be extended for Y -

drops to include the z′-band, however the z850 filter does have a red tail which

overlaps with the Y -band filters used, so it is conceivable that a Y -drop towards

the lower end of the redshift selection range might have residual z′-band flux,

so the optical non-detection criterion is maintained the same as for the z′-drops.
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One of Y -drops selected in this work (P34.YD5) does have a ∼ 2σ detection in

the z′-band. In case the object is not detected in the Y -band (< 1σ), the average

background noise is added to the measured signal and the resulting magnitude is

used as a lower limit on the Y magnitude.

3.2.2.4 Y -drops in CANDELS

Analogously to the z′-drops case, the brightness lower limit for the Y -drops in the

CANDELS areas is different from the one used for Y -drops in other fields, and it

is a 5σ limit in both H- (where catalogues were based on) and J-band. The colour

selection cuts though remain unchanged from the deep fields Y -drop selections,

and for the same aims of comparing and different selection window effects (as

described for z′-drops), a selection on Bouwens’ window is also derived:

(Y105w − J125w) > 0.45

(J125w −H160w) < 0.5

Figure 3.5 shows the CANDELS Y -drops colour – colour diagram. All the

candidates identified in these fields are detected in the Y -band, hence no lower

limits on the Y -band magnitude are needed to determine the Y − J colour.

3.2.3 Candidate Galaxies at z ≈ 7− 9

The search of the described fields produced 64 z′-drops and 30 Y -drops, analysed

in the following sections.
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Figure 3.4: J125w −H160w and Y105w − J125w colour - colour figures for the HUDF
(top left), flanking fields P34 (bottom left) and P12 (top right) and ERS (bottom
right), showing our Y JH colour selection window (grey shaded area), the location
of our candidates, the predicted paths taken by high-redshift galaxies (solid lines,
β = −3.0 , left, and β = 0.0, right) and the location of possible contaminating
sources. Contaminating sources include Galactic stars (O - T dwarf stars, with L
and T stars being redder, denoted by filled circles) and a passively evolving ‘early-
type’ galaxy (modelled as an instantaneous burst of star formation at z = 10
followed by passive luminosity evolution, denoted by the dashed line). High-
redshift candidates are denoted by black circles (where the size of the circle is an
indication of the apparent JAB magnitude, with bigger circles indicating brighter
sources). Limits and error bars are 1σ.
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Figure 3.5: Colour - colour diagram for Y -drops selected in the CANDELS deep
area. The shaded areas are the selection windows used, defined in Section 3.2.2
(light shading for the B11Y selection windows, darker shading for L11). The
objects we found are shown as grey dots (objects not meeting any of the colour -
colour windows we are considering), black dots (objects in B11Y) and black circled
dots (objects meeting L11). The coloured dots denote the position of potential
L and T dwarfs stars contaminants. The solid red line shows the colours that
lower redshift galaxies (modelled as an instantaneous burst of star formation at
z = 20 and no dust) would have, and the dotted, dashed and dot-dashed lines
show this low-redshift template with reddenings of E(B − V ) = 0.1, 0.25 & 0.5
respectively. The blue line is the predicted path taken by high-redshift galaxies
(constant star formation from z = 20, no dust). For the red and blue tracks,
numbers in correspondence with open circles indicate the redshift.
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3.2.3.1 z′-drops

With the selection criteria just described, a total of 64 z ≈ 7 galaxy candidates are

found (HUDF: 11, P34: 15, P12: 7, ERS: 11, CANDELS-Deep: 17, CANDELS-

Wide: 2). Images of the candidates in all the wavebands found in the CANDELS

area are shown in Figure 3.6, with their photometry presented in Table 3.1.

For images and photometry of the z′-drops in HUDF, UDF-P12, UDF-P34 and

ERS please refer to Wilkins et al. (2011a). The apparent J-band magnitudes of

these candidates range from 25.87 (GS.D-zD1) to 28.36 (HUDF.z.3650). For the

CANDELS fields, 18 of the 19 candidates satisfy Bouwens’ selection window, and

10 satisfy our more conservative window. Only one of these objects (GS.D-zD3)

is selected by our criteria but not by Bouwens’s.

3.2.3.2 Y -drops

The total number of candidate z ≈ 8 − 9 galaxies identified with this work is

30 (HUDF: 6, P34: 7, P12: 2, ERS: 9, CANDELS-Deep: 6, CANDELS-Wide:

0). Images of these candidates in the bviz′Y JH filters used are shown in Fig-

ures 3.7 and 3.8 and their photometry is listed in Tables 3.2 and 3.3. There are

9 (of the 30) objects in the Y -drop list flagged with a ‘∗’ as being more marginal

than the other candidates as they sit at the limits of our selection, although they

are plausiblez ≈ 8− 9 galaxies (the effective volume calculation already corrects

for actual high-redshift galaxies excluded as lying just outside the selection re-

gion, see Section 4.1). Objects ERS.YD2, ERS.YD5, ERS.YD9 and P34.YD7 are

flagged because using a 1σ lower limit on the Y − J colour these candidates fully

meet our colour selection criteria, while a more conservative 2σ lower limit on Y
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b v i’ z’ Y J H
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GS.D-zD5
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b v i’ z’ Y J H
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GS.D-zD10

GS.D-zD9

Figure 3.6: 2.′′4× 2.′′4 bvizY JH thumbnail images of potential z ≈ 7 objects (z′-
drops) meeting our selection criteria in CANDELS GOODS-South field, ordered
by J-band magnitude (brightest at the top).

magnitude would locate them just below the selection colour – colour window.

Even with the 2σ limit these objects would be fully consistent with falling within

the selection window: the Y − J colour used to locate these objects in the colour

– colour diagram would still be a lower limit, and deeper Y -band imaging could

unambiguously move them into the selection window. Candidate ERS.YD8 is

still in the contamination area using the 1σ limit, but still compatible with the

adopted selection criteria. Object P34.YD5 in P34 is flagged because it has a
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∼ 2σ detection in the z-band. There are no detections in v-, i- and Y -bands (no

b-band is available for the P34 field), though, so it is still a likely high-redshift

(z > 6) object, as the z′-band flux might be statistical fluctuation.

Two potential high redshift galaxies in field UDF-P12 are also flagged, on the

grounds that the short exposure time of the H-band image in this field made the

measured H-band magnitudes very noisy and unreliable. At the time of the data

analysis that led to Lorenzoni et al. (2011), the WFC3 Illingworth programme

(see Section 2.2) was not complete, and only 4 exposures (out of a total 26) were

available for the P12 H-band. The reasons why we decided to include them in

the Y -drop list despite being detected in the J-band only are here explained. The

upper limits on the J−H colours place them well away from the red contaminants

region (Figure 3.4), but the UV luminosity in the H-filter (uncontaminated by

the effects of Lyman-α forest absorption) is required to infer the absolute UV

magnitude (as described in Section 3.2.2).

The possibility of these single-band detections being due to transients is con-

sidered (such as is the case for the likely supernova in the WFC3 images of the

HUDF, object zD0 in Bunker et al. 2010). The P12 field was observed in J-band

in two observing blocks, with 8 frames taken on U.T. 2009 November 02, and

the other 16 frames taken over U.T. 2009 November 10-15. As a check, the two

different epochs are separately combined with MULTIDRIZZLE: the magnitude

of P12.YD1 is consistent between the two epochs, with JAB = 28.07± 0.25(4.3σ)

and JAB = 27.95± 0.16 (6.8σ) respectively. However, P12.YD2 might show some

variability in the J-band with JAB = 27.36±0.13 (8.3σ) for the first block of data

and JAB = 28.14±0.19 (5.8σ) for the second. Hence it is plausible that P12.YD2

might be a transient rather than a high-redshift Y -drop.
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HUDF-YD9

HUDF-YD8

HUDF-YD4

HUDF-YD3

HUDF-YD1

HUDF-YD2

P34-YD7*

P34-YD6

P34-YD5*
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ERS-YD3

ERS-YD2*

ERS-YD1

Figure 3.7: 2.′′4×2.′′4 (b)vizY JH thumbnail images of Y -drops meeting our selec-
tion criteria in the HUDF, UDF-P12, UDF-P34 and ERS fields. Within each field
they are ordered by H-band magnitude (brightest at the top). Objects marked
with * are more marginal candidates, see Section 3.2.3. The fields UDF-P12 and
UDF-P34 do not have ACS b-band imaging.
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      
GS.D-YD6

GS.D-YD5

GS.D-YD4

GS.D-YD3

GS.D-YD2

GS.D-YD1

Figure 3.8: 2.′′4× 2.′′4 bvizY JH thumbnail images of potential z ≈ 8 objects (Y -
drops) meeting our selection criteria in CANDELS GOODS-South field, ordered
by H-band magnitude (brightest at the top).

Now that the programme is complete, the UDF-P12 H-band is 1 magnitude

deeper, and P12.YD1 and P12.YD2 are detected in that band at 3.7σ and 4.3σ,

respectively. A further search on the complete Illingworth data has not been

done yet (even though the images have been reduced and registered and are

ready for inspection) because the programme was largely complete at the time of

the original analysis, and the results would improve only marginally.

In the CANDELS-Deep field, 6 candidates have been found, all with colours

compatible with Bouwens’ selection window, with 2 of them also included in our
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more conservative window. No robust candidates were found in the CANDELS-

Wide area.

3.2.4 Comparisons With Other Studies

In this section the list of high-redshift galaxy candidates is compared to the results

from other groups.

3.2.4.1 z′-drops

The z′-drops found in the HUDF can be compared to several other results by

Bunker et al. (2010), Oesch et al. (2010), Finkelstein et al. (2010), McLure et al.

(2010) and Yan et al. (2010). Even though these works are based on the same

data, different reduction techniques may result in slightly different final images;

in addition, photometry is measured with different apertures and the selection

criteria also vary. All the HUDF z′-drops found in Wilkins et al. (2011a) are se-

lected by at least two other groups, however due to the differences just mentioned

there are some candidates in the lists from other groups that were not selected by

our criteria. Most of these objects lie outside the colour selection window used

here, although some of them would satisfy our criteria if the photometry of the

original study is adopted (rather than the photometry we measure in our reduc-

tion of the images). Other candidates are instead too faint for our brightness cut.

Please refer to Wilkins et al. (2011a) for a detailed and exhaustive comparison

with others groups’ candidates in the HUDF.

At the time of submitting the paper on the CANDELS data analysis (Loren-

zoni et al. 2012, in press), other groups had not published lists of z′-drops on the

full GOODS-South data. Recently, Finkelstein et al. (2012) and Grazian et al.
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(2012) have published their own z′-drops lists. The comparison of our candidates

with theirs is not fully complete at the time of submission of this thesis and will

be presented in future publications.

3.2.4.2 Y -drops

The list of Y -drops within the HUDF field from Lorenzoni et al. (2011) is now

compared with other groups previous studies (Oesch et al. 2010, Bouwens et al.

2010a, McLure et al. 2010, Yan et al. 2010 and Finkelstein et al. 2010), and par-

ticularly with the first analysis of WFC3 data of the HUDF by our group (Bunker

et al. 2010). A matched catalog between the Bunker et al. (2010), McLure et al.

(2010) and Bouwens et al. (2010a) samples has already been presented in Bunker

& Wilkins (2009).

The refined HUDF sample presented in Lorenzoni et al. (2011) and here, based

on a MULTIDRIZZLE reduction of the HUDF data, has 6 Y -band drop-outs. In

Bunker et al. (2010) a list of 7 Y -drop candidates within the HUDF field was

presented, the brightest four (in J-band) of which are reproduced with the new

selection (HUDF-YD1,2,3 & 4). Of the 3 other Y -drops from Bunker et al. (2010),

one (YD5) has a discrepant Y105w−J125w = 0.2 colour in the new data reduction,

much bluer than the adopted selection criteria of Y105w − J125w > 0.9. The

faintest Y -drop in Bunker et al. (2010), YD7, is marginally too faint (J = 28.65)

in the new reduction of the HUDF images to enter the new sample. However,

applying our new colour selection criteria to the old photometry (where J =

28.44) would have resulted in the selection of YD7. The remaining one (YD6)

is only marginally too blue for the Lyman-break selection in the newly-reduced

data, withY105w − J125w = 0.89, very close to the colour cut. This object also has
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slight (∼ 2σ) detections in the ACS bands, and lies in the corner cut out from

the colour – colour selection box (i.e. it does not meet the selection criterion

(Y105w − J125w) > 0.73 × (J125w − H160w) + 0.9). Moreover, no other group has

found or listed this object as a candidate.

Two objects in the new catalog (HUDF.YD8 and HUDF.YD9) were not found

in Bunker et al. (2010); our previous study of Y -drops in the HUDF used slightly

different magnitude and colour cuts (JAB < 28.5 and (Y − J)AB > 1.0), and an

older reduction and photometric zeropoints. These two objects were slightly too

faint in the previous version of our HUDF reductions (J = 28.59 and J = 28.55,

respectively) and slightly too blue (Y105w − J125w = 0.77, 0.92 respectively) to be

selected with the original criteria in Bunker et al. (2010). The new candidate

HUDF.YD8 lies only 1 arcsec from the z′-drop zD5 in Bunker et al. (2010), and

it is conceivable that both objects might be physically associated and might have

similar redshifts at z ≈ 8. We note that no other group has identified HUDF.YD9

as a candidate.

In Table 3.4 the Y -drop galaxy candidates from our HUDF catalog which

have been previously reported with their corresponding catalog names from other

groups are shown, while Table 3.5 presents all the objects found by these groups

with colours or photometric redshifts compatible with being in our Y -drop red-

shift range, but which do not appear in our new catalog. Candidates that would

be within our selection window if the photometry originally presented in the

discovery papers was adopted are marked with a †.

Most of the other HUDF candidates from different groups do not meet our

selection criteria both because they are too faint in the J-band (class ‘A’ in the

Table 3.5) and because they are too blue, (Y105w − J125w) < 0.9 (class ‘B’ in
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ID Bo10 Bu10 M10 Y10 F10

HUDF-YD2 UDFy-37796000 YD2 1939y z8-B117 200
HUDF-YD1 UDFy-42886345 YD1 1765y z8-B092 819
HUDF-YD3 UDFy-38135539 YD3 1721y z8-B115 125
HUDF-YD4 - YD4 2487 - -
HUDF-YD8 UDFy-43086276 - 2841y z8-B088 653

Table 3.4: A list of Y -drops in the HUDF appearing in the catalogs of all previous
analyses. We show in columns the different candidate ID used in this paper, in
Bo10 (Bouwens et al. 2010a), Bu10 (Bunker et al. 2010), M10 (McLure et al.
2010), Y10 (Yan et al. 2010) and F10 (Finkelstein et al. 2010).

the Table 3.5). One candidate (z8-SB27 in Yan et al. 2010) meets our selection

criteria for brightness in the J-band and the (Y105w−J125w) colour, but is rejected

on the basis of its location in the the (J − H) - (Y − J) colour – colour plane

as a likely lower redshift Balmer-break galaxy (see Figure 3.2). This galaxy is

classified with letter ‘C’ in the table. It is noted that Bouwens’ candidate UDFy-

37636015 (YD7 in Bunker et al. (2010)) has inconsistent photometry presented

in Bouwens et al. (2009) and Bouwens et al. (2010a) – adopting the more recent

photometric values from Bouwens et al. (2010a), YD7 would enter our Y -drop

selection (Table 3.5).

In summary, our latest reduction of the WFC3 images of the HUDF allows

us to reproduce 4 of the 7 Y -band dropout galaxies first reported in Bunker et

al. (2010); of two additional Y -drops in the new analysis, one has been reported

elsewhere and one is a new discovery in the HUDF field. Remeasuring the pho-

tometry of Y -drop candidates presented elsewhere by other groups, most would

not enter our selection as they are too faint in J-band and/or are too blue in

(Y − J), and hence are not as robust candidate z ≈ 8 − 9 galaxies as our core

sample.
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Bunker ’10 M10 F10 Y10 Bo10 Class

YD5† - - z8-SD24 - AB
YD6† - - - -
YD7† 2079y 213 z8-B114 y37636015 AB
- 1107z∗∗ - - B
- 1422 2055 z8-B041c† B
- - 800∗ - B
- - 3022 - AB
- - 640 - B
- - - z8-B094†
- - - z8-B087†
- - - z8-SB27 C
- - - z8-SB30 B
- - - z8-SD05 AB
- - - z8-SD02 AB
- - - z8-SD15 AB
- - - z8-SD52 AB

† Object that would meet our selection criteria, assuming original photometry.
∗ Object 800 appears in versions 1,2 & 3 of the arXiv:0912.1338 version of

Finkelstein et al. (2010), but is absent from version 4 and the Astrophysical
Journal paper.

∗∗ Object also found by Oesch et al. (2009), named UDFz-44716442 and
classified as a z′-drop. We included this object in our table since McLure et al.
(2010) quote a photometric redshift of 7.60, on the edge of our selection range.

Table 3.5: List of candidates from other studies of the HUDF (see Table 3.4)
quoted by respective authors to be either a Y -drop or in our redshift range (7.6 <
z < 9.8, see Section 3) but that we do not recover. Class A denotes objects too
faint in J-band (JAB > 28.51). Class B means that the colour selection criterion
(Y105w − J125w) > 0.9. was not met. Class C is where the (J − H):(Y − J)
colour:colour rules out selection (i.e., (Y105w−J125w) > 0.73×(J125w−H160w)+0.9
is not met). Objects marked † would meet our selection criteria if we adopt
the original photometry (but which do not make our selection if we use the
photometry from our new reduction of the imaging data).

Both the ‘deep’ and ‘wide’ CANDELS observations of GOODS-S have been

recently searched for Y105w-drop candidates by both Oesch et al. (2012b, hereafter

O12) and Yan et al. (2011, hereafter Y11), resulting in 11 and 8 high redshift
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galaxy candidates respectively.

Only 3 of the 11 O12 sources are matched by our 6 candidates. Another object in

our sample (GS.D-YD3) is also flagged as a potential candidate by O12 (CAND-

2253348542) though is dismissed by O12 on the grounds of its stellar-like profile.

An additional 2 of the candidates presented in Lorenzoni et al. (2012, in press)

and here match with the 8 Y11 sources, thus all the candidates presented also

exist in either O12 or Y11 (see Table 3.6).

However, there are no matches in common between all three candidate lists,

so it is useful to examine each of the O12 and Y11 candidates in turn to identify

why they were not selected by us.

Of the 8 O12 sources not selected here as candidates, 2 objects, CANDY-2499448181

(which is also 048 in Y11) and CANDY-2209651371, are detected at > 2σ in a

single optical band (at < 3σ).

One object (CANDY-2320345371) is excluded because its (Y125w − J160w)

colour is slightly bluer than our selection window, while a further 4 sources fail

to meet the S/N> 5 criterion though do appear to be real objects (all detected

at > 4σ in both J125w and H160w). A single source (CANDY-219147298) is not

matched within 0.5′′ of an object in our catalogue. Of the 6 Y11 sources not

matched to our candidates the two brightest (048 and 100) are excluded on the

basis of weak (2 to 3σ) optical detections in a single band. The 4 remaining ob-

jects are excluded on the basis of S/N concerns (in that they fall below S/N= 5 in

one or both bands); in three cases (094, 035, 043) the source is detected at > 4σ

in both J125w and H160w while the final object (085) is only detected at 2 − 3σ

and has colours inconsistent with our selection window.

There are then two principal reasons for the Y11 and O12 objects being excluded
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from our candidate lists; at the bright-end 2 objects in each study (with 1 in com-

mon) are excluded due to weak (2 to 3σ) optical detections in single band; while

at the faint end several sources are excluded on the basis of our S/N criteria. In

all but one case (Y11: 085) these objects are detected at > 4σ in both J125w and

H160w and have observed colours consistent with our selection window. It then

seems possible that some of the additional Y11 and O12 candidates are poten-

tial high-redshift star forming galaxies. However, these objects are nevertheless

excluded from the subsequent analysis of the rest-frame UV luminosity function,

as we want a robust sample. The computation of the effective volume takes into

account the more conservative selection criteria used in this work, which should

lead to the accurate luminosity function being recovered.
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Lorenzoni ’12 Oesch ’12 Yan ’11 Class

GS.D-YD1 - 064
GS.D-YD2 CANDY-2141348289 -
GS.D-YD3 CANDY-2253348542 -
GS.D-YD4 CANDY-2440247273 -
GS.D-YD5 - 107
GS.D-YD6 CANDY-2209848535 -

- CANDY-2499448181 048 O
- CANDY-2320345371 - W
- CANDY-2209651371 - O
- CANDY-2350049216 035 F
- CANDY-2192147298 - ?
- CANDY-2181852456 - F
- CANDY-2379552208 - F
- CANDY-2408551569 - F
- - 100 O
- - 094 F
- - 043 F
- - 085 F, W

F - Object too faint in J− and/or H−band for our selection criteria.
O - Detection of more than 2σ in at least one of the optical bands.

W - Object outside our colour-colour selection windows.
? - Object not picked up by SExtractor.

Table 3.6: We list here candidates identified by Oesch et al. (2012) and Yan
et al. (2011), second and third column respectively, and match them with ours
when possible (first coloumn) or give the reason why we do not find them (fourth
coloumn).
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Chapter 4

Analysis - Luminosity function

derivation

From the observed surface density of drop-outs as a function of magnitude, the

luminosity function of z ≈ 7 and z ≈ 8 galaxies in the rest-frame ultraviolet

(observed by the WFC3 near-infrared filters) can be recovered. In order to do

that, the probability of recovering a high-redshift galaxy as a function of redshift

and magnitude is calculated. This probability is integrated to obtain the effective

volume probed, and a Schechter LF can be then fitted to the data.

The sensitivity over the redshift range probed by the Lyman-break technique

is not uniform: some of the galaxies at the lower end of this range could be missed

because of photometric scatter (carrying them out of the colour selection window),

while in the same way, some galaxies with a lower redshift than that probed could

be included in the sample. This effect is stronger if the filters between which the

drop is expected are overlapping. At the higher redshift end a different effect

influences the sensitivity: the higher the redshift, the more the Lyman-α forest
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absorption affects the filter longwards of the break (Y -band filter for z′-drops,

J-band filter for Y -drops) meaning that only the most UV-luminous galaxies will

have enough flux in this band to satisfy the z−Y or Y −J (for z′-drops and and

Y -drops respectively) selection criterion. As a result, apart for the very bright

objects, the sensitivity will drop towards the higher redshift end of the probed

range, this drop being more significant for fainter sources. Photometric scatter

will affect this end of the range as well.

4.1 Completeness simulations

The probability of recovering a high-redshift galaxy as a function of redshift and

rest frame UV luminosity can be found with simulations: artificial sources with

properties similar to those of the galaxies observed at high-redshift (i.e. compact

with half-light radii rhl ≈ 0.′′1, large Lyman-α forest decrement of DA ≈ 0.99 and

blue rest-frame UV colours) are added to the images and the selection process is

applied to these modified frames, making it possible to evaluate the percentage of

recovered sources. The fake galaxies used in this work are Gaussian profiles have

FWHM varying between 0.′′1 and 0.′′3, and a Gaussian distribution of spectral

slopes, 〈β〉 = −2.2 and σ(β) = 0.5, reflecting the generally blue spectral slopes

observed in Lyman-break galaxies at z ≥ 6 (Stanway, McMahon & Bunker 2005;

Bouwens et al. 2010b; Wilkins et al. 2011b; Bunker et al. 2010).

The deduction of the expected colours is described in section 3.2. The fake

sources are introduced with a range of different magnitudes in random positions

in the images, although avoiding bright objects and areas were the image is not as

deep as the average (mainly edges). SExtractor is then run in the exact same way
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as for the candidate selection, and the photometry of the objects picked up by the

program in the locations where the fake galaxies were inserted are compared to

their original synthetic photometry. The probability p(M, z) of finding a galaxy

with absolute magnitude M and redshift z can be determined (Figure 4.1), and

the effective volume Veff probed can be calculated with the approach used in

Steidel et al. (1999) and Stanway, Bunker & McMahon (2003), where the volume

is given by:

Veff (M) ∝
∫
dz p(M, z)

dV

dz
(4.1)

where dz dV
dz

is the comoving volume per unit solid angle in a slice dz at redshift

z. Since the effective volume is a function of the absolute magnitude M , it can

be calculated for different magnitude bins, and the observed surface density of

objects can be converted to a number density, allowing a stepwise luminosity

function to be built.

4.2 Luminosity function fitting

The best-fit to this stepwise luminosity function can then be determined. A

Schechter luminosity function is assumed, for which the number density of galax-

ies between luminosity L and L+ dL is:

φ(L)dL = φ∗
(
L

L∗

)α
e(−L/L∗) d(L/L∗) (4.2)

where φ∗ is the normalisation parameter, L∗ the characteristic luminosity at the

knee of the function and α is the slope of the faint end of the function. Given that
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Figure 4.1: The probability of recovering simulated galaxies as a function of
redshift z for a number of absolute rest-UV magnitudes (M1600) for HUDF, UDF-
P34, UDF-P12 and ERS. The mean redshift is denoted by a dot.

the only light we observe is the UV light, the luminosity functions presented here

are in fact UV luminosity functions. The Schechter function can be written as a

function of absolute magnitude instead of luminosity, considering the relations:

φ(M)dM = φ(L)d(−L) (4.3)
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and

M −M∗ = −2.5 log

(
L

L∗

)
(4.4)

and substituting them into equation 4.2:

φ(M)dM = (0.4 ln10)φ∗ 100.4(α+1)(M∗−M) e−100.4(M
∗−M)

dM (4.5)

with M∗ the corresponding absolute magnitude to the luminosity L∗.

Given the faintness of galaxies below L∗ at the redshifts probed in this study,

it is not possible to strongly constraint the faint-end slope of the Schechter LF,

α, so the fit to the data has been performed with φ∗ and M∗ as free parameters

for different fixed values of α. The values used in the analysis of the fields ERS,

HUDF and flanking fields are −1.5, −1.7 and −1.9: these values were selected

as they bracket the value α = −1.73 derived by Bouwens et al. (2006) for the

i-drops at z = 6 and for the z = 3 U -drops (Reddy & Steidel 2009). For the

analysis of the CANDELS area, the value −2.1 for α was also considered for ease

of comparison, as other groups (Trenti et al. 2011, Bouwens et al. 2011, Oesch

et al. 2012b, Bradley et al. 2012) seem to favour an α of around -2. We note

that faint end slopes steeper than α = −2 result in divergent luminosity densities

(i.e. infinite if integrated down to zero luminosity). It is still unclear what lower

luminosity limit should be taken for the Schechter function integral.

4.2.1 HUDF, P34, ERS

Not all of the Y -drops listed in Table 3.2 are used to calculate the luminosity

function: while all these candidates are good targets for spectroscopy, the sam-

ple used for determining the luminosity function was restricted to only the most
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α M∗
1600 [AB mag] φ∗ [Mpc−3]

−1.5 −19.34 0.00117
−1.7 −19.5 0.00093
−1.9 −19.66 0.00070

Table 4.1: The best fit values of M∗
1600 and φ∗ for a Schechter function assuming

fixed α ∈ {−1.5,−1.7,−1.9} at redshift z ≈ 8.

reliable sources to minimize biases through contamination by photometric scat-

ter. Only the candidates detected at ≥ 7σ in the J-band were included in the

LF derivation, with the exception of ERS.YD2 and ERS.YD7 (both marked as

marginal, see Chapter 3) and of the two candidates found in the P12 flanking

field due to the shallow H-band imaging.

The data from ERS and HUDF fields were fitted with the reduced-χ2, χ2
red,

method:

χ2
red =

1

K

n∑
i=1

(xi − µi)2

σ2
(4.6)

where xi is the observed value for the i th bin, µi the expected value for the i th

bin, n is the number of bins, σ2 is the variance and K the number of degrees of

freedom. K = n−v−1, with v number of free parameters estimated to determine

the best fitting distribution, two in our case (M∗ and φ∗).

The parameters values minimising χ2
red for the different values of α are shown

in Table 4.1. Figure 4.2 shows the fitted luminosity function and the data points

used in its derivation compared to lower redshift results, while Figure 4.3 shows

the significance contours for the reduced χ2 fits of the UV luminosity function at

z ≈ 7 (Wilkins et al. 2011a, blue line) and z ≈ 8 (green contours).
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Figure 4.2: The z ≈ 8−9 rest-frame UV (1600Å) luminosity function (green line)
derived from HUDF, UDF-P34 and ERS WFC3 fields together with contempo-
rary and lower-redshift comparisons. Grey and blue lines denote the luminosity
function at 〈z〉 ≈ 3.05 (Reddy & Steidel 2009) and 〈z〉 ≈ 7.0 (Wilkins et al.
2011a).
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Figure 4.3: The significance contours for the reduced-χ2 fits of the Schechter UV
luminosity function for the Y -drops (green contours on right, signifying reduced-
χ2 = 1 and 2 for the inner and outer). A faint end slope of α = −1.7 has been
assumed, and the dot is the formal best fit, with M∗

1600 = −19.5 (AB). The blue
contours (to the left of the z = 8 contours) denote the z = 7 luminosity function
derived by Wilkins et al. (2011a) from the z′-drops in the same WFC 3 fields as
analysed here. The cross (on the left) denotes the best fit Schechter parameters for
Lyman-break galaxies at z = 3 (Reddy & Steidel 2009). Evolution predominantly
in M∗ is most consistent with the observational data.
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4.2.2 CANDELS

For the CANDELS data set, the maximisation of Poissonian log-likelihood was

used instead of the reduced χ2: because of the small number of expected obser-

vations, especially for the Y -drops, the Poissonian distribution is better suited to

describe the statistics of the counts than the normal distribution.

The probability of obtaining a certain number of events in the i th bin is given

by:

Pi(xi;µi) =
µxii e

−µi

xi
(4.7)

with xi the observed value for the i th bin and µi the expected value for the i th

bin. The joint probability is therefore

L =
n∏
i=1

Pi =
n∏
i=1

µxii e
−µi

xi!
(4.8)

For computational reasons, it is convenient to take the logarithm of the like-

lihood so that the product becomes a sum:

lnL =
n∑
i=1

ln

(
µxii e

−µi

xi!

)
=

n∑
i=1

(xi lnµi − µi − ln(xi!)) (4.9)

this quantity, generally negative, is easier to maximise than the non-logarithmic

likelihood. In case of a high number counts (xi ≥ 15) the Stirling approximation

ln(n!) = n · ln(n)− n is used for the last term.

The maximization of the log-likelihood (or rather the minimization of its in-

verse, − lnL) has been performed for both z′- and Y -drops and for both the

selection windows employed in each case. The best fit parameters for fixed values

of α used are shown in Tables 4.2 and 4.3 for z ≈ 7 and z ≈ 8 respectively.
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z ≈ 7

W11 spc B11z
α M∗

1600 [AB mag] φ∗ [Mpc−3] M∗
1600 [AB mag] φ∗ [Mpc−3]

−1.5 −19.75 0.00152 −19.75 0.00159
−1.7 −19.95 0.00110 −19.93 0.00119
−1.9 −20.19 0.00072 −20.14 0.00081
−2.1 −20.51 0.00039 −20.40 0.00049

Table 4.2: The best fit values for M∗
1600 and φ∗ at z ≈ 7 for a Schechter function

assuming fixed α ∈ {−1.5,−1.7,−1.9,−2.1} for both the W11 (columns 2 and
3) and B11z (columns 4 and 5) selection windows.

z ≈ 8

L11 spc B11Y
α M∗

1600 [AB mag] φ∗ [Mpc−3] M∗
1600 [AB mag] φ∗ [Mpc−3]

−1.5 −19.10 0.00143 −19.42 0.00088
−1.7 −19.23 0.00119 −19.53 0.00075
−1.9 −19.37 0.00095 −19.66 0.00060
−2.1 −19.54 0.00069 −19.80 0.00046

Table 4.3: The best fit values for M∗
1600 and φ∗ at z ≈ 8 for a Schechter function

assuming fixed α ∈ {−1.5,−1.7,−1.9,−2.1} for both the L11 (columns 2 and 3)
and B11Y (columns 4 and 5) selection windows.

82



In Figures 4.4 and 4.5 the obtained data points at z ≈ 7 and z ≈ 8, respec-

tively, are plotted against several previous estimates of luminosity functions at

the same redshifts. The figures show the number densities obtained with both

W11/L11 (open circles) and B11z/B11Y (filled circles) selection windows. The

agreement of the two sets of data is good, implying that the simulations and

volume calculations are accurate and do account for the use of different colour

selection windows. The best fit values for the Schechter parameters at z ≈ 7

obtained with the different colour selections are also in very good agreement: for

α values of −1.5, −1.7 and −1.9, M∗ values of the different selections are within

0.05 magnitudes, and φ∗ is within 10%, while in the case of α = −2.1 there

is a difference of 0.1 magnitudes for M∗ and about 20% for φ∗. The 68% and

95% likelihood contours of the values of M∗ and φ∗ obtained for the B11z/B11Y

selection windows for z ≈ 7 (dashed) and z ≈ 8 (solid) are shown in Figure 4.6.

At z ≈ 8 there is less good agreement between the results obtained with the

two windows. This is due to the extremely small number of populated bins (3)

in the Schechter LF fit to the data for the L11 selection window.

4.3 Comparison with other studies

There are several independent derivations of luminosity function in the literature

at z ≈ 7 and z ≈ 8 to which the results presented here can be compared.

4.3.1 z ≈ 7

In Figure 4.4 the data from this work are compared to two previous estimates of

the z ≈ 7 luminosity function, Wilkins et al. (2011a) and Bouwens et al. (2011),
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Figure 4.4: Top panel: the luminosity distribution of the selected candidates.
The grey area represents the W11 selection. Bottom panel: luminosity function
of z′-drop selected sources at z ≈ 7. Our datapoints are plotted against Wilkins et
al. (2011a, solid line) and Bouwens et al. (2011, dashed line) luminosity functions.
The uncertainty bars represent the 68.2% poissonian confidence interval of the
number density φ. The upper limits denote the maximum value of the 68.2%
confidence interval with n = 0 observations. This corresponds roughly to n =
1.84, i.e. the for an observed n = 0 there is a 68.2% chance the true value is
< 1.84.
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Figure 4.5: Top panel: the luminosity distribution of the selected candidates.
The grey area represents the L11 selection. Bottom panel: luminosity function
of Y -drop selected sources at z ≈ 8. Our datapoints are plotted against several
luminosity functions: Lorenzoni et al. (2011, solid dark line), Oesch et al. (2012b,
solid light line), Bouwens et al. (2011, dashed line) and Yan et al. (2010, dotted
line). The uncertainty bars represent the 68.2% poissonian confidence interval
of the number density φ. The upper limits denote the maximum value of the
68.2% confidence interval with n = 0 observations. This corresponds roughly to
n = 1.84, i.e. the for an observed n = 0 there is a 68.2% chance the true value is
< 1.84.
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Figure 4.6: The likelihood contours for the luminosity function of z′-drops (dashed
lines) and Y -drops (solid lines), showing the correlation between the fitted M∗

and φ∗ parameters for a Schechter function fit, using our sample of galaxies from
the B11 colour selection. A faint-end slope of α = −1.9 is adopted here. The
68% (inner) and 95% (outer) likelihood contours are shown. The cross represents
the best-fit parameter values.

both from the HUDF and ERS data described earlier, showing good agreement.

Table 4.4 shows the best fit Schechter LF parameters of Wilkins et al. (2011a),

Bouwens et al. (2011), McLure et al. (2010), obtained from the same data, Ouchi

et al. (2009), from Subaru Suprime-Cam wide field observations of the Subaru

Deep Field (SDF, Kashikawa et al. 2004) and GOODS-North, and Castellano et

al. (2010), using VLT Hawk-I data of the GOODS-South.

The results obtained with the whole data set presented in this work are in very

good agreement with Wilkins et al. (2011a), and also with Bouwens et al. (2011)
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Comparison of z ≈ 7 LF Determinations in the Literature
Comparison of z ≈ 7 LF Determinations in the Literature

Ref. α M∗
1600 [AB mag] φ∗ [10−3Mpc−3]

This work −1.7 (fixed) −19.93 1.19
Wilkins et al. (2011a) −1.7 (fixed) −19.9 1.06
Bouwens et al. (2011) −2.01± 0.21 −20.14± 0.26 0.86+0.70

−0.39

McLure et al. (2010) −1.72 −20.11 0.7
Ouchi et al. (2009) −1.72± 0.65 −20.10± 0.76 0.69+2.62

−0.55

Castellano et al. (2010) −1.71 (fixed) −20.24± 0.45 0.35+0.16
−0.11

Table 4.4: Our best-fit parameters for a Schechter LF at z ≈ 8 are compared
with other groups results at the same redshift.

considering our best fit parameters for α = −1.9 (Table 4.2). The McLure et al.

(2010) best fit parameters, especially φ∗, are a bit different from ours, although

well within the 1σ confidence contour (inner blue line in Figure 4.3). Since the

other two LF estimations come from wider surveys apt to detect brighter can-

didates, it is therefore more useful to compare their stepwise LF determinations

to the LF derived here. Doing so, both Ouchi et al. (2009) and Castellano et al.

(2010) LF determinations are in agreement with the luminosity function derived

in this work.

4.3.2 z ≈ 8

In Figure 4.5 our recent data are compared to several previous luminosity func-

tions obtained in recent years by us and other groups: Lorenzoni et a. (2011),

Oesch et al. (2012b), Bouwens et al. (2011) and Yan et al. (2010). In Table 4.5

the best fit Schechter parameters from these publications are listed, along with

the McLure et al. (2010) and Bradley et al. (2012) estimations.

All the estimations used for comparison come from the HUDF and ERS fields
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Comparison of z ≈ 8 LF Determinations in the Literature
Comparison of z ≈ 8 LF Determinations in the Literature

Ref. α M∗
1600 [AB mag] φ∗ [10−3Mpc−3]

This work −1.9 (fixed) −19.66 0.60
Lorenzoni et al. (2011) −1.9 (fixed) −19.66 0.70
Oesch et al. (2012b) −2.06+0.35

−0.28 −20.04± 0.26 0.50+0.70
−0.33

Bouwens et al. (2011) −1.91± 0.32 −20.10± 0.52 0.59+1.01
−0.37

Yan et al. (2010) −1.80 −17.80 7.6
McLure et al. (2010) −1.71 (fixed) −20.04 (fixed) 0.35
Bradley et al. (2012) −1.98+0.23

−0.22 −20.26+0.29
−0.34 0.43+0.35

−0.21

Table 4.5: Our best-fit parameters for a Schechter LF at z ≈ 8 are compared
with other groups results at the same redshift.

apart from the Bradley et al. work, which combines their data from BoRG with

the data from Bouwens et al. (2011).

With the exception of Yan et al. (2010), all works show a broad agreement,

even though the results presented here tend to favour a slightly fainter M∗ than

the other groups. However, the degeneracy between M∗ and φ∗ and the large

uncertainties (Figure 4.6) make this result compatible (within 1σ) with the others.

On the other hand, the Yan et al. (2010) LF is strongly ruled out: with respect to

the results of this thesis, Yan et al.’s M∗ is 2 magnitudes fainter and φ∗ a factor

of ten higher. It seems likely that Yan et al. (2010) recorded erroneously large

numbers of very faint objects, which are either spurious or the extended haloes

of brighter extended lower-redshift objects which were mis-identified as separate

sources through S-Extractor deblending (see Bouwens et al. 2011 for a critique)
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4.4 LF evolution

There are clear signs of evolution of the UV luminosity function of galaxies at red-

shift z ≈ 3 (Reddy & Steidel, 2009) to redshift 6 (Stanway, Bunker & McMahon

2003, Bunker et al. 2004, Bouwens et al. 2007). All the works at z ≈ 7 presented

in Table 4.4 agree in finding evolution of the LF from various estimates at z ≈ 6,

for example the Bouwens et al. (2007) i-drop LF at z ≈ 6 has best fit Schechter

parameters α = −1.74 ± 0.16, M∗ = −20.24 ± 0.19, φ∗ = 1.4+0.6
−0.4 × 10−3 Mpc−3.

M∗ is fainter at higher redshifts, implying a smaller number of bright galaxies,

and φ∗ is smaller, indicating lower number densities over the whole magnitude

range. The groups fitting for α favour a very steep faint-end slope, reaching

values of ∼ −2. For α ≤ −2 the Schechter function would diverge, giving an

infinite luminosity density, if integrated to zero luminosty; however, galaxies are

not expected to form at indefinitely faint magnitudes.

The determination of α from the observations available to date is affected

by very large uncertainties (compatible with no evolution from z ≈ 3) as this

parameter is derived from its weak effect on the bright end of the LF, while it

characterises the faint end. Given the empirical nature of the Schechter LF, it is

not obvious that the parameter that fits well the faint end slope for M >> M∗

is significant at the bright end as well, even though it formally influences it.

At z ≈ 8, the results shown in Table 4.5 suggest further evolution from z ≈ 7

(ignoring the discrepant result of Yan et al.). In Figures 4.2 and 4.3 can be

seen, along with the clear evolution from z ≈ 3 (Reddy & Steidel 2009) to z ≈ 7

(Wilkins et al. 2011a), that even considering the large error bars/contours it is

likely that evolution continues to z ≈ 8. The estimations of this work are entirely
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consistent with an evolution mainly in M∗ (even from z ≈ 3), with only a modest

change in φ∗ (consistent with no change in φ∗). A pure φ∗ evolution from z ≈ 7

to z ≈ 8 is however marginally consistent within 1σ.
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Chapter 5

Implications for reionization

By integrating the luminosity function, the ultraviolet luminosity density can be

obtained, which is directly connected with the star formation rate density. The

SFR density obtained from observations can then be compared to that required

for reionization.

5.0.1 The Star Formation Rate Density at z ≈ 7 and z ≈ 8

The UV continuum emission of a star-forming galaxy is dominated by main se-

quence O and B stars. These are massive stars (& 10M�) with short lifetimes

(main sequence time, tMS . 2× 107 years), so the observed UV luminosity LUV

is proportional to the stellar birthrate. When the UV flux reaches a steady state

(t >> tMS), in the absence of extinction by dust the following relation (Madau,

Pozzetti & Dickinson, 1998) is valid:

LUV = const · SFR

M� yr−1
ergs s−1 Hz−1 (5.1)
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where const is a constant equal to 8.0×1027 for UV emission at 1500 Å (restframe),

which is the light that is observed in the J- and H-band for objects at z ≈ 7− 8,

respectively. This value assumes a Salpeter (1955) IMF, while for a Scalo (1986)

IMF const = 3.5 × 1027 at the same wavelength, meaning that for the same

observed LUV a Scalo IMF would imply a higher SFR of a factor of ∼ 2. Both

IMFs used in Madau, Pozzetti & Dickinson (1998) are truncated at 0.1 and

125M�, and the metallicity is fixed to solar values. The constant is also quite

insensitive to the past star formation history. The relation 5.1 is comparable

to the relation derived from the models of Leitherer & Heckman (1995) and

Kennicutt (1998).

The UV luminosity density can be derived from the integration of the Schechter

luminosity function:

ρUV =

∫ ∞
Llim

L · φUV (L)dL (5.2)

where Llim is the luminosity limit down to which the LF is integrated. Through

the linear relation 5.1, the UV luminosity density can be converted to the star

formation rate density. In Tables 5.1 and 5.2 the UV luminosity densities and

star formation rates for the different values of α and Llim at z ≈ 7 and z ≈ 8,

respectively, are shown. In Figures 5.1 and 5.2 the same quantities are plotted

against the lower luminosity limit. The grey-shaded boxes in these figures delimit

the magnitude range probed by observations: it is clear that α does not affect

the SFR density determination for integrations down to the observable limit (as

can be seen in the aforementioned tables too), while its influence increases as the

extrapolation is pushed towards fainter magnitudes. It is still not clear what Llim
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α ρ1600 [1025 erg s−1 Mpc−3 Hz−1] (ρ̇∗ [M� yr−1 Mpc−3])
M1600 < −18.5 (SFR > 1.5 M� yr−1) < −13 (> 0.01 M� yr−1) < −8 (> 10−4 M� yr−1)

−1.5 4.15 ( 0.0052 ) 9.24 ( 0.0115 ) 9.68 ( 0.0121 )
−1.7 4.24 ( 0.0053 ) 12.12 ( 0.0151 ) 13.90 ( 0.0174 )
−1.9 4.32 ( 0.0054 ) 17.35 ( 0.0217 ) 25.00 ( 0.0313 )
−2.1 4.45 ( 0.0056 ) 27.96 ( 0.0350 ) 63.54 ( 0.0794 )

Table 5.1: UV luminosity densities (and star formation rate densities in paren-
theses) determined by integrating the derived z ≈ 7 Schechter luminosity
function down to various limiting absolute magnitudes assuming fixed α ∈
{−1.5,−1.7,−1.9,−2.1}.

α ρ1600 [1025 erg s−1 Mpc−3 Hz−1] (ρ̇∗ [M� yr−1 Mpc−3])
M1600 < −18.5 (SFR > 1.5 M� yr−1) < −13 (> 0.01 M� yr−1) < −8 (> 10−4 M� yr−1)

−1.5 1.41 ( 0.0018 ) 3.74 ( 0.0047 ) 3.95 ( 0.0049 )
−1.7 1.45 ( 0.0018 ) 5.16 ( 0.0064 ) 6.03 ( 0.0075 )
−1.9 1.49 ( 0.0019 ) 7.81 ( 0.0098 ) 11.62 ( 0.0145 )
−2.1 1.56 ( 0.0020 ) 13.34 ( 0.0167 ) 31.52 ( 0.0394 )

Table 5.2: UV luminosity densities (and star formation rate densities in paren-
theses) determined by integrating the derived z ≈ 8 Schechter luminosity
function down to various limiting absolute magnitudes assuming fixed α ∈
{−1.5,−1.7,−1.9,−2.1}.

to adopt, with two possible values being the luminosity of a single OB star or of a

typical HII region. As mentioned earlier, for α < −2 the integral is divergent and

would give an infinite luminosity density if integrated down to zero luminosity.

Since such steep faint end slopes have been suggested (see Chapter 4), the right

luminosity limit would be crucial to correctly calculate luminosity densities and

SFR densities.

Figure 5.3 shows the well known Madau-Lilly diagram (Madau et al. 1996,

Lilly et al. 1996) which shows the evolution of the SFR density with redshift. The

results presented here at z ≈ 7− 8 are compared with lower redshift estimations
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Figure 5.1: The solid lines are the total star formation rate density (left axis)
or ionising flux density (right axis) inferred from the luminosity function fits for
our z′-drop sample (for faint end slopes α = [−1.5,−1.7,−1.9,−2.1]), integrating
down to the limiting absolute magnitude in the rest-frame UV shown on the lower
x-axis (in AB magnitudes); the upper x-axis shows the equivalent unobscured
star formation rate. The dashed lines show the requirement to keep the Universe
ionised at z = 7, using the relation from Madau, Haardt & Rees (1999) and
assuming a low clumping factor of C = 5. We show the requirements for escape
fractions of fesc = 0.1, 0.5 & 1. Where the solid lines cross the dashed lines,
reionzation can be achieved. The shaded region is where the current deepest
observations probe (the HUDF).
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Figure 5.2: The solid lines are the total star formation rate density (left axis)
or ionising flux density (right axis) inferred from the luminosity function fits for
our Y -drop sample (for faint end slopes α = [−1.5,−1.7,−1.9,−2.1]), integrating
down to the limiting absolute magnitude in the rest-frame UV shown on the lower
x-axis (in AB magnitudes); the upper x-axis shows the equivalent unobscured
star formation rate. The dashed lines show the requirement to keep the Universe
ionised at z = 8.6, using the relation from Madau, Haardt & Rees (1999) and
assuming a low clumping factor of C = 5. We show the requirements for escape
fractions of fesc = 0.1, 0.5 & 1. Where the solid lines cross the dashed lines,
reionzation can be achieved. The shaded region is where the current deepest
observations probe (the HUDF).
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Figure 5.3: The star-formation rate density evolution with redshift. Filled circles
denote the results obtained with this work, while the lower redshift estimates
are derived by integrating to 0.1 × L∗ the UV LFs proposed by Arnouts et al.
2005 (crosses), Cucciati et al. 2012 (open squares), Reddy & Steidel 2009 (open
triangles) and Bouwens et al. 2007 (open diamonds)

in the literature (Arnouts et al. 2005, Cucciati et al. 2012, Reddy & Steidel 2009

and Bouwens et al. 2007). The UV luminosity functions considered are integrated

down to 0.1×L∗ (where L∗ is the value determined at that redshift, not the current

L∗ at z=0) and the z ≈ 7 and z ≈ 8 SFR density estimations are based on our

α = −1.7 LF determinations. From the peak between z = 2 and z = 3, the data

suggest a steady decline of the SFR density with the increasing redshift (a decline

in SFR density from z ≈ 3 to z ≈ 6 was discovered by Stanway et al. 2003) up

to z ≈ 8, where the SFR density is one order of magnitude lower than at the

peak. This result is also consistent (within the considerable uncertainties) with

the results of Oesch et al. (2012b), who suggest a drop in SFR density between

z ≈ 8 and z ≈ 10.
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5.0.2 Reionization

The ionizing UV (or Lyman continuum, LyC) photons produced by the most

massive (OB) stars might be critical in reionization and keeping the Universe

ionized at z ≈ 6 − 11. However, work at z ≈ 6 has shown that under standard

assumptions of the IMF, escape fraction and clumping of the gas, the observed

population of Lyman break galaxies produce insufficient flux down to AB ≈

28.5 mag (Bunker et al. 2004).

The measured star formation rates presented earlier at z ≈ 7 and z ≈ 8

can be compared to those required to ionize the universe at the same redshifts.

Madau, Haardt & Rees (1999) give the density of star formation required for

reionization (assuming the same Salpeter IMF as used in this thesis). For this

work, equation 27 of Madau, Haardt & Rees (1999) has been updated for a more

recent concordance cosmology estimate of the baryon density from Larson et al.

(2011), Ωb h
2
100 = 0.022622, and assumes the form:

ρ̇SFR ≈
0.012M� yr−1 Mpc−3

fesc

(
1 + 〈z〉
1 + 8.6

)3 (
Ωb h

2
70

0.0462

)2 (
C

5

)
(5.3)

Since the number of photons needed for reionization rises as (1 + z)3, the re-

quirement at z ≈ 8.6 is a factor of 2.5 times higher than that at z ≈ 6 and 1.7

higher than at z ≈ 7. In the above equation, 〈z〉 is the average redshift probed,

7.0 for z′-drops and 8.6 for Y -drops, and C is the clumping factor of neutral

hydrogen, C = 〈ρ2
HI〉 〈ρHI〉−2. Early simulations suggested C ≈ 30 (Gnedin &

Ostriker 1997), but more recent work including the effects of reheating implies a

lower concentration factor of C ≈ 5 (Pawlik et al. 2009). The escape fraction of

ionizing photons (fesc) for high-redshift galaxies is highly uncertain (e.g., Steidel,
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Pettini & Adelberger 2001, Shapley et al. 2006). In the local Universe, the value

of fesc is low, just a few percent (. 5%), but there is evidence for higher values at

redshifts up to z ≈ 3 (Inoue et al. 2006, Siana et al. 2010). fesc is often measured

relative to the number of escaping photons at λrest = 1500 Å (Steidel, Pettini &

Adelberger 2001):

fesc,rel =
(f1500/fLyC)int

(f1500/fLyC)obs

× exp (τIGM) (5.4)

where (f1500/fLyC)int is the intrinsic ratio of non-ionizing to ionizing specific in-

tensities, from spectral synthesis models, (f1500/fLyC)obs is the observed flux ratio

and τIGM is the IGM optical depth (for LyC photons). The relation between

fesc,rel and fesc is:

fesc = fesc,rel × 10−0.4A1500 (5.5)

where A1500 is the dust absorption at 1500Å (Vanzella et al. 2010).

Theoretical work (Hayes et al. 2011, Mitra, Ferrara & Choudhury, 2012) sug-

gest fesc values of ∼ 40% at z ≈ 6 and beyond, supporting its evolution with

redshift. The escape fraction also depends on halo mass, with massive galaxies

having lower escape fractions (Ricotti & Shull 2000, Wise & Cen 2009), although

some other works (Gnedin et al. 2008) disagree, predicting lower fesc for less mas-

sive values, and depending on other factors like morphology and star formation

history. Observational determinations of Lyman continuum escape fractions are

particularly difficult as expensive UV data are needed locally, and objects at high

redshift are generally faint and only a few bright objects spectra can be observed.

It is possible that the escape fraction of ionising photons may be linked to the
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escape fraction of Lyman-α photons (Stark et al. 2010), which may mean that

high escape fractions could be tested through future line emission searches with

spectroscopy and narrow-band imaging.

5.0.2.1 The ionizing photon density at z ≈ 7

The star formation rate density ρ̇SFR inferred from the z′-drop selection pre-

sented in this work integrating the LF down to the approximate observation

limit, MUV = −18.5, is ρ̇SFR = 0.0053M� yr−1 Mpc−3 for α = −1.7, (see Ta-

ble 5.1, Figure 5.2), about 4/5 of the required ρ̇SFR = 0.0069M� yr−1 Mpc−3 to

reionize the Universe assuming fesc = 1 (no absorption by H I). For a more rea-

sonable value of fesc like 0.5, the required ρ̇SFR doubles (∼ 0.0140M� yr−1 Mpc−3)

and reionization is achievable with a faint end slope α = −1.7 (the same faint end

slope found at redshifts z = 3− 6) integrating to MUV = −13 (i.e., extrapolating

the Schechter function to ≈ 100 times fainter than our observed limit). For lower

escape fractions, steeper faint end slopes and/or LF integrations to fainter cut-off

luminosities are needed for reionization.

5.0.2.2 The ionizing photon density at z ≈ 8

Even considering the implausible upper limit of fesc = 1 and a very low clumping

factor, the required total star formation rate density for reionization is 0.012M� yr−1 Mpc−3.

This is a factor of∼ 5 higher than the measured star formation density at z ≈ 8−9

from Y -drop galaxies brighter than MUV = −18.5. As shown in Table 5.2 and

Figure 5.2, the required UV luminosity density can only just be achieved (if

fesc = 1) by integrating down to MUV = −13 and then only for a steeper faint

end slope of α = −1.9 rather than α = −1.7 (as observed at lower redshifts).
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Adopting a value of fesc = 0.5 the required total star formation rate density for

reionization would be 0.024M� yr−1 Mpc−3, then the Y -drop population can only

provide sufficient ionizing photons if the faint end slope is very steep (α < −1.9)

and the Schechter function is integrated down below MUV = −8 (corresponding

to a star formation rate of only 10−4M� yr−1). Recent theoretical works indi-

cate that the reionization process itself may have been “photon-starved” (e.g.,

Bolton & Haehnelt 2007), consistent with the extrapolation of the observational

constraints presented here. It is somehow suspect that the steep UV LF faint end

slopes which seem to be required at z ≥ 7 evolve rapidly into well-constrained

α = −1.7 at z = 3− 6.

Reionization by star-forming galaxies looks plausible at z ≈ 7, where it can

be achieved by reasonable values of fesc (≤ 0.5) without invoking a very steep

faint end slope for the LF (α & −1.9). At z ≈ 8 it seems more complicated,

as both high escape fractions and extremely steep faint end slopes are required.

However, the assumption of a solar metallicity Salpeter IMF may be flawed: the

colours of z ∼ 6 i′-band drop-outs are very blue (Stanway, McMahon & Bunker

2005), with β < −2, and the recent WFC3 J- and H-band images show that the

z ≈ 7 z′-drops also have blue colours on average (Bunker et al. 2010; Bouwens

et al. 2010b; Wilkins et al. 2011b). Continuous star formation with a Salpeter

IMF produces a UV spectral slope of β ≈ −2 if there is no dust reddening. The

fact that even bluer slopes than this (β < −2) are observed could be explained

through low metallicity, or a top-heavy IMF, which can produce between 3 and

10 times as many ionizing photons for the same 1600 Å UV luminosity (Schaerer

2003 – see also Stiavelli, Fall & Panagia 2004). Alternatively, some of the objects
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in this sample could be galaxies at the onset of star formation, or with a rising star

formation rate (Verma et al. 2007), which would also lead to an underestimate of

the true star formation rate from the rest-UV luminosity. The implications of the

blue UV spectral slopes in z ≥ 6 galaxies are thoroughly investigated in Wilkins

et al. (2011b).
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Chapter 6

Conclusions

In this thesis I have presented a list of candidate high-redshift star-forming galax-

ies (z ≈ 7 − 8) identified with the Lyman break technique using HST/WFC3

near-infrared data at different depths from several recent programmes covering

∼ 150 arcmin2 in the GOODS-South area. These candidates are compared to

independently derived catalogues from other groups in the same fields. In the

CANDELS field, objects were selected using two different sets of colour critera

to investigate the effects of the selection window choice on the final result, find-

ing that it does not heavily influence the LF determinations. The variety of the

data available, going from small, deep fields to wider and relatively shallower

ones, is ideal to identify candidates over a wide range of brightness: the bright

high redshift galaxy candidates found in the wider fields serve to better constrain

the bright end of the luminosity function at those redshifts, and may also be

more amenable to spectroscopic confirmation than the fainter ones from deep

fields, which in turn allow us to put constraints on the LF at lower luminosities,

although not faint enough to strongly constraint the faint end slope α.

It is confirmed that there is large evolution from z = 3, particularly in the

bright end of the luminosity function, in the sense that there are far fewer UV-
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bright galaxies at z ≈ 8− 9 than in the more recent past. There is also evidence

for evolution from z = 6 − 7 to z = 8 − 9, with this being consistent with most

of the change occurring in M∗ rather than φ∗, with M∗ being fainter at higher

redshift. A good constraint on the faint-end slope α which will potentially require

deeper data over a wider field (as might be provided by NIRCAM on the James

Webb Space Telescope).

The LF results at z ≈ 7 and z ≈ 8 are compared with previous LFs derived

from WFC3 drop-out counts, finding a generally good agreement, one exception

being the Yan et al. (2010) LF, which is strongly ruled out.

The candidate z ≈ 7−9 galaxies detected have insufficient flux to reionize the

Universe, and it is probable that galaxies below our detection limit provide signif-

icant UV contribution. Adopting a similar faint-end slope to that determined at

z = 3− 6 (α = −1.7) and a Salpeter IMF, reionization can be achieved at z ≈ 7

for fesc = 0.5 integrating down to MUV = −15. However at z ≈ 8, with the same

values of α and fesc, the ioniziong photon budget falls short even integrating down

to MUV = −8. A steeper faint end slope and a low-metallicity population (or

a top-heavy IMF) might still provide sufficient photons for star-forming galaxies

to reionize the Universe, but confirmation of this might have to await the James

Webb Space Telescope.
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