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Abstract | endeavour to provide a thorough overview of our currentvkedge
of galaxies and their evolution during the first billion yeaf cosmic time, corre-
sponding to redshifts> 5. After first summarizing progress with the seven different
technigues which have been used to date in the discovenjedtstatz > 5, | focus
thereafter on the two selection methods which have yieldédtantial samples of
galaxies at early times, namely Lyman-break and Lyroaselection. | discuss a
decade of progress in galaxy sample selectiarab — 8, including issues of com-
pleteness and contamination, and address some of the @mfusich has been cre-
ated by erroneous reports of extreme-redshift objectst Newvide an overview of
our current knowledge of the evolving ultraviolet continuand Lymane galaxy
luminosity functions az ~ 5— 8, and discuss what can be learned from explor-
ing the relationship between the Lyman-break and Lyraaselected populations.
| then summarize what is known about the physical propedifi¢sese galaxies in
the young universe, before considering the wider impla&tiof this work for the
cosmic history of star formation, and for the reionizatidntlee universe. | con-
clude with a brief summary of the exciting prospects forHertprogress in this
field in the next 5-10 years. Throughout, key concepts sudelastion techniques
and luminosity functions are explained assuming esséntial prior knowledge.
The intention is that this chapter can be used as an intramfutct the observational
study of high-redshift galaxies, as well as providing aeevof the latest results in
this fast-moving research field up to the end of 2011.
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1 Introduction

One conclusion of this chapter will be that the very “first’laydes have almost
certainly not yet been observed. But in recent years we hasteubtedly witnessed
an observational revolution in the study of early galaxieshie young Universe
which, for reasons outlined briefly below, | have chosen tingeas corresponding
to redshiftsz > 5 (a good, up-to-date overview of the physical propertiegaddixies
atz=2—4is provided by Shapley 2011).

The discovery and study of galaxies at redshifts 5 is really the preserve of
the 21st century, and has been one of the most spectaculavectents of astron-
omy over the last decade. From the ages of stellar poputatiogalaxies at lower
redshifts it was known that galaxies must existat 5 (e.g. Dunlop et al. 1996),
but observationally the= 5 “barrier” wasn't breached until 1998, and then only by
accident (Dey et al. 1998). Although this discovery of a Lyrmaemitting galaxy at
z=5.34 was serendipitous, it in effect represented the firstesgfal application at
z> 5 of the long-proposed (e.g. Patridge & Peebles 1976a,b)fwattempted (e.g.
Koo & Kron 1980; Djorgovski et al. 1985; Pritchet & Hartwicl20; Pritchet 1994)
technique of searching for “primeval”’ galaxies in the yowmgverse on the basis
of bright Lyman«a emission. This discovery was important not just for chaikimp
the next integer value in redshift, but also because thisthadirst time that the
redshift/distance record for any extra-galactic object vald by a “normal” galaxy
which hadnot been discovered on the basis of powerful radio or opticaksioin
from an active galactic nucleus (AGN). Later the same yeew, inore galaxies
selected arz > 5 on the basis of their starlight (Fernandez-Soto et al. 1989e
spectroscopically confirmed at= 5.34 by Spinrad et al. (1998), and the Lyman-
selection record was advancedzte 5.64 (Hu et al. 1998).

In this chapter | will explain how these breakthroughs taedla new era in
the study of the high-redshift Universe, in which concefiyusimple but techno-
logically challenging techniques have now been succdgsfpplied to discover
thousands of galaxies at> 5, and to extend the redshift record outzter 9. The
key instrumental/observational advances which haveitatgt this work are the
last two successful refurbishments of tHabble Space Telescope (HST; first with
the ACS optical camera, and most recently with the neagieft WFC3/IR im-
ager), the provision of wide-field optical and near-infdiraging on 4- 8-m class
ground-based telescopes (Suprime-Cam on 8.2-m Subascdele, WFCAM on
the 3.8-m UK InfraRed Telescope (UKIRT), and ISAAC/Hawkr the 8.2-m Very
Large Telescope (VLT)), the remarkable performance of therd Spitzer Space
Telescope at mid-infrared wavelengths, and finally the advent of despgensitive
optical spectroscopy on the 10-m Keck telescope (with LRIS®RMOS), the VLT
(with FORS2), and on Subaru (with FOCAS).

I will also endevour to summarize what we have learned atieytroperties of
these early galaxies from this multi-frequency, multitiacinvestigation and, as a
result, what new information we have gleaned about the &eolwf the universe
during the first~ 1 Gyr of cosmic time. | conclude with a very brief discussidn o



Observing the first galaxies 3

the prospects for further progress over the next decadeye detailed description
of future facilities is included elsewhere in this volume.

The cosmological parameters of relevance to this work amensarized briefly
in the next section. Where required, all magnitudes arertegan the AB system,
wheremag = 31.4— 2.5log(f,/1nJy (Oke & Gunn 1983).

2 Why redshiftz > 5

It is perhaps useful to first pause briefly to review what amdtlef z= 5 actually
means, and why it matters.

Redshift,z, is, of course, simply a straightforward way to quantify th&o of
the observed wavelengthd) to the emitted wavelengtiA§) of light:

Ao

e
The longitudinal relativistic Doppler effect is:

Ao [l4v/c
T2 \1-v/c (2)

1+z

and saz =5 corresponds to a recession velocitywef 0.946c (wherec is the speed
of light in vacuum).

However, in a Universe with matter, at least some of any aleskredshift should
be attributed to gravitational effects, and in any case tbeige recessional velocity
of a galaxy several billion years ago is of little real in&tr&Vhat is more helpful is
to recognise that the stretching of the wavelength of lighpsy reflects the overall
expansion of the Universe, i.e.

_ o _ Ritoow)
Ae R(te)

whereR(t) is simply the scale factor which describes the time evolutié our
apparently isotropic, homogeneous Universe.

Thus, when we observe a galaxyat 5 we are observing light which was
emitted from that galaxy when the Universe was 1/6th of iespnt size (and at
the highest redshifts currently probed; 9, the Universe was 1/10th of its present
size).

The precise age at which the Universe was 1/6th of its presseabf course de-
pends on the dynamics of the expansion. With our currentt“be concordance
cosmology of a flat Universe with a matter density paramdt&2p—= 0.27, a vac-
uum energy (or dark energy) density parametef@f= 0.73, and a Hubble Con-
stantHy = 71kms *Mpc—! (WMAP7; Komatsu et al. 2011; Larson et al. 2011),
z="5 corresponds to an age of 1.2 Gyr, equivalentt®% of current cosmic time.
Thus, to a very reasonable approximation, the study of theetse atz > 5 can be

1+z

(3)
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thought of as a direct window into the first Gyr, or firstl0% of the growth and
evolution of cosmic structure.

Finally, at the risk of stating the obvious, it must alwaysémembered that dif-
ferent redshifts correspond not only to different timeg, ddgo to different places.
Thus, when we presume to connect observations of galaxigiéf@tent redshifts
to derive an overall picture of cosmic evolution, we are iicipy assuming homo-
geneity; i.e. that “back-then, over there” is basically fagne as “back-then, over
here”. For this to be true it is crucial that surveys for higlashift galaxies contain
sufficient cosmological volume to be “representative” @& thniverse at the epoch
in question. As we shall see, at> 5 this remains a key challenge with current
observational facilities.

3 Finding galaxies at z> 5: selection techniques

There are, in principal, several different ways to atterapihpoint extreme-redshift
galaxies amid the overwhelming numbers of lower-redsHifects on the sky. The
two methods that have proved most effective in recent yeattsibvolve optical to
near-infrared observations of rest-frame ultraviolebijgand both rely on neutral
Hydrogen. The first method, the so called Lyman-break teplaiselects Lyman-
break galaxies (LBGs) via the distinctive “step” introdddeto their blue ultra-
violet continuum emission by the blanketing effect of nallrydrogen absorption
(both within the galaxy itself, and by intervening cloudsraj the observer’s line-of-
sight; see Fig. 1). The second method selects galaxies vahéchymane emitters
(LAES), via their highly-redshifted Lyman-emission lines, produced by hydrogen
atoms in their interstellar media which have been excitedhieyultraviolet light
from young stars. Both of these techniques have now beentasdidcover large
numbers of galaxies out to> 7, and are therefore discussed in detail in the two
subsections below.

The only real drawback of these two techniques is that theyaly capable of
selecting galaxies which are young enough to produce cegmounts of ultravi-
olet light, and are sufficiently dust free for a fair amounttof light to leak out
in our direction. In an attempt to find galaxieszat 5 which are at least slightly
older (remembering there is onty 1 Gyr available) some authors (e.g. Wiklind
et al. 2008) have endeavoured to select galaxies on the dfatsis Balmer break,
even though, ak;eq = 3646A this break is moved tAops > 2.4um atz > 5. Since
this lies beyond the near-infrared wavelength range atde$som the ground, this
work is only possible due to the power of the IRAC camera ond8gitzer, which
can be used to observe from 3 tu. As discussed later in section 53itzer
has certainly proved very effective at measuring the strenfjBalmer breaks in
high-redshift galaxies which have already been discowgeettheir ultraviolet emis-
sion but, to date, Balmer-brea#lection has yet to uncover a galaxyat- 5 which
could not have been discovered via other techniques (eerily spectroscopically-
confirmed Balmer-break selected galaxy in the sample cemhfy Wiklind et al.
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Fig. 1 An illustration of the redshifted form of the rest-frameraltiolet spectral energy distribu-
tion (SED) anticipated from a young galaxyzat 7, showing how the ultraviolet light is sampled
by the key red opticali¢7s, Zg50) and near-infraredYyos, Ji2s, Hieo) filters on-boardHST (in the
ACS and WFC3/IR cameras respectively), while the longerelemgth rest-frame optical light is
probed by the 3.fim and 4.5um IRAC channels on-boarfpitzer. Wavelength is plotted in the
observed frame, with flux-density plotted as relatiye(i.e. per unit frequency). The spectrum
shows the sharp drop ateg = 1216A due to the strong “Gunn-Peterson” absorption by inter-
vening neutral hydrogen anticipated at this redshift (heslicted following Madau (1995); see
also the observed spectrum of the most distant quasar simoiig.i2). Longward of this “Lyman-
break” the spectrum shown is simply that of the intrinsiegrated galaxy starlight as predicted
for a 0.5 Gyr-old galaxy by the evolutionary spectral systhenodels of Bruzual & Charlot (2003)
(using Padova-1994 tracks, assuming constant star fammatero dust extinction, and 1/5th so-
lar metallicity). The characteristic sharp step in the galeontinuum at;eq = 12167 (which at
z~ 7 is predicted to result in a very regso— Y105 colour) holds the key to the effective selection of
Lyman-break galaxies at> 5, as discussed in detail in section 3.1. The theoreticatspa shown
here does not include the Lymanemission line which is produced by excitation/ionizatidmy-
drogen atoms in the inter-stellar medium of the galaxy; dffesrs the main current alternative route
for the selection of high-redshift galaxies (see Fig. 8 axtien 3.2), and the only realistic hope
for spectroscopic confirmation of galaxy redshiftz at5 with available instrumentation. Also not
shown are other nebular emission lines at rest-frame dpti@aelengths, which can complicate
the apparent strength of the key Balmer or 2R@Peak as measured by the IRAC photometry. In
the absence of serious line contamination, the strengthiobteak offers a key estimate of the age
of the stellar population, with consequent implications domeaningful measurement of galaxy
stellar mass. The gap between the WFC3/IR and IRAC filtersheafilled for brighter objects
with ground-based-band imaging, but will not be covered from space until theead of JWST
(courtesy S. Rogers).
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is also a Lyman-break galaxy). This lack of success may ofssosimply be telling
us that there are not many (or indeed any) galaxies at thelseepachs of the cor-
rect age and star-formation history 0.5 Gyr-old and no longer forming stars) to
bebetter selected via their Balmer break than their ultraviolet esiois; in an era of
essentially limitless gas fuel, and almost universal &amation activity this would
not be altogether surprising. However, it may also be the tzest Balmer-break se-
lection is simply premature with current facilities; theesfral feature itself is not
nearly as strong (a drop in flux density of a factoro® at most) as the Lyman
break at these redshifts, andzt- 5 its detection currently relies on combining
Spitzer 3.6um photometry with ground-basdt-band (2.2um) photometry (Fig.
1). Thus, while Balmer-break selection is undoubtedly ingoat for ensuring we
have a complete census of the galaxy population at the Higgashifts, its success-
ful application may have to await the advent of theenes Webb Space Telescope
(JWST), and so it is not discussed further here.

A fourth technique, which is only now coming of agezat 5, involves the selec-
tion of extreme-redshift galaxies via sub-mm/mm obseovetiof their redshifted
thermal dust emission. By definition this approach is intégaf detecting theery
first primeval galaxies, devoid of any of the elements regflifor dust, but chemical
enrichment appears to be a very rapid process, and both nidishalecular emis-
sion have certainly been detected in objectg at6 (Walter et al. 2003; Robson
et al. 2004; Wang et al. 2010). Although this dust emissigroisered by ultravio-
let emission from young stars, it is already clear that attlsame of the galaxies
successfully discovered via sub-mm observations at moestaedshifts display
such strong dust extinction that they could not have beescta by rest-frame
ultraviolet observations. Thus, while we might expect dosbecome less preva-
lent at extreme redshifts (and there is evidence in suppéhi®presumption - e.g.
Bouwens et al. 2009; Zafar et al. 2010; Bouwens et al. 2010ajdp et al. 2012;
Finkelstein et al. 2012) it will be important to pursue subafmm selection at > 5
over the coming decade to ensure a complete picture of ealdyxgevolution. As
with Balmer-break selection, this is a technique which {ahnical reasons) is still
in its infancy, although excitingly the first spectroscopgdshift atz > 5 for a mm-
selected galaxy has recently been measured purely on tie diagdshifted CO
line emission £~ 5.3; Riechers et al. 2010). Over the next few years this whole
field should be revolutionized by the advent of the Atacamgéillimetre Array
(ALMA).

A fifth approach, which it is important not to forget, is thagh-redshift “galax-
ies” continue to be located on the basis of both optical adtbremission powered
by accretion onto their central super-massive black htteged, the quasar redshift
record has recently crossed the- 7 threshold £ = 7.085; Mortlock et al. 2011),
and significant numbers of quasars are now known:at6é (e.g. Fan et al. 2003,
2006; Willott et al. 2010). High-redshift quasars are rarg because of their bright-
ness, have the potential to provide much useful informaiiothe state of the inter-
galactic medium (IGM) at early times (e.g. Carilli et al. 2),las well as providing
signposts towards regions of enhanced density in the yonivgrse. However, the
very strong active nuclear emission which facilitates tisealvery of high-redshift
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Fig. 2 The near-infrared spectrum of the most distant known quak&SJ112001.48+064124.3,
the first (and, to date, only) quasar discovered at redshiftg (z= 7.085; Mortlock et al. 2011).
The data are shown in black, with thedlerror spectrum shown at the base of the plot. Despite
being observed only 0.77 billion years after the Big Bangs uasar has an intrinsic spectrum
essentially identical to that displayed by lower-redspifasars with, for example, strong Carbon
lines indicating approximately solar metallicity (the rewve shows the average spectrum of 169
quasars in the redshift range32 z < 2.6). However, shortward ofeg ~ 1216A the spectrum
provides an excellent demonstration of the Gunn-Peterfentewhereby the increased fraction
of neutral hydrogen along the line-of-sight has completdlljterated the UV continuum emission
from the quasar. This sudden drop in flux-density shortwatgman-o is the key spectral feature
which facilitates not just the selection of rare extremgsheft quasars such as this, but also the
selection of fainter but much more numerous “Lyman-bredi)ges” (LBGs) at redshiftz > 5
(see Fig. 1) (courtesy D. Mortlock).

quasars also makes it extremely difficult to detect, nevedratudy, the stellar pop-
ulations in their host galaxies (e.g. Targett, Dunlop & Mok2012), and so they
are inevitably of limited use for the detailed investigataf early galaxy evolution.
By contrast it is perfectly possible to study the stellar ylagions in high-redshift
radio galaxies (e.g. McCarthy 1993; Dunlop et al. 1996; Smynet al. 2007), and
indeed for many years essentially all of our knowledge ofgjals atz > 3 was
derived from the optical-infrared—sub-mm study of objeetsch were originally
selected on the basis of radio-frequency synchrotron émnigsowered by super-
massive black holes (e.g. Lilly 1988; Dunlop et al. 1994; Rags et al. 1996).
However, in recent years the search for increasingly hegtshift radio galaxies has
rather run out of steam; the= 5 threshold was passed in 1999 5.197; van
Breugel et al. 1999), but 12 years later the radio-galaxghi#trecord remains un-
changed. This difficulty in further progress is perhaps mepected, given the now
well-established decline in the number density of powerdulio sources beyond
z~ 3, and the unhelpfully strong k-correction provided by ptedalling power-law
synchrotron emission (Dunlop & Peacock 1990; Righy et al120Nevertheless,
searches for higher-redshift radio galaxies will continmetivated at least in part
by the desire to find even a few strong radio beacons agairishwd measure the
21-cm analogue of the Lymam-forest as we approach the epoch of reionization
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(the “21-cm forest”; Carilli, Gnedin & Owen 2002; Furlane®& Loeb 2002; Mack
& Wyithe 2012). However, at least for now, radio-continuuatested objects offer
little direct insight into galaxy evolution at the very higgt redshifts. A thorough
review of what is currently known about distant radio gadaxand their environ-
ments is provided by Miley & De Breuck (2008), who also ina@ualcompendium
of known high-redshift radio galaxies.

A relatively new sixth, and remarkably effective route togdinting high-
redshift objects has recently arrived with the discoveryGafmma-Ray Bursts
(GRBs). These are now regularly detected via monitorindy \gggmma-ray satel-
lites such aSwift (Gehrels et al. 2004), and then rapidly followed up with agean
of ground-based observations (e.g. Fynbo et al. 2009). icamgtion GRBs are
thought to arise from the death of very massive, possiblahmtor stars (Woosley
& Bloom 2006), and observationally have been associated Wype 1c super-
novae (e.g. Hjorth et al. 2003). Regardless of their pragisesical origin, they have
proved to be very luminous events which are visible out totighest redshifts,
z> 8 (the gamma-ray positions are poor, but rapid follow-upmapoint the fading
optical/near-infrared afterglow unambiguously and, ifatenough, can also yield
robust redshift information). GRBs broke the- 5 “barrier” very quickly after their
discovery, with a redshift of = 6.295 measured for GRB 050904 by Haislip et al.
(2006) and Kawaii et al. (2006). Another GRBzat 5 followed the next year with
the discovery of GRB 060927 at= 5.467 (Ruiz-Vesco et al. 2007). Two years later,
GRBs wrested the redshift record from quasars and LAEs,@iidiner et al. (2009)
reporting a redshift oz = 6.7 for GRB 080913. Then, most spectacularly, a GRB
became the first spectroscopically confirmed objeetaB, with GRB 090423 be-
ing convincingly shown to lie at= 8.23 (Salvaterra et al. 2009; Tanvir et al. 2009).
Most recently, it has been argued that GRB 090429B lies~aB.4 (Cucchiara et
al. 2011) but the robustness of this (photometric) redshifturrently a matter of
debate. Given this impressive success in redshift recardking, the reader may
be surprised to learn that | have chosen not to consider GR@ef in this chap-
ter. The reason is that, to date, while the hosts of many loedshift GRBs have
been uncovered (e.g. Perley et al. 2009) follow-up obsienvatargetted on the po-
sitions of faded GRB remnantsat- 5 have yet to yield useful information on their
host galaxies. This is, of course, an interesting resultsirown right. It indicates
that, as arguably expected, GRBs largely occur in faint figalaxies which lie
below the sensitivity limits of even our very best currergtinmentation. Specif-
ically, the follow-upHST WFC3/IR imaging of thez= 8.23 GRB 090423 reach-
ing Ji25 ~ 285 has failed to detect the host galaxy (Tanvir et al. in pregije
the host of GRB 090429B is apparently undetectedhtg ~ 28 (Cucchiara et al.
2011). Thus, while as discussed by Robertson & Ellis (20l@}-redshift GRBs
can already provide important insights into global cosnté&-formation history,
their usefulness as transient signposts towards extrenshift galaxies is unlikely
to be properly exploited until the advent &VST.

Finally, over the next decade we are likely to see the emergeha seventh
technique for finding extreme-redshift galaxies via ragd@elength spectroscopy.
Specifically, following the first successful mm-to-radio diGe redshift determina-
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tions, in addition to the above-mentioned targetted COftilew-up of pre-selected
mm/sub-mm sources with ALMA, we can expect to see “blind"cipmscopic sur-
veys for CO and for highly-redshifted 21-cm atomic Hydrogenission with the
new generation of radio facilities (e.g. Carilli 2011).

3.1 Lyman-break selection

In the absence dust obscuration, young star-forming gadaatie expected to be co-
pious emitters of UV continuum light, with a star-formati@eSFR = 1 M, yr 1
predicted to produce a UV luminosity B¢ ~ 15004 of f, ~ 8 x 10?7ergs 1Hz !
for a Salpeter (1955) initial mass function (Madau et al.8)9%or reference, this
corresponds to an absolute magnitudéviaggoo~ —18 which, atz~ 7, translates
to an observed near-infrarddband magnitude od ~ 28.5. As we shall see, this
is very comparable to the detection limit of the deegdST WFC3/IR imaging
currently available.

The basic idea of selecting distant objects (galaxies osays via the signa-
ture introduced by hydrogen absorption of this ultravidigit goes back several
decades (e.g. Meier 1976a,b). As first successfully impfeetkin the modern era
by Guhathakurta et al. (1990) and Steidel & Hamilton (19€%,aim was to select
galaxies az ~ 3 by searching for sources in which the Lyman-limifat; = 912A
had been redshifted to lie between theand B; filters at Agps ~ 3600A. All
ultraviolet-bright astrophysical objects display animsic drop in their spectra at
Areg = 912A (which corresponds to the ionization energy of the hydrogm in
the ground state), and the expectation was that, in youraxigsl, this drop would
be very strong (roughly an order-of-magnitude in flux dgnsitie to a combination
of the hydrogen edge in stellar photospheres, and photdriel@absorption by the
interstellar neutral hydrogen gas (expected to be aburignting galaxies). At the
highest redshifts, the ever denser intervening neutraldgeh clouds also produce
increasing Lymarw absorption (between energy levels 1 and 2 in the hydrogen
atom) resulting in an ever-thickening Lymanforest which impacts on the contin-
uum of the target galaxy betweeieg = 1216A and Areg = 912A. At moderate
redshifts the average blanketing effect of this forest §inmpoduces an additional
(and useful) signature in the galaxy spectrum in the formnadjaparent step in the
continuum below Lymarwx (a factor of~ 2 drop in flux density ab;e = 1216A at
z~ 3; Madau 1995). However, as discussed further below (austiited in Figs.
1 & 2) ultimately the forest becomes so optically thick thakills virtually all of
the galaxy light af\reg < 12164, rendering the original 912 break irrelevant, and
Lyman-break selection in effect becomes the selection jfaddwith a sharp break
atAres = 1216A.

The beauty of the Lyman-break selection technique is tlwairitbe applied using
imaging with broad-band filters, allowing potentially largamples of high-redshift
galaxies to be selected for spectroscopic follow-up andicoation. When select-
ing galaxies in this way, what one is looking for are objectsoln are repeatedly
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visible (and fairly blue) in the longer wavelength imagas, then effectively disap-
pear in the bluest image under consideration. For this resisch objects are often
called “dropout” galaxies. ThugdJ-dropouts” (or simply U-drops”) are galaxies
which disappear in thd -band filter, and are therefore expected to have their Lyman
limit moved toAgys ~ 35004 implying a redshiftz~ 3 (in practice 5 < z< 3.5).
Similarly, “B-drops” (or ‘G-drops”) are expected to be galaxiezat 4, while “V-
drops” should have ~ 5. Thus, deep broad-band optical imaging can be used to
select samples of galaxies in bands of increasing redshift.

The simple act of colour selection yields redshifts acaitatdz ~ 0.1 — 0.2.
Consequently, with the aid of simulations to estimate tliectf/e redshift distribu-
tion and cosmological volume probed by each specific draiterion, luminosity
functions (LFs) can be derived in broad redshift bands withiecourse to optical
spectroscopy. However, for proper assessment of compledsontamination, and
the determination of redshifts with sufficient accuracy lova robust clustering
measurements, spectroscopic follow-up is essential.

The huge break-throughs enabled by the successful appfiaatthe “dropout”
technique in the 1990s are perhaps best exemplified by thk ofoBteidel and
collaborators (who were able to use the 10-m Keck telescogpéectroscopically
confirm large samples of LBGs, enabling LF and clusteringsuezments - e.g.
Steidel et al. 1996, 2000) and by the study of Madau et al.§L@$0 applied the
technique to the dedpST WFPC2U300, B4so, Veos, ls14imaging in the Hubble Deep
Field (HDF; Williams et al. 1996, Ferguson et al. 2000) todarce the first measure-
ment of the average cosmic star-formation density ouatto4. A full overview of
this “low-redshift” work is beyond the scope of this Chaptart a thorough review
of the success of the Lyman-break technique in enablingifu®dery and study of
galaxies in the redshift range<2z < 5 can be found in Giavalisco (2002).

The ensuing decade has seen rapid progress4rarh to z~ 8, in part because
this selection technique is, in principle, even more shiggward atz > 5 than at
lower redshifts. This is because by- 5 the Lymane forest produced by interven-
ing clouds of neutral Hydrogen is expected to be so denséhtbanticipated break
in the continuum level ate ~ 1216A is ~ 1.8 mag., or a factor= 5 in average flux
density (Madau 2005). This is more than twice as strong a®athe other intrin-
sically strong breaks displayed by the starlight from galaxe.g. the\ = 4000A
break in an old stellar population, produced by an accultraraf absorption lines
from ionized metals, (especially Ca Il H and K lines at 3938 8868A), or the
A = 3646A Balmer break in a~ 0.5 Gyr-old post-starburst galaxy, most promi-
nentin A stars, witil ~ 10000K). Byz > 6.5, observations of the highest-redshift
guasars indicate that essentially all flux shortward of Lgrods extinguished (Fig.
2), and LBG selection effectively becomes the selectioratdxjes with a complete
“Gunn-Peterson Trough” (Gunn & Peterson 1965).

Thus, given sufficiently good signal:noise, and appropriaioad-band filters,
the selection of Lyman-break galaxiezat 5 should be easy and reasonably clean,
and indeed has proved to be so once detector and telescopmmleents were
successfully combined to deliver the necessary deep @gsitve imaging.
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Fig. 3 The Lyman-break selection of z~ 7 galaxy uncovered in the Hubble Ultra-Deep Field
(HUDF). The upper row of plots shows postage stamps of thigadla data atzgs, Y, Ji10, Hieo
prior to the advent of the new WFC3/IR near-infrared cameradST in 2009. The lower row
of plots shows the hugely-improved near-infrared imagingvigled by WFC3/IR for the same
object; it can be clearly seen that this galaxy is strongkgdted in the three longest-wavelength
passbandsHieo, J125 andYigs) but drops out of thegsg image altogether, due to the presence of
the Lyman-break redshifted fs ~ 1 um, as was illustrated in Fig. 1 (courtesy R. McLure).

3.1.1 Lyman-break galaxies at z> 5

The main reason for a delay in progress in LBG selection béyon5 was the need
for sufficiently deep imaging in at least two wavebands larilgan the putative Ly-
man break; as illustrated in Figs. 1, 3, 4 and 5, at least tWoucs (hence three
wavebands) are needed to confirm both the existence of aystpmttral break, and
a blue colour longward of the break (as anticipated for a gouitraviolet-bright
galaxy; see subsection 3.1.3 on potential contaminants3.feed was finally met
with the refurbishment of thélST in March 2002 with a new red-sensitive opti-
cal camera, the Advanced Camera for Surveys (ACS), and aoelimg system for
the Near Infrared Camera and Multi-Object SpectrometeCWDS). Crucially, the
ACS was quickly used to produce and release the deepest@iealiomage of the
sky, the 4-band&43s, Veos, 1775, Zgs0) Hubble Ultra Deep Field (HUDF; Beckwith et
al. 2006), covering an area of 11 arcmirt to typical depths ofnag ~ 29 for point
sources. This field (or at least 5.7 arciof it) was also imaged with NICMOS, in
the J110 andH160 bands by Thompson et al. (2005, 2006) to depthsigf ~ 27.5.
Around the same time the ACS was also used as part of the Glessréatories
Deep Survey (GOODS) program to image two 150 arénfiglds (again inBass,
Vs06, 1775, Zg50) t0 more moderate depthsig ~ 27.5 — 26.5 (GOODS-North, con-
taining the HDF, and GOODS-South, containing the HUDF; @ligeo et al. 2004).
Deep Spitzer IRAC imaging (at 3.6, 4.5, 5.6, 8Bm) was also obtained over both
GOODS fields, and a co-ordinated effort was made to obtaip Hedand imaging
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for GOODS-South from the ground with ISAAC on the 8.2-m VLTetRaff et al.
2010).

The result was a flood of papers reporting the discoveryi-ofrtp” galaxies at
z~ 6 (Bouwens et al. 2003, 2004a, 2006; Bunker et a. 2003, 20@kjri3on et
al. 2004; Stanway et al. 2003, 2004, 2005; Yan & Windhorst#200alhotra et al.
2005; Beckwith et al. 2006; Grazian et al. 2006), and everasgu@bly premature,
but partially successful) attempt to uncovessg-drop” galaxies at ~ 7 (Bouwens
et al. 2004c) and set limits at even higher redshifts (Bowsntral. 2005).

Spectroscopic follow-up was rapidly achieved for severfathe brighter “i-
drops” yielding the first spectroscopically-confirmed LB&z ~ 6 (Bunker et al.
2003; Lehnert & Bremer 2003; Vanzella et al. 2006; Stanwa).e2007), and some
of these were even successfully detected iittzer at 3.6pm and 4.5um, yielding
some first estimates of their stellar masses and star-famhistories (e.g. Labbé
et al. 2006; Yan et al. 2006; Eyles et al. 2007)

Further spectroscopic follow-up a@> 5 LBGs in the GOODS fields has been
steadily pursued with Keck and the VLT over the last few yegrg. Stark et al.
2009, 2010, 2011; Vanzella et al. 2009) yielding interegti@sults on mass den-
sity, evolution, and Lymarx emission from LBGs which are discussed further in
sections 4 and 5.

From 2005, progress in wide-area red optical and nearredranaging with
Suprime-Cam (Miyasaki et al. 2002) on the Subaru telescame\WFCAM (Casali
et al. 2007) on UKIRT (via the UKIDSS survey; Lawrence et &072) led to the
first significant samples of brighter- 6 galaxies being selected from ground-based
surveys covering areas approachind ded (Kashikawa et al. 2004; Shimasaku et
al. 2005; Ota et al. 2005; McLure et al. 2006, 2009; Poznaeski. 2007; Rich-
mond et al. 2009). As discussed further below in sectionthid work complements
the deeper but much smaller-atd8T surveys by providing better sampling of the
bright end of the LF.

Motivated by the availability of 12-band CFHT+Subaru+URHSpitzer-IRAC
photometry in the UKIDSS Ultra Deep Survey (UDS) field (cadent with the
Subaru/XMM-Newton Deep Survey (SXDS); Furusawa et al. 2008 Lure et
al. (2006) also introduced a new approach to selecting gedaatz > 5, replac-
ing simple two-colour “dropout” criteria with multi-banadshift estimation via
model spectral energy distribution (SED) fitting (a techi@agommonly adopted
at lower redshifts — e.g. Mobasher et al. 2004, 2007; Cirasebal. 2007, 2010).
This approach has the advantage of using all of the data insistent way (includ-
ing multiple non-detections) and captures the uncertamtgdshift (and resulting
uncertainty in stellar masses etc) for each individual ab(Eig. 4). In addition, it
provides better access to redshift ranges where the simpledlour dropout tech-
nigue is sub-optimal (due, for example, to the Lyman-brgalgl within rather than
at the edge of a filter bandpass; see Fig. 5). It can also yieddshift probability
distribution for each source (e.g. Finkelstein et al. 2@E®iough there is a debate
to be had about appropriate priors), and explicitly expadtsnative acceptable
redshift solutions (e.g. Dunlop et al. 2007), enablingetter spectroscopic follow-
up to reject these if desired. Nevertheless, careful sitimmavork is still required
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to estimate incompleteness and contamination, and the f8fiiigr approach can
arguably be harder for others to replicate than simple taloto selection.

One disadvantage of ground-based imaging is the poteatialf 5 LBG sample
contamination by cool dwarf stars (see section 3.1.3). @mother hand, because
the LBG candidates are relatively bright, spectroscopiiofieup has proved very
productive, and has now yielded Lymanredshifts in the range~ 6 — 6.5 for ~ 30
LBGs selected from ground-based surveys (Nagao et al. 2005, 2007; Jiang et
al. 2011; Curtis-Lake et al. 2012). These spectroscopignaras provide not only
more accurate redshifts, but also enable measurement pfetialence and strength
of Lyman-o emission from LBGs as a function of redshift and continuumihos-
ity. Such measurements have the potential to shed light@ndhnection between
LBGs and LAESs, the cosmic evolution of dust, and the procéssionization (see
sections 4.3 & 6.2)

At z > 6.5 ground-based selection of LBGs becomes extremely diffobug to
the difficulty in reaching the necessary near-infrared ligpalthough quite how
difficult depends of course on the shape of the LEat7. Such progress as has
been made with Subaru and the VLT between6.5 andz~ 7.3 is discussed in the
next subsection.

3.1.2 Lyman-break galaxies at z=7— 10

By redshiftsz~ 7, the Lyman break has movedig,s ~ 1 um, beyond the sensitiv-
ity regime of even red-sensitive CCD detectors. As a resfitirts to uncover LBGs
atz > 6.5 were largely hamstrung by the lack of sufficiently-deeprsegiared
imaging, until the installation of the long-awaited new @m WFC3, in theHST
in May 2009. Due to its exquisite sensitivity and (by spaeadards) wide field-of-
view (4.8 arcmin), the infrared channel of this camera, WFC3/IR, offered 40-
fold improvement in mapping speed over NICMOS for deep refaared surveys.
This, coupled with the availability of an improved nearrared filter set, immedi-
ately rendered obsolete the few heroic early attempts towerd BGs atz > 6.5
with NICMOS (e.g. Bouwens et al. 2004, 2010c), even thosistassby gravita-
tional lensing (e.g. Richard et al. 2008; Bradley et al;.2@ouwens et al. 2009a;
Zheng et al. 2009).

The remarkable improvement offered by WFC3/IR at nearaiefd wavelengths
is illustrated in Fig. 3, which shows the imaging data a\d@defore and after Sept
2009 for (arguably) the only moderately-convincizgso-drop” z~ 7 galaxy uncov-
ered with NICMOS+ACS (Bouwens et al. 2004; Oesch et al. 2008;ure et al.
2010). These images are extracted from the first (Sept 286se of the WFC3/IR
Y10sJ125H160 imaging of the HUDF, taken as part of the HUDF-09 treasury- pro
gram (PI: lllingworth). This reached previously unheafatepthsmag ~ 28.5, and
immediately transformed our knowledge of galaxieg at6.5, with four indepen-
dent groups reporting the first substantial samples of ggdawith 65 < z< 8.5
(Oesch et al. 2010a; Bouwens et al. 2010b; McLure et al. 2Baioker et al. 2010;
Finkelstein et al. 2010). Both the above-mentioned altdre@pproaches to LBG
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Fig. 4 An example of the galaxy-template SED-fitting analysis eyetl by McLure et al. (2009,
2010, 2011) for high-redshift galaxy selection, which ngkptimum use of the available multi-
wavelength photometry (including de-confusgatzer IRAC fluxes; McLure et al. 2011). Based
on the evolutionary synthesis models of Bruzual & Charl®@), not only redshift, but also age,
star-formation history, dust extinction/reddening, masd metallicity are all varied in search of
the best-fitting solution. This also enables robust errorbet placed on the range of acceptable
photometric redshifts, after marginalising over all otparameters. In this case the photometry
provides more than adequate accuracy and dynamic rangeltedexall redshift solutions other
than that indicated by the blue line, which yields: 6.96+ 0.25. The thin dotted red line shows
the best-fitting alternative solution at low redshift, aitie this case this alternative is completely
unacceptable.

selection were applied to these new data, with McLure eR8lLQ) and Finkelstein
et al. (2010) undertaking full SED fitting (Fig. 4), while tlo¢her groups applied
standard two-colour “drop-out” criteria (Fig. 5). Threedl@pendent reductions of
the raw data were also undertaken prior to LBG selectionefsihis, the level of
agreement between thes6< z < 8.5 source lists was (and remains) undeniably
impressive. The era of galaxy studyzat- 7 has now truly arrived.

The initial HUDF WFC3/IR data release was rapidly followegl the release
of the WFC3 Early Release Science (ERS) data (Windhorst &04[1). The in-
frared component of this dataset comprised 2-orbit depttC®/R imaging in
Yoos,J125,H160 OvVer 10 pointings in the northern part of the GOODS-Soutl fighd
thus complemented the HUDF imaging by delivering imaging-o£0 arcmirt to
mag =~ 27.5. The intervening two years have seen the completion of tHi®H
09 program, involving deeper imaging of the HUDF itself npg ~ 29, and
Y105.J125H160 imaging of two parallel fields tonag ~ 28.5. The combined HUDF-
09 and ERS dataset has now been analysed in detail for LB&s-&.5 (again
by several independent groups; Wilkins et al. 2010, 201 baeens et al. 2011b;
Lorenzoni et al. 2011; McLure et al. 2011), and has yieldedm@as of~ 70 can-
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Fig. 5 An illustration provided by Finkelstein et al. (2010) of serof the limitations of us-
ing a simple, strict, colour-colour criterion to select rgedshift LBGs. Filled circles indicate
high-redshift galaxies selected by SED fitting, with thekegrey circles indicating galaxies with
6.0 < zmat < 6.3 and the blue circles highlighting galaxies & 6< zya < 7.5. Arrows are
1-o limits. The solid lines show the selection cuts adopted bgdDet al. (2010), and the dashed
line is from Yan et al. (2010) (both designed to select LBGs-at7). The small grey squares are
low-redshift galaxy contaminants wi,o < 6.0, and the red stars indicate the colours of galactic
brown-dwarf stars. The colour cuts result in the inclusiénmany contaminants as well as the
exclusion of genuine high-redshift candidates that aretified via full SED fitting (which makes
more optimal use of all the available data, including mabifetections at optical wavelengths)
(courtesy S. Finkelstein).

didate LBGs az~ 7, ~ 50 atz~ 8, and possibly one galaxy at- 10 (Bouwens

et al. 2011a; Oesch et al. 2012). As with the original dateas®, despite disagree-
ment over certain individual sources (see, for examplec#reful cross-checking
performed by McLure et al. 2011) there is generally good exgpent over the ~ 7
andz ~ 8 galaxy samples, especially if attention is restrictedheolirighter objects.
However, where the data have been pushed to the limit, patentamination
by low-redshift interlopers becomes more of an issue (s&@\eand in particu-
lar there is some debate over the robustness of thel0 galaxy. This discovery
relies on detection in a single banidi6g) because the proposed Lyman-break lies
at the long-wavelength edge of thgs filter. Therefore, while there is little doubt
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that this is a real object, there is currently no direct obstional evidence that it
displays a blue slope longward of the break. As illustrate#ig. 6, to push LBG
selection beyond~ 8 really requires still deeper imaging, and the additiorsal of

the Ji4 filter (to provide two detections of the galaxy ultraviolentinuum above
the Lyman-break at ~ 9). Such a program has now been approved in the HUDF,
and is planned wittST WFC3/IR in summer 2012.

In addition to this ground-breaking ultra-deep near-irdchimaging, wider field
surveys with WFC3/IR are now underway. In particular Trezital. (2011, 2012)
and Yan et al. (2011) have recently used parallel WFC3/IRgintato search
for “brighter” Y-drop z ~ 8 LBGs, yielding several candidates which are poten-
tially bright enough to be amenable to spectroscopic folpawith ground-based
near-infrared spectrographs. The 3-year, 902-orbit, Gwéssembly Near-infrared
Deep Extragalactic Survey (CANDELS) Treasury Program e r@cently com-
menced (Grogin et al. 2011; Koekemoer et al. 281 This will ultimately de-
liver WFC3/IR imaging (with parallel ACS optical imagingd mag ~ 27 over
~ 0.25ded spread over 5 different well-studied fields, including deepurvey
regions reachingnag ~ 28 over~ 0.04ded (split between GOODS-North and
GOODS-South). This survey is expected to provide the ardadapth required to
enormously clarify our understanding of the prevalenceogerties of moderate
luminosity *) galaxies az~ 6.5 — 8.5.

Finally, progress is also expected from WFC3/IR imagingeofsing clusters.
Imaging of the Bullet Cluster has already yielded severa¥V LBG candidates (Hall
et al. 2012) and a second major (524 orbi§T multi-cycle Treasury Program, the
Cluster Lensing and Supernoa Survey with Hubble (CLASM)II deliver multi-
band WFC3 imaging of 25 clusters over the next 3 years (Pos&nal. 2012).

These rapidly-growing samples of WFC3/IR-selected LBGz:at6.5 are pro-
viding a wealth of new information on galaxies and their etioin in the first bil-
lion years, not least because many of the the brighter onesdlao proved to be
detectable at B um with Spitzer IRAC. As a result, even without spectroscopic
redshifts, it has already been possible not only to obtaarfitist meaningful mea-
surements of the galaxy luminosity functionzat 7 andz ~ 8 (see section 4) but
also to explore the physical properties of these young @gedaxe. masses, stellar
populations, sizes; see section 5).

Nevertheless, spectroscopic follow-up is being vigorppsksued (e.g. Schenker
etal. 2012). It is to be hoped that the new, wider area WFC8liRReys yield more
brightz~ 7 — 8 LBGs which are amenable to spectroscopic follow-up, acffe
ground-based near-infrared spectroscopy of the mosindigedaxies revealed via
the HUDFO9 imaging amag ~ 28.5 has, unsurprisingly, proved extremely chal-
lenging. In particular, while Lehnert et al. (2010) repdrt& spectroscopic red-
shift z ~ 8.55 for the most distant credible HUDF LBG discovered by Mabur
et al. (2010) and Bouwens et al. (2010b), this observatiok b hours of inte-
gration with the near-infrared spectrograph SINFONI on\thé&, and the claimed

1 http://candels.ucolick.org
2 http://www-int.stsci.edu/ postman/CLASH
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Fig. 6 Recovering a reliable galaxy populationzat 9 — 10 requiresultra-deep exposures across
the Lyman-break and a strategically-chosen deploymenttlefattwo WFC3/IR filters for source
detection. (Left): The marginal nature of the- 10 candidate claimed by Bouwens et al. (2011a)
based on a solél;gp detection. In addition to a possible higtSED (blue line), an acceptable
solution also exists a~ 2 (red dotted line). The inset show$ as a function of redshift. Possible
‘flux-boosting’ atH;6p is an additional concern. (Right): Deepégs imaging (as planned in 2012),
coupled with the security of two detectioni 4o & Hieg) above the Lyman break, should allow
secure identification of this source and the elimination ez solution if this galaxy really does
lie at extreme redshifts > 9 (simulatedl;4o photometry was here inserted assuming: ~ 9.5).
The planned ultra-deep WFC3/IR UDF12 imaging of the HUDHBT Cycle 19 may detect up
to ~ 20 sources beyorz~ 8.5 toHigp = 29.5.

marginal detection of Lymair hasnot been confirmed by independent follow-up
spectroscopy (Bunker et al., in prep). Indeed, as discusstter below, follow-up
spectroscopy of even the brighter 7 LBG candidates selected from ground-based
surveys has, to date, not been particularly productiverdasons that are still a
matter of some debate (see section 4.3). But it must be nb&tdte current lack

of spectroscopic redshifts shoutdt be taken as implying that most of tze~ 7
andz ~ 8 are not robust, as given sufficiently deep photometry atiépital con-
taminants can be excluded, and a redshift estimated aedordt ~ +0.1. In fact,

it may well be the case that, g~ 7, many galaxies do not produce measurable
Lyman-o emission, and much of the current ongoing spectroscopicteff really
directed at trying to better quantify the evolution of Lymaremission from LBGs,

a measurement which has the potential to shed light on thsighgf reionization
(see sections 4.3 and 6.2).

From the ground, LBG selection has now been pursued with soroeess right
up to (but not significantly beyond)~ 7, due to the advent of dea&fband imag-
ing on both Subaru/Suprime-Cam (Ouchi et al. 2009b) and Hiawrk the VLT
(Castellano et al. 2010a,b). From the d&epand and/-band imaging of both the
Subaru Deep Field (SDF) and GOODS-North, Ouchi et al. (2089rted 22Z-
drops to a depth of = 25.5— 26 over a combined area of 0.4 ded, but the lack
of comparably-deep near-infrared data at longer wavetesigtrced them to make
major corrections (by about a factor 2) for contamination. Nevertheless, three
of these LBGs now have spectroscopically-confirmed rettshifz ~ 7 based on
Lyman-o emission-line detections with the DEIMOS spectrograptheriteck tele-
scope (Ono et al. 2012). The VLT Hawk-I imaging undertakerClagtellano et al.
(2010a,b) covered a smaller areaZ00 arcmir), but to somewhat deeper depths,
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and has yielded: 20z-dropstoY =~ 26.5. Spectroscopic follow-up of this sample
with FORS2 on the VLT has now provided five Lymanspectroscopic redshifts in
therange & < z < 7.1 (Fontana et al. 2010; Vanzella et al. 2011; Pentericci.et al
2011).

Given the current concerns over the validity of the Lehneal g 2010) redshift,
at the time of writing the robuspectroscopic redshift record for an LBG (or indeed
any galaxy or quasar) standszat 7.213 (Ono et al. 2012). Further spectroscopic
follow-up atz~ 7 is, of course, in progress, but wide-area ground-basddmtipn
of the bright end of the LBG luminosity function at even highedshifts must await
deepely, J, H, K-band imaging (now underway with UltraVISTA, see section 7)

3.1.3 Contaminants and controversies

Spectroscopic follow-up (or improved multi-frequency pdraetry) of LBG sam-
ples has revealed, not unexpectedly, that three diffeypestof interloper can con-
taminate samples of LBGs at> 5.

The first class of contaminant comprises very red dusty gedavor AGN, at
lower redshifts. Such objects can produce a rapid drop indknsity over a rela-
tively short wavelength range, which can sometimes be sersas to be mistaken
for a Lyman-break, especially if the two filters designedttaddle the break are ac-
tually notimmediately adjacent in wavelength (&@ndJ). Because such red dusty
objects do not rapidly turn over to produce very blue col@atisnger wavelengths,
LBG sample contamination by such objects is not too seriaussaie provided a
sufficently strong Lyman-break criterion is enforced (utidoately not always the
case)ji) sufficiently deep multi-band imaging is available at longavelengths to
properly establish the longer wavelength SED slope,iehtdBG selection is con-
fined to young, unreddened, reasonably-blue galaxies. WHawi§, as attempted by
Mobasher et al. (2005), one seeks to select more evolvedtshjgthout very blue
slopes longward of the proposed Lyman-break, then thingsbezome difficult.
As shown by Dunlop et al. (2007), very dusty objectzat 1.5— 2.5 can easily
be mistaken for evolved, high-mass LBGwzat 5— 6, and templates with redden-
ing as extreme a8y > 6 sometimes need to be considered to reveal the alternative
low-redshift solution. Such reddening is extreme, but tbafpis that “dropout”
selection specifically designed to find LBGszat 5 transpires to also be an excel-
lent method for selecting the rare, most extremely-reddemgects in the field at
the appropriate lower redshifts. As discussed by Dunlop. ¢2807), oftenSpitzer
MIPS 24um detections can help to reveal low-redshift dust-ensteduidterlop-
ers, but this experience illustrates how difficult it will be robustly uncover any
significantly-evolved or reddened galaxiezat 5.

This confusion lies behind several dubious/erroneousdaif extreme-redshift
galaxies in the literature. Examples include not only thppaisedz ~ 6 ultra-
massive galaxy uncovered by Mobasher et al. (2005) in the HUiDt also the
claimed discovery of a bright ~ 9 galaxy reported by Henry et al. (2008) (sub-
sequently retracted when deeper optical imaging reveasgghéficant detection in
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Fig. 7 Examples of two different types of interlopers which canteamnate LBG samples, espe-
cially those selected at brighter magnitudes from grouaskd imaging. The upper panel shows
the best SED fit angt? versusz for a COSMOS galaxy claimed by Capak et al. (2011b) to meet
the standard LBG selection criterion at- 7, and to be tentatively confirmed by near-infrared
spectroscopy a= 7.69. In fact, with the improved near-infrared photometryyided by the Ul-
traVISTA survey it is clear that no acceptable redshift 8otufor this galaxy exists a > 5 and
that the original object selection was based on inadequeitometric error analysis (Bowler et al.
2012). The true best-fitting model solution corresponds maoderately dusty galaxy at~ 3.5.
The lower panel shows another object selected from the VUBBA imaging in the COSMOS
field which really does meet the standatd- J:J —H colour criterion for & = 7 galaxy, but which

as shown here is in fact a T-dwarf galactic star. In this case@hotometry (especially in the crucial
Y-band) is of high enough quality that no acceptable solutmrid be found with a galaxy SED at
any redshift, but this is not always the case. Fortunatelih these types of contaminant become
(at least statistically) less of a problem for~ 7 LBG surveys at fainter magnitudes, because the
most dusty galaxies at~ 2 — 4 tend to be high-mass objects, and because the number ajunts
cool dwarf stars fall (or at least certainly plateau) beydnd 24 (Ryan et al. 2011) due to the
scale-height of the galactic plane.
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thei’-band; Henry et al. 2009). It is also the likely reason thasthuod thez > 6.5
galaxies tentatively uncovered by Hickey et al. (2010) ftbmVLT Hawk-IY-band
imaging of GOODS-South have proved to be false (in the lighthe subsequent
ERS+CANDELS WFC3/IR imaging of the field) and, as illustchia Fig. 7, is
part of the explanation (in combination with inadequatetphweetric error analysis)
for recent claims of very bright ~ 7 galaxies in the COSMOS field (despite sup-
posed “tentative” spectroscopic confirmatiorzat 7 for two objects; Capak et al.
2011b). Fortunately, continuity arguments indicate thé may become less of a
problem when attempting to select LBGs at the highest rédsnd faintest mag-
nitude limits, as the reddened lower-redshift interlopgoydation seems to become
(relatively) much less prevalent in this region of paramspace.

The second class of contaminant comprises cool galactis, stpecifically M,

L and (in the case of ~ 7 LBG selection) T dwarfs. This is a long-established
problem in the colour-selection of high-redshift radidequuasars which are unre-
solved in all but the very deepestimages (Hewett et al. 2G¢0@)ever, as discussed
by many authors (e.g. McLure et al. 2006; Stanway et al. 2@08&nzella et al.
2009; Hickey et al. 2010) the compactness of high-redshiébges (see section 5.4)
means that contamination by cool dwarf stars has also beeonmaportant issue
in the search for high-redshift LBGs. The problem is most@déar ground-based
surveys both because mast 5 LBGs are unresolved with even good ground-based
seeing, and because the brighter LBGs are so much rarer ckytt{#cLure et al.
2009; Capak et al. 2011b) than the fainter more numerouslatiu revealed by
the deepeHST imaging.

The particular problem of T-dwarf contamination of- 7 LBG searches has
arguably been under-estimated until very recently, in pacguse our knowledge of
T dwarfs has evolved in tandem with LBG searches over thedlesade (Knapp et
al. 2004; Chiu et al. 2008; Burningham et al. 2010). Spedijicaarly z~ 7 LBG
“dropout” criteria appear to have assumed that T dwarfs diddisplay colours
redder tharze—J ~ 1.8 (e.g. Bouwens et al. 2004), but cooler dwarfs have since
been found withz —J > 2.5 (e.g. Burningham et al. 2008, 2010; Delorme et al.
2008; Leggett et al. 2009; Lucas et al. 2010; Liu et al. 20Ed). ground-based
z~ 7 LBG searches, the key to excluding dwarf-star contanondtes in having
sufficiently-accurate multi-band infrared photometrycginfor example, T-dwarfs
have reddely — J colours (by~ 1 mag) than genuine~ 7 LBGs (and different
IRAC colours; Stanway et al. 2008a). This is a further argotiefavour of multi-
band SED fitting which, givery,J,;H K and IRAC photometry can often reveal
a stellar contaminant on the basis of failure to achieve aeatable fit with any
galaxy template (as shown in the lower panel of Fig. 7). Giberabove-mentioned
high level of spectroscopic completeness achieved by €Leke et al. (2012) and
Jiang et al. (2011) (and the results of stacking analysetukécet al. 2006, 2009)
it seems unlikely that the published ground-based6 LBG samples are seriously
contaminated by dwarf stars, but the situation remains morgused for bright
surveys agz~ 7.

Fortunately, due to the combination of image depth, smédl-fsé-view, and high
angular resolution, T-dwarf contamination of the 7 LBG samples revealed by the
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new deep WFC3/IR imaging is expected to be extremely smhlk iB confirmed
by considering that the typical absolute-band (AB) magnitude of T-dwarf stars
is J ~ 19 (Leggett et al. 2009). At the depths probed by the WFC3#Rging

of the HUDF, a T-dwarf contaminant would thus have to be ledatt a distance of
0.5—1.0kpc. Given this distance is-2 3 times the estimated galaxy thin disk scale-
height of~ 300 pc (e.g. Reid & Majewski 1993; Pirzkal et al. 2009), itlisas that
significant contamination is unlikely. This is not to suggest dwarf stars cannot
be found at such distances as, for example, Stanway et 8i8§30eport the discov-
ery of M dwarfs out to distances of 10 kpc. However, the surface density is low,
with the integrated surface density over all M-dwarf typestained within~ 1 kpc
amounting ta~ 0.07 arcmin 2. Extrapolating these results to T dwarfs is somewhat
uncertain, but a comparable surface density for L and T-flatars is supported
by the search for such stars in deep fields undertaken by Ryaln (2005, 2011).
The results of this work suggest that the 4.5-arcfigld-of-view of WFC3/IR data
should contain< 0.5 T-dwarf stars down to a magnitude limit Bf5o = 29.

The final class of contaminant, as revealed by the lowerhiid®condary solu-
tions in SED-based redshift estimation (McLure et al. 20Fifkelstein et al. 2010)
consists of fairly bluex~ 0.5 Gyr-old post-starburst galaxies which display a strong
Balmer break. Given sufficient signal-to-noise there islye® room for confusion,
as the Balmer break can never approach the strength of tiegpated Lyman-break
atz> 5 (e.g. before it faded the= 8.2 GRB displayed¥ — J > 4). However, the
SED-fits shown by McLure et al. (2010) demonstrate that, witdequate photo-
metric dynamic range, a Balmer breakzat 2 can be mistaken for a Lyman-break
atz~ 8. Fortunately the potential contaminants occupy a rathecific regime of
parameter space (i.e. they must lie in a narrow redshifteamgarrow age range, be
virtually dust-free, and have very low stellar masses todrdesed withz ~ 7 — 8
LBGs selected at the faintest magnitudes) and continuityraents can be advanced
that they are likely rare (e.g. Bouwens et al. 2011b), butr#a lesson here is the
importance of ensuring that any imaging shortward of anpie Lyman-break is
sufficiently deep to exclude lower-redshift interloperst(necessarily easy with the
deepest WFC3/IR imaging, given the depth of the availablepgtementary ACS
optical imaging).

3.2 Lyman-a selection

The intrinsic Lymana emission from young galaxies is expected to be strong,
reaching large rest-frame equivalent widB\&}eg ~ 200A if driven by star forma-
tion (Charlot & Fall 1993). A star-formation rate 8FR = 1M yr~! corresponds

to a Lymane luminosity of~ 1 x 10*2ergs ! (Kennicutt 1998).

However, for many years, blank-field searches for Lynaaemitters (LAES) at
even moderate redshifts were disappointingly unsucce®stu Koo & Kron 1980;
Pritchet & Hartwick 1990), raising fears that observablenan-a in high-redshift
galaxies might be severely compromised by dust, becaudeeqgbdtentially long
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path lengths traversed by Lymanphotons through the interstellar medium due
to resonant scattering (Charlot & Fall 1991; 1993). Howgasrmentioned at the
beginning of this Chapter, by the end of the 20th century aZew5 LAEs had
been uncovered through the complementary techniques gfdbinspectroscopy
(covering small areas but a broad redshift range) and naloaovd imaging (cov-
ering larger areas but a narrower redshift range). For aavthése two techniques
were competitive (Stern et al. 2000) but, with the adventerfignely wide-field
CCD imaging cameras on 8-m class telescopes, narrow-bandhes for LAES
have surged ahead, and have proved spectacularly suddessficovering large
samples of galaxies at> 5 (e.g. Ouchi et al. 2005, 2008).

Modern narrow-band imaging searches are sensitive to Lymnaest-frame
equivalent widths down t&Weg ~ 15A (helped at high redshift by the fact that
EWobs = (14 2)EWes) and limiting line flux-densities ~ 5 x 10-*8ergstcm=2.
At z~ 7 this corresponds to a LymaniuminosityL ~ 2.5 x 10*2ergs * which, in
the absence of obscuration, is equivalent to a star-foomagiteSFR ~ 2 M yr—2.
Thus, like the most sensitive LBG surveys at high redsHift& selection can now
detect galaxies at~ 7 with a star-formation rate comparable to that of the Milky
Way (e.g. Chomiuk & Povich 2011).

The basic technique involves comparing images taken thr@ugarrow-band
(100- 200A wide) filter with a broad-band (or nearby narrow-band) imag com-
parable wavelengths. At very high redshifts, the efficieotthis approach is sen-
sibly optimized by designing filters to image in low-backgnad regions between
the OH atmospheric emission lines which begin to plaguetanbial wavelength
ranges beyondy,s ~ 7000A. For this reason, samples b 5 LAEs are generally
confined to pragmatically-selected redshift bands (Fig. 8)

Narrow-band searches for LAEs complement broad-band gsifee LBGs by
probing a largely distinct region of parameter space. Thakmesses of narrow-
band searches are that they probe smaller redshift rangkekearte smaller cos-
mological volumes (for a given survey area), and obviously only uncover that
fraction of the galaxy population which actually displagatively bright Lymaner
emission. They are also subject to severe contaminatiomiigsen-line galaxies
at lower-redshifts, which can only be sorted out via follapspectroscopy, or ad-
ditional broad-band (or further tuned narrow-band) imgdisee subsection 3.2.2).
On the other hand, narrow-band imaging is sensitive to ¢bj@ith much fainter
continua than can be detected in LBG surveys, deliverstafgefollow-up spec-
troscopy which are at least already known to contain an éomdme, and is ex-
tremely effective at uncovering large-scale structuresr&imany objects lie within
a relatively narrow redshift band (e.g. Capak et al. 2011a).

As with LBG selection, a detailed overview of LAE studieszat 5 is beyond
the scope of this Chapter, but a helpful overview of this ‘dowedshift” work is
provided by Ouchi et al. (2003), who first used narrow-bandging through the
NB711 filter on Subaru to uncover substantial numbers of LAEs~ 4.8. The
successful use of Lymaa-selection az > 5 is now described in detail below.
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Fig. 8 The selection of high-redshift galaxies via Lymanemission. The left-hand panel il-
lustrates the typical spectrum of a Lymanemitter (solid line) compared with a Lyman-break
galaxy (broken line) at an assumed redshift 5.7, showing the Lymam emission-line red-
shifted fromAe = 1216A t0 Agys = 81508 and the stellar continuum long-ward of the Lyman-
emission line. The right-hand plot shows the OH night skyssion bands, highlighting the few
gaps within which narrow-band filters can be most effecyitatgetted. The Subaru narrow-band
filters whose transmission profiles are matched to thesewiadows are used to detect LAEs at
z=5.7 (NB816),z= 6.6 (NB921) andz= 7.0 (NB973), as discussed in section 3.2.1 (courtesy
M. lye).

3.2.1 Lyman- galaxies atz> 5

After passing thez = 5 threshold in 1998, the redshift record for LAEs rapidly
advanced beyond z = 6.5 (Hu et al. 2002; Rhoads et al. 2003})280d indeed
LAEs were to provide the most distant known objects for thst oé the decade.

Since 2004, the discovery of LAEs at> 5 has been largely driven by narrow-
band imaging with the wide-field optical camera Suprime-@amthe Subaru tele-
scope, coupled with follow-up spectroscopy with the FOCp&ctrograph on Sub-
aru, and the LRIS and DEIMOS spectrographs on Keck. A coisordf Subaru
astronomers developed the required series of narrow-bléers fat ever increasing
wavelengths. As shown in Fig. 8, the band-passes of thesesfdte designed to fit
within the most prominent dark gaps between the bands aigtedluric OH emis-
sion which come to increasingly-dominate the night-skycspen atAgps > 7000A.

A filter at 81603 (NB816) is able to target Lyman-emission az ~ 5.7. This
was used by Ouchi et al. (2005) to produce a very large saniple5D0z ~ 5.7
LAEs from imaging of the Subaru XMM-Newton Deep Survey fie®XPDS; Fu-
rusawa et al. 2008) and by Shimasaku et al. (2006) to producther large and
independent sample af~ 5.7 LAEs from imaging of the Subaru Deep Field (SDF;
Kashikawa et al. 2004). The NB816 filter was also used by Agikal. (2006) to
image both GOODS fields, and a fourth sample of NB816-saldcds was un-
covered in the COSMOS field by Murayama et al. (2007).

Imaging of these survey fields through another, redder f{i8921) led to
the first substantial samples of potential LAEszat 6.6 (Taniguchi et al. 2005;
Kashikawa et al. 2006; Ouchi et al. 2010), and imaging of th& grough the even
redder NB973 filter yielded what remains to this day the magadt narrow-band
selected galaxy. This LAE, IOK-1, was spectroscopicallgfoeaned atz = 6.96 by
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lye et al. (2006) and was, for four years, the most distargatjnown. The discov-
ery image and spectrum of IOK-1 is shown in Fig. 9; the spectclearly shows
the asymmetric emission-line profile which is characterist Lyman-a emission
at extreme redshift (produced by neutral Hydrogen absompf the blue wing of
the emission line; Hu et al. 2010) and helps to enable siligdespectroscopic con-
firmation of narrow-band selected LAE candidates at thegle tadshifts (see below
for potential contaminants).
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Fig. 9 The most distant spectroscopically-confirmed LAE selegtadharrow-band imaging, the
galaxy IOK-1, is shown as a red blob in the colour postageystasert image which covers>88
arcsec. The entire field of view shown in the larger image 0284x 284 arcsec (North is up
and East to the left). The 2-dimensional and 1-dimensiondla8i FOCAS spectrum of IOK-1
is shown in the right-hand panels (lye et al. 2006). The spectlearly shows an asymmetric
Lyman-o emission line at a wavelength corresponding to a redshif6.96 (courtesy M. lye).

The NB973 filter has now been used on Subaru to provide a fewe serdidate
LAEs atz~ 7 (Ota et al. 2008, 2010a). Most recently, following refstbihent of
Suprime-Cam with new red-sensitive CCDs, the NB1006 filtes heen installed to
allow searches for LAEs at~ 7.3 (lye 2008).

Complementary deeper (but smaller-area) narrow-bancisesurfor LAEs at
z > 7 have recently been conducted on the VLT, but have not ydtigdeany
spectroscopically-confirmed candidates (Cuby et al., 2G&Mment et al. 2012). As
discussed above in the context of the spectroscopic follpwf the highest-redshift
LBGs, there of course exists the interesting possibiligt ttymana emission may
not be so easily produced by many galaxies as we enter thén@aeionization
(see section 4.3.6). This issue may soon be clarified bydudbeper narrow-band
imaging searches in the near-infrared. Finally, it is plapé&air to say that existing
attempts to uncover extreme redshift LAEs ugzte 10 via long-slit infrared spec-
troscopy targetted on the critical lines in strong-lensilugters remain controversial
(Stark et al. 2007b).
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3.2.2 Potential contaminants

It must be emphasized that narrow-band selected LAE catediddz > 5 need to
be confirmed with spectroscopy because the vast majoritpjetts with a narrow-
band excess will be contaminants. Many of these are genuirssi®n-line objects
(galaxies or AGN) at lower redshifts, with the narrow-bamdess being produced
by, for example, CIV emission at 1549 Mgll at 2798A, [Oll] at 3727A, [Olll] at
5007A, or H-a at 6563A. Isolation of genuine extreme-redshift LAEs is of course
helped by the fact that, like LBGs, they should show esskyntia emission at wave-
lengths shortward of;eq = 1216A. Thus, broad-band imaging at bluer wavelengths
can be used to reject many low-redshift objects withoutues®to spectroscopy. A
second alternative to spectroscopy as a means to rule m#sitdome sub-samples
of lower-redshift emission-line objects is observatiomtigh a second narrow-band
filter at a wavelength specifically designed to pick up a sdagmission line (e.qg.
Sobral et al. 2012). However, this is rarely practical, anieast multi-object spec-
troscopy is reasonably efficient when targetting a subsahjefcts which are already
known to likely display detectable emission lines.

Another potential source of LAE sample contamination iasiant objects (e.qg.
variable AGN or supernovae) because often the narrow-b@aadé is compared
with a broad-band image which was taken one or two yearsedfinally, the sheer
size of the images means that rare, apparently significao) fise peaks can oc-
cur in a single narrow-band image, and these need to be edlmdeither repeated
imaging or spectroscopy (this is the same single-bandsstati detection prob-
lem which can afflict searches for extreme-redshift LBGhmlbngest-wavelength
broad-band filter; Bouwens et al. 2011a).

4 Luminosity Functions

The evolving luminosity function is generally regardedtastest way to summarize
the changing demographics of high-redshift galaxies.deined as the number of
objects per unit comoving volume per unit luminosity, ane tfata are most often
fitted to a Schechter function (Schechter 1976):

o))

whereg* is the normalization densitl,* is a characteristic luminosity, ardis the
power-law slope at low luminosity,. The faint-end slopeq, is usually negative
(a ~ —1.3in the local Universe; e.g. Hammer et al. 2012) implyingéanumbers
of faint galaxies.

In the high-redshift galaxy literature, the UV continuunmitmosity function is
usually presented in units of per absolute magnitiierather than luminosity.,
in which case, making the substitutioggM)dM = ¢(L)d(—L) andM — M* =
—2.5log(L/L*), the Schechter function becomes
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o(M) = |2_150q0*100.4(a+1)(M7M*) exp|—10P4M-M") (5)
and this function is usually plotted in log space (i.e.[p@V)] vs.M).

The Schechter function can be regarded as simply one waysafrideng the
basic shape of any luminosity function which displays afg@ég above a charac-
teristic luminosityL* (or below a characteristic absolute magnitiulg. Alternative
functions, such as a double power-law can often also be fateditraditionally have
been used in studies of the luminosity function of radio gieeand quasars (e.g.
Dunlop & Peacock 1990). Given good enough data, especiinding to the very
faintest luminosities, such simple parameterizationdefluminosity function are
expected to fail, but the Schechter function is more tharyadte to describe the
data currently available for galaxieszat 5. A recent and thorough overview of the
range of approaches to determining and fitting luminositicfions, and the issues
involved, can be found in Johnston (2011).

At the redshifts of interest here, the luminosity functiatesived from optical
to near-infrared observations are rest-frame ultravioletinosity functions. Con-
tinuum luminosity functions for LBGs are generally defindd\ag ~ 1500A or
Areg ™ 1600A, while the luminosity functions derived for LAES involvad inte-
grated luminosity of the Lymaur line. Because of the sparcity of the data at the
highest redshifts, and the typical redshift accuracy of L&&ction, the evolution
of the luminosity function is usually described in unit reidsintervals, although
careful simulation work is required to calculate the volsnaetually sampled by
the filter-dependent selection techniques used to seleGsL&d LAEs. Detailed
simulations (involving input luminosities and sizes) atgoarequired to estimate
incompleteness corrections when the survey data are pusWeadds the detection
limit, and the form of these simulations can have a signifiedfect on the shape
of the derived luminosity functions, especially at the fand (as discussed by, for
example, Grazian et al. 2011).

Different reported Schechter-function fits can sometimxeggerate the discrep-
ancies between the basic data gathered by different résgesaps. In particular,
without good statistics and dynamic range, there can besedegeneracies between
¢*, L* anda, and very different values can be deduced for these parasmmten
when the basic statistics (e.g. integrated number of gaedaadbove the flux-density
limit) are not very different (e.g. Robertson 2010).

This is an important point, because the luminosity-integf#e evolving lumi-
nosity function

1) :/Lqu;(L)dL:qo*L*r(u a,L/L") 6)

(wherel is the incomplete gamma function) is often used to estinfee@volution
of averagduminosity density as a function of redshift (from which the cosmic his-
tory of star-formation density and ionizing photons canriferired; e.g. Robertson
et al. 2010). For this reason care must be taken not to oterpiret the implications
of extrapolating the fitted function (e.g. Su et al. 2011pexsally when, as appears
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to be the case at very high redshift (see below), the faidtsdope is very steep.
Formally, luminosity density diverges for < —2 if the luminosity function is inte-
grated to zero, butin practice the integral needs to be text®i at some appropriate
faint luminosity (see section 6.1). The key point is that,doy steep faint-end slope
even approaching ~ —2, the value of the integral depends critically @rand the
adopted value of the faint-end luminosity cutoff (whichr, fdovious reasons, is still
a matter of debate and could be a function of environment;iHanet al. 2012).

At the bright end of the luminosity function the problem isngeally not com-
pleteness but small-number statistics, and authors aea témpted to push their
survey to produce a derived value for a brightest lumindsitywhich depends on
only a handful of objects. Given the small numbers, contatiom by even rare
populations (such as the brown dwarf stars discussed imoee8tl.3) can often
be a problem at the bright end. An additional issue for a $gefgling luminosity
function is correcting for “Eddington bias”, which tends tloost apparent aver-
age luminosity at the bright end. This again requires casfuulation to achieve
a consistent solution. Finally it must be remembered tHdualinosity functions
are afflicted to some extent by cosmic variance (Sommereflid. 2004), and ulti-
mately high-redshift surveys need to cover sufficient ahedped by covering inde-
pendent lines of sight) to offer a representative picturthefgalaxy population at
each epoch.

The comoving cosmological volumes sampled by various exarhBG and
LAE surveys atz ~ 6 andz~ 7 are given for convenient comparison in Table 1.

Table 1 Example comoving cosmological volumes sampled by diffetgmes and scales of high-
redshift galaxy surveys at~ 6 andz~ 7

Survey Type Redshift range " Area Volume/MpExample Reference
LBG WFCAM/VISTA  z=55-65 1ded 10,000,000 McLureet al. (2009)
LAE Suprime-Cam(x4) z=57+0.05 1ded 1,000,000 Ouchi et al. (2008)

LBG Suprime-Cam z=65-71 0.25de§ 1,000,000 Ouchi etal.(2009)
LAE Suprime-Cam z=6.64+0.05 0.25de§ 200,000 Kashikawa et al. (2011)
LBG HUDF/WFC3 z=65-75 4.5arcmif 10,000 Oesch et al. (2010a)

LBG CANDELS/WFC3 z=65-75 0.2de§ 1,500,000 Grogin etal.(2011)

4.1 High-redshift evolution of the LBG luminosity function

The last~ 5 years have seen a rolling series of papers on the LBG UV lositin
function atz > 5, based purely on the ever-improviH§T ACS, NICMOS, and now
WFC3/IR deep imaging datasets (Bouwens et al. 2006, 20@8,Z0D11b; Oesch
et al. 2007, 2010a; Trenti et al. 2010)
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In a complementary effort, McLure et al. (2009) focussed etednining the
bright-end of the LBG luminosity function &~ 5 andz ~ 6 from ground-based
data, before extending this work za~ 7 andz ~ 8 with WFC3/IR (McLure et al.
2010). In addition, the ground-based determination of tA&lluminosity function
has recently been pushed outzte: 7 by Ouchi et al. (2009) and Castellano et al.
(2010a,b).

In general, the results of these various studies are in \@rgl ggreement. Specif-
ically, McLure et al. (2009) combined their ground-basethda bright LBGs with
the Bouwens et al. (2007) data on faintsT-selected LBGs to determine the form
of the UV luminosity function az ~ 5 andz ~ 6, and derived Schechter-function
parameter values in excellent agreement with Bouwens £@0.7). The form and
evolution of the LBG luminosity function deduced from thisk is shown in the
left-hand panel of Fig. 10, including the McLure et al. (2D#@tension taz ~ 7
andz ~ 8. The simplest way to summarize these results is that thitableadata
are consistent witlr = —1.7 over the full redshift range ~ 5— 7, and that the
characteristic luminosity declines by a factor of two framx 5 (M* ~ —20.7) to
z~ 6 (M* ~ —20.0) (as always one must caution this does not necessarilyyimpl
pure luminosity evolution of individual objects; see, faaenple, Stark et al. 2009).
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Fig. 10 The UV continuum LF of LBGs, and its high-redshift evolutidine left-hand panel shows
thez~5 andz~ 6 LFs determined by McLure et al. (2009), along with the LFsat7 andz~ 8
determined by McLure et al. (2010) from the recétT WFC3 imaging (the results obtained
from a similar analysis by Bouwens et al. 2011b are summaiiz€ig. 11). The right-hand panel
demonstrates the extent of general agreement over the fodnm@malization of the UV LF at
z~ 7 derived by different groups using both ground-based (8u&aVLT) and HST WFC3/IR
data. While the overall level of agreement is impressivis, plot also shows current tension over
the true value of the faint-end slope, and the lack of infaromaat the very bright end of the LF
(courtesy R. McLure).

Fromz~ 6 to z~ 8 there is good agreement that the number density of LBGs
continues to decline but uncertainties and degeneracié¢eirfitted Schechter-
function parameters mean that it is currently hard to esabihether this evo-



Observing the first galaxies 29

lution is better described as density or luminosity evolutiFor example, McLure

et al. (2010) concluded that tlze~ 7 andz ~ 8 luminosity functions are consistent
with having the same overall shape atzat 6, but with ¢* a factor of~ 2.5 and

5 lower, respectively. Ouchi et al. (2009) also concludethiour of a drop ing*
betweerz~ 6 andz~ 7. Meanwhile, as shown in Fig. 11, the results of Bouwens et
al. (2011b) appear to favour some level of continued lunitp@volution (perhaps
also combined with a decline ip* beyondz ~ 6), but their best-fitting values for
¢*, M* anda as a function of redshift are still consistent with the resaf McLure

et al. (2009, 2010) within current uncertainties (note #htat ~ 8 current data do
not really allow a meaningful Schechter-function fit).

There are, however, emerging (and potentially importargas of tension. The
right-hand panel of Fig. 10 shows the generally good levelgrEement over the
basic form of the LBG LF az~ 7 (i.e. ¢* ~ 0.8 x 10~ 3Mpc 3 andM* ~ —20.1;
Ouchiet al. 2009; McLure et al. 2010; Bouwens et al. 201 li)also reveals issues
at both the faint and bright ends (issues which we can hopdwitesolved as the
dataset on LBGs &~ 7 — 8 continues to improve and grow).

At the faint end there is growing debate over the slope ofuh@rosity function.
As summarized above, essentially all workers are in agraethat the faint-end
slope,qa, is steeper by ~ 5 than in the low-redshift Universe, wheme~ —1.3. But
recently, Bouwens et al. (2011b), pushing the new WFC3/Igedimit with very
small aperture photometry, have provided tentative evadehat the faint-end slope
o may have steepened to~ —2.0 by z~ 7. This “result” is illustrated in Fig. 10,
which shows the confidence intervals on the Schechter paganedues deduced by
Bouwens et al. (2011b) from~ 4 toz~ 7. Clearly the data are still consistent with
o = —1.7 over this entire redshift range, but given the luminogitydtion has defi-
nitely steepened between- 0 andz~ 5, further steepening g~ 7 is certainly not
implausible, and (as discussed above and in section 6) wavd important impli-
cations for the integrated luminosity density, and hencedimnization. Fig. 11 also
nicely illustrates the problems of degeneracies betweerStthechter parameters;
clearly it will be hard to pin dowmr without better constraints op* andM* which
can only be provided by the larger-area surveys such as CANDEnd UltraV-
ISTA (Robertson 2010). Another key issue is surface brigégrbias. As discussed
in detail by Grazian et al. (2011), because, for a given tatalnosity,HST is better
able to detect the most compact objects (especially in thesraall (~ 0.3-arcsec
diameter) apertures adopted by Bouwens et al. 2011b), tineated completeness
of the WFC3/IR surveys at the faintest flux densities is gitpilependent on the
assumed size distribution of the galaxy population. Thieppears that potentially
all of any current disagreement over the faint-end slope-af7 can be traced to
different assumptions over galaxy sizes and hence diffam@mpleteness correc-
tions. Finally, there are of course the usual issues ovaniogariance, with the
faintest points on the luminosity function being deterndifijem the WFC3/IR sur-
vey of the HUDF which covers only 4 arcmirf. However, as discussed in detail
by Bouwens et al. (2011b), it appears that large-scaletsireicancertainties do not
pose a very big problem for luminosity function determioas in the luminosity
range—21< M* < —18).
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Fig. 11 68% and 95% likelihood contours on the model Schechtertioimgparameters derived
by Bouwens et al. (2011b) from their determination of the Ué&(—framervl?OO&) continuum

LF atz~ 7 (magenta lines) and~ 8 (dotted red lines). Also shown for comparison are the LF
determinations a~ 4 (blue lines)z~ 5 (green lines), and~ 6 (cyan lines) from Bouwens et al.
(2007). Noz ~ 8 contours are shown in the center and right panels giveratge Lincertainties on
thez ~ 8 Schechter parameters. Fairly uniform evolution in the UV/(left and middle panels) is
seen as a function of redshift, although there remainsfigni degeneracy betwegi andM*.
Most of the evolution in the LF appears to beNti (particularly fromz ~ 7 to z~ 4). Within the
current uncertainties, there is no evidence for evolutiop’ or a (rightmost panel)(courtesy R.
Bouwens).

At the bright end, Fig. 10 illustrates that the problem is mhalack of data,
which in turn can be traced to a lack of large-area near4iaftaurveys of sufficient
depth and multi-frequency coverage. As discussed abouerdiground-based sur-
veys for LBGs atz ~ 7 are limited to those undertaken by Ouchi et al. (2009) and
Castellano et al. (2010a,b) and suffer from somewhat uaicecbntamination due
to lack of sufficiently deeper longer-wavelength data. Meaedess, both Ouchi et
al. (2009) and Castellano et al. (2010b) conclude that drderi the number den-
sity of brighter LBGs between~ 6 andz ~ 7 is now established with better than
95% confidence, even allowing for cosmic variance (the eoptresults of Capak
et al. 2011 can be discounted for the reasons discussedtiors&cl.3). Signifi-
cant further improvementin our knowledge of the bright ehtthe LBG luminosity
function atz~ 7 andz~ 8 can be expected over the nex8 years, from CANDELS
(Grogin et al. 2011), the WFC3/IR parallel programs (Tremtl. 2011, 2012; Yan
etal. 2011) and from UltraVISTA (McCracken et al. 2012; Bent al. 2012).

4.2 High-redshift evolution of the Lyman-a luminosity function

In contrast to the steady decline seen in the LBG ultraviotettinuum luminos-
ity function at high redshift, there is little sign of any sificant change in the
Lyman-o luminosity function displayed by LAEs from~ 3 to z~ 5.5. Indeed,
as shown in Fig. 12, Ouchi et al. (2008) and Kashikawa et 8L 1?have presented
evidence that the Lymaa-Iluminosity function displayed by LAEs selected via
narrow-band imaging (and extensive spectroscopic follpyatz ~ 5.7 is, within
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the uncertainties, essentially identical to that seerra8. Both studies were unable
to constrain the faint-end slope of the Lymearuminosity function but, assuming
o = —1.5, reported fiducial values for the other Schechter paramate = 5.7 of
¢* ~8x 10 *Mpc3andLj,, = 7 x 10*?ergs *.

Why the Lymane luminosity function should display different evolutionttoe
LBG continuum luminosity function is a subject of considdeacurrent interest.
The relationship between LBGs and LAEs is discussed at nemgth in the next
subsection (including the evolution of the ultraviotentinuum luminosity func-
tion of LAES), but the key point to bear in mind here is that gwelution of the
Lyman-o luminosity function inevitably reflects not just the evatut in the num-
ber density and luminosity of star-forming galaxies, babatosmic evolution in the
escape fraction of Lyman-emission. This latter could, for example, be expected to
increase with increasing redshift due to a decrease in geehast content, and/or at
some point decrease with increasing redshift due to anasargly neutral IGM.
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Fig. 12 Current constraints on the Lyman-LF at high redshift. The left-hand plot, taken from
Kashikawa et al. (2011), shows a comparison ofdimeulative Lyman-a LFs of LAEs atz=5.7
(blue-shaded region) and a& 6.5 (red-shaded region). The upper-edge of each shaded riggion
based on the assumption that all photometrically-selecaedidates in the two SDF samples are
indeed LAEs, while the lower-edge is derived purely on thectpscopically-confirmed sample
at each redshift. The short-dashed lines (redzfer 6.5 and blue forz = 5.7) show the fitted
Schechter LFs assuming= —1.5. For comparison, the green long-dashed line shows thehyma
a LF atz= 6.5 determined from the larger area SXDS survey by Ouchi eRall(), and the
green dot-dashed line shows the- 6.5 Lyman-a LF determined by Hu et al. (2010) (courtesy
N. Kashikawa). The right-hand plot, taken from Clément le{2011) summarizes our current
knowledge (including some controversial disagreementy‘odndL* for Schechter-function fits
to the Lymanea LF atz= 5.7 andz= 6.6 (again assuming = —1.5), as well as attempting to
set joint limits on these two parameterszat 7.7 (see text in section 4.2 for details; courtesy B.
Clement).
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Staying with the direct observations for now, at still highedshifts the situ-
ation is somewhat controversial. Following Kashikawa et(2006), Ouchi et al.
(2010) have extended the Subaru surveys of narrow-banctegleAEs atz ~ 6.6
to the SXDS field. They conclude that there is a modes2Q— 30%) decline in
the Lymanea LF over the redshift interva~ 5.7 — 6.6 (also shown in the left-hand
panel of Fig. 12), and that this decline is best describediasnlosity evolution,
with L, . falling from ~ 7 to ~ 4.5 x 10*?ergs™*, while ¢* remains essentially

Lya
unchanged at- 8 x 10-*Mpc2 (see right-hand panel of Fig. 12, again assuming
o =-1.5).

The results from Ouchi et al. (2008; 2010) are based on la&ge $amples but
with only moderate levels of spectroscopic confirmatiore§éresults have recently
been contested by Hu et al. (2010). As summarized in the-Hght panel of Fig.
12, Hu et al. (2010) report a comparable value.dhitz~ 5.7, but¢* an order of
magnitude lower. They then also report a modest drop in LABImer density by
z~ 6.6, but conclude this is better described as density evaltidth ¢* dropping
by a factor of~ 2).

Also included in Fig. 12 are the latest results from Kashikawal. (2011), who
used further spectroscopic follow-up to increase the peacg of spectroscopically
confirmed LAEs in the SDF narrow-band selected samples afjiahi et al. (2005)
and Shimasaku et al. (2006) to 70%zat 5.7 and 81% ar ~ 6.6. The outcome of
the resulting luminosity function reanalysis appearsast az~ 5.7, to offer some
hope of resolving the situation, with Kashikawa et al. (20&porting a value fop*
somewhat lower than (but consistent with) the value deriye@®uchi et al. (2008),
and at least closer to thg* value reported by Hu et al. (2010). Butat- 6.6 the
results from Kashikawa et al. (2011) remain at odds with Hal.e2010), withg*
still an order of magnitude higher, and modest luminosityletion sincez ~ 5.7
(if anything offset by slight positive evolution @, resulting in any significant de-
cline in number density being confined to the more luminou&&A Given the high
spectroscopic confirmation rates in the new Kashikawa €®8ll1) samples, the
claim advanced by Hu et al. (2010) that the previous Ouchi. ¢2@08, 2010) and
Kashikawa et al. (2006) studies were severely affected hly bontamination rates
in the narrow-band selected samples now seems untenalleerRaapears much
more probable that the Hu et al. (2010) samples are eithectaff by incomplete-
ness (and hence they have seriously under-estingtéar LAES at high redshift),
or that our knowledge of the Lymam{uminosity function az ~ 6.6 is still severely
confused by the affects of cosmic variance and/or patclonization (see, for ex-
ample, Nakamura et al. 2011), an issue which is discussétefun section 5.5.

The recent work of Cassata et al. (2011), based on a puregpeapic sample
of (mostly) serendipitous Lymaa-emitters found in deep VIMOS spectroscopic
surveys with the VLT, also yields results consistent withuaichanging Lymare
luminosity function fromz~ 2 to z~ 6. In addition, their estimated values @f

and Liyq atz=5-6 are in excellent agreement with those reported by Ouchi et
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al. (2008) atz~ 5.7. Interestingly, because the VIMOS spectroscopic surecays
probe to somewhat deeper Lymaruminosities than the narrow-band imaging sur-
veys, this work has also provided useful constraints ontb&igon of the faint-end
slope,a, at least at moderate redshifts. Specifically, Cassata €2@l1) conclude
that a steepens from- —1.6 atz~ 2.5 to a = —1.8 atz~ 4. Direct constraints
at the highest redshifts remain somewhat unclear, but teg ainplication is that,
as for the LBG luminosity function, the faint-end slope igrsficantly steeper than
o = —1.5atz> 5 (and hence it is probably more appropriate to consjgieand
Liya values reported by authors assuming- —1.7 or evena ~ —2).

Finally, also shown in Fig. 12 are limits on the luminositynfion parameter
values az~ 7.7 (albeit assumingr = —1.5), imposed by the failure of Clement
et al. (2011) to detect any LAEs from deep HAWK-I VLT 1.Q6é1 narrow-band
imaging of three 5 x 7.5arcmin fields (probing a volume 2.5 x 10*Mpcd). The
ability of Clement et al. (2011) to draw crisp conclusiormfi this work is hampered
by the confusion ar ~ 6.6, with the above-mentioned different LFs of Ouchi et
al. (2010), Hu et al. (2010) and Kashikawa et al. (2011) mtéad 11.6, 2.5 and
13.7 objects respectively in the Hawk-I imaging (if the lmmsity function remains
unchanged at higher redshifts). Clément et al. (2011) lodecthat an unchanged
Lyman-a luminosity function can be excluded at85% confidence, but that this
confidence-level could rise towards99% if one factors in significant quenching
of IGM Lyman-o transmission due to a strong increase in the neutral Hydroge
fraction as we enter the epoch of reionization (an issueudssd further in the
next subsection). However, the issue of whether or not thadya luminosity
function really declines beyorm~ 7 undoubtedly remains controversial (e.g. Ota
et al. 2010a; Tilvi et al. 2010; Hibon et al., 2010, 2011, 2Hig et al. 2012) and
further planned surveys for LAEs at> 7 are needed to address this question (e.g.
Nilsson et al. 2007).

4.3 The LBG-LAE connection

The recent research literature in this field is littered ve#tensive and sometimes
confusing discussions over the differences and simigritietween the properties of
LBGs and LAEs. In the end, however, the LAE population musalseibset of the
LBG population, and the reported differences must be dueadiases (sometimes
helpful) which are introduced by the different selectionhteiques. One key area
of much current interest is to establish whether/how thetiva of LBGs which
emit observable Lymaur varies with cosmic epoch, because this has the potential
to provide key information on the evolution of dust and gagatexies, and on the
neutral hydrogen fraction in the IGM. There are a numberreddiof attack being
vigorously pursued, and | start by considering how we miglebncile the appar-
ently very different high-redshift evolution of the Lyman-and LBG ultraviolet
luminosity functions (as summarized in the previous twosgalions).
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Fig. 13 The redshift evolution of volume-averaged Lymarescape fractionfégg, as deduced
by Hayes et al. (2011), normalized t©65% atz ~ 2 via comparison of the Lymaa-and H-o
integrated luminosity functions, and deduced at higheshiéts by comparison of the Lymaam-
and UV continuum luminosity functions discussed in sectiéri and 4.2. The solid red line shows
the best-fitting power-law to points between redshift 0 aniich takes the fornil+2)%°, and
appears to be a good representation of the observed poietgtos redshift range. It intersects
with the f&& = 1 line (dotted) at redshift= 11.1 (courtesy M. Hayes).
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4.3.1 Comparison of the LBG UV and LAE Lyman-a luminosity functions

First, given the steady negative evolution of the LBG lunsityfunction fromz~ 3
to z~ 6, and the apparently unchanging form and normalizatiomefl.iymaner
luminosity function over this period, it seems reasonabl@gduce thabn average
the fraction of Lymana photons emerging from star-forming galaxrekative to
the observed continuum emission increases with increasing redshift out to at least
z~ 6. Indeed Hayes et al. (2011) have used this comparison tocdetthat the
volume averaged Lyman-a escape fractionféé'g , grows according tdeLé'g 01+
2)25 (normalized at~ 5% atz~ 2 through a comparison of the Lymanand Ha
luminosity functions, currently feasible only at- 2). This result is shown in Fig.
13, which also shows that extrapolation of the fit to higheistgfts would imply
4% = 1 atz~ 11 in the absence of any new source of Lynwanpacity, providing
clear motivation for continuing the comparison of the Lyr@and LBG continuum
luminosity functions to higher redshift if at all possibkeé below).

4.3.2 The LAE UV continuum luminosity function

Theitalicsin the preceding paragraph have been chosen with care,ea@umust
proceed carefully. This is because the situation is cowfbgehe fact thatfor those
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galaxies selected as LAEs (via, for example, narrow-band imaging as discussed in
detail above), the ratio of average Lymaremission to ultraviolet continuum emis-
sion apparently stays unchanged or edeoreases with increasing redshift. We
know this from studies of the ultraviolet continuum lumiitggunction of LAEs,
which | have deliberately avoided discussing until now lseghere are complica-
tions in interpreting the UV continuum luminosity functiof objects which have
been selected primarily on the basis of the contrast betwgeran-a emission
and UV continuum emission. Nevertheless, Ouchi et al. (20@8e convincingly
shown that, while the Lyman-luminosity function of LAEs holds steady between
z~ 3 andz~ 5.7, the UV continuum luminosity function of the same objedtia
ally grows with redshift, more than bucking the negativattelisplayed by LBGs.
Then, fromz= 5.7 toz~ 6.6, as the Lymarw luminosity function shows the first
signs of gentle decline, Kashikawa et al. (2011) find thatUhecontinuum lumi-
nosity function of the LAESs stops increasing, but seems td sieady. Another way
of saying this is that the average equivalent width of Lynsaemission in LAEs is
constant or if anything slightly falling with increasingdhift. Indeed, Kashikawa
et al. (2011) report that the median value of Lynamequivalent width falls from
EWes ~ 90A atz~ 5.7 to EWeg ~ 75A atz~ 6.6 although, interestingly, there is
a more pronounced extreri®\ieg tail in their highest-redshift sample.

Possible physical reasons for why this happens are distfisgber below but,
whatever the explanation, it is clear that the UV continuwmihosity function
of LAEs cannot keep rising indefinitely, or it will at some pbiexceed the UV
luminosity function of LBGs, which is impossible. Indeeldettwo luminosity func-
tions appear to virtually match at~ 6. Specifically, as shown in Fig. 14, and as
first demonstrated by Shimasaku et al. (2006)zby 6, LAE selection down to
EWreg ~ 20A recovers essentially all LBGs withl;500 < —20, to within a factor
~ 2. Itis thus no surprise that the UV luminosity function of E& must freeze or
commence negative evolution somewhere betweert andz~ 7, as by then it
must start to track (or fall faster than) the evolution of ¢harent) LBG population.

4.3.3 The prevalence of Lymana emission from LBGs

If this is true, then it must also follow that the fraction oBGs which display
Lyman-o emission WithEWeg > 20A in follow-up spectroscopy must also rise
from lower redshifts to near unity at~ 6. There has been some controversy over
this issue, but recent observations appear to confirm thgtgtindeed the case.
First, Stark et al. (2011) have reported that, with incregsedshift, an increasing
fraction of LBGs display strong Lymaan-emission such that, g~ 6, over 50% of
faint LBGs display Lymana with EW,eq > 25A. Similarly high Lymane “success
rates” have now been reported for more luminat2(*) LBGs atz~ 6 by Curtis-
Lake et al. (2012) (Fig. 15), and by Jiang et al. (2011).



36 James S. Dunlop

a3
¢
| Eﬁ%}}

® ; 5.7 LAEs L
i
Oz B

~6 LBGs

Log (N/mag/Mpc?)
|
o~
I

B 7 ~6.6 LAEs

r 0 z ~7 LBGs T

-18 -20 —22
M,, [AB mag]

Fig. 14 A comparison of the high-redshift UV continuum LFs of gakscselected as LBGs and
galaxies selected as LAEs. Shown here are the UV continuwstidtEBGs atz~ 6 as determined
by Bouwens et al. (2007), for LBGs at- 7 as determined by McLure et al. (2010), for LAEs at
z~ 5.7 as determined by Shimasaku et al. (2006), and for LAEs~a6.6 as as determined by
Shimasaku et al. (2006). The LAE UV LFs become incompledat > —21 because of the lim-
ited depth of the ground-based broad-band imaging in tige ISubaru survey fields (compared to
the deepeHST data used to derive the LBG LFs). However, at brighter magles the agreement
between the ~ 6 LBG LF and the two LAE-derived LFs at~ 5.7 and 66 is very good (courtesy
P. Dayal).

4.3.4 Reconciliationto z~ 6

It thus appears that the average volumetric increase in hyanamission relative
to ultraviolet continuum emission as summarized by Hayes. ¢2011) to produce
Fig. 13 is due to an increase with redshift in tinaction of star-forming galaxies
which emit at least some detectable Lymaremission rather than a systematic
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Fig. 15 A high success rate in the detection of Lymanemission from bright LBGs at

z = 6 — 6.5. VLT FORS2 spectra of 18> 6 LBGs selected from the UDS/SXDS field are shown;
this represents 70% of the targetted high-redshift san@uetis-Lake et al. 2012). The extracted
one-dimensional (1D) spectra are shown on the left, witittteesponding two-dimensional (2D)

spectra on the right; Lymaa-emission (often obviously asymmetric) is clearly detedtech all

of these objects (courtesy E. Curtis-Lake).

increase in the Lyman-to continuum ratio of objects which are selected as LAEs
at all epochs.

As already discussed above, one thing which is clear, arfthpsrsurprising, is
that byz ~ 6, narrow-band selection of LAEs from the wide-area Subarueys
seems to be an excellent way of determining the bright entdeatdmplete LBG UV
luminosity function, indicating that the fraction of LBGshigh displayEW et >
10A is approaching unity by this redshift. We stress that thigiot the same as
seeingall of the Lymana emission from the star-forming population; it is perfectly
possible for virtually all the LBGs to emit enough Lymanto be detected in deep
LAE surveys, while still having some way to go before the allarolume-average
Lyman-a escape fraction could be regarded as approaching unitariatter way,
it is not unreasonable to conclude that the detection rateright LBGs in LAE
surveys reaches 100% at- 6, while vqume—averageﬂeLé’é’ as plotted in Fig. 13
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has only reached: 40— 50%. As discussed below, there may be good astrophysical
reasons why the volume—averagééé’ never reaches 100%.

Given that, at least folM1500 < —20, current LAE and LBG surveys appear to
be seeing basically the same objectz at 6, it makes sense to consider what, if
anything, can be deduced about the fainter end of the LBG Whirlosity function
from those LAEs which ar@ot detected in the continuum. As can be seen from
Fig. 14, the ground-based imaging from which the LAE samplesselected, not
unexpectedly runs out of steam at flux densities which cpoed toM15p0~ —21
atz~ 6.6. But there still of course remain many (in fact the vast mgjof) LAESs
which have no significant continuum detections, and thegectsbare not only use-
ful for the Lymana luminosity function, but potentially also carry informaii on
the faint end of the LBG UV luminosity function. The questisrof course how to
extract this information. One could follow-up all the LAE$ieh are undetected in
the ground-based broad imaging witsT WFC3/IR to determine their UV lumi-
nosities (i.e M1500); this would undoubtedly yield many more detections alloyvi
further extension of the UV continuum luminosity functiohldAEs to fainter lu-
minosities. However, this would still not overcome anotineompleteness problem
which is that, as narrow-band searches are limited not jsgoivalent width, but
also by basic Lymamr luminosity, the subset of LBGs detectable in the LAE sur-
veys becomes confined to those objects with increasinghgiee values 0EW, e
as we sample down to increasingly faint UV luminosities. Theven with deep
WFC3/IR follow-up of detectable LAEs, and even assumind-BiGs emit some
Lyman-a, we would still be forced to infer the total number of faint GB by ex-
trapolating from the observable extreme equivalent-wialllof the LAE/LBG pop-
ulation assuming an equivalent-width distribution appiate for the luminosity and
redshift in question.

This is difficult, and presents an especially severe prolalegmgh-redshift, where
our knowledge of Lymare equivalent-width distributions is confined to the highest
luminosities. Nevertheless, Kashikawa et al. (2011) hatesrgpted it, and discuss
in detail how they tried to arrive at an appropriate equintleidth distribution as a
function of UV luminosity az~ 6.6. A key issue is that it is difficult, if not impos-
sible, to determine the UV continuum luminosity dependexfdégman-a EW e in
the underlying LBG population from the equivalent-widtktdibution displayed by
the narrow-band selected LAEs themselves, as this is inrgec@mpletely dom-
inated by the joint selection effects of Lymantuminosity and equivalent width.
There has indeed been much controversy over this issueNigbon et al. (2009)
claiming that, az ~ 2 — 3 where LAE surveys display good dynamic range, there is
no evidence for any UV luminosity dependence of B\& ey distribution, contra-
dicting previous claims that there was a significant antrelation betweefEW, e
and UV luminosity. Of course what is really required is coeiplspectroscopic
follow-up of LBGs over a wide UV luminosity range, to determaithe distribution
of EWeq as a function oMjsgq, free from the biases introduced by LAE selection.
This has been attempted by Stark et al. (2010, 2011), andlieisesults of this
work that Kashikawa et al. (2011) have employed to try toneste the faint end
of the LBG UV luminosity function az ~ 6 from the number counts of faint (but
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still extreme equivalent width) LAEs extracted from thenogr-band surveys. The
problem with this is that even the state-of-the-art work t#ri et al. (2011) only
really providesEW, ¢ distributions in two luminosity bins &~ 6, and the apparent
luminosity dependence inferred from this work is calledbisbme question by the
success in Lymarr detection in bright LBGs at ~ 6 by Curtis-Lake et al. (2012)
and Jiang et al. (2011). Thus, at present, our understanélithg luminosity depen-
dence of the Lymamx EWe¢ distribution displayed by LBGs remains poor, and is
virtually non-existent for LBGs wittM1500 > —19 atz > 6.

Nevertheless, the experiment is of interest, and the iegullVV LF derived
from the Lymanea LF by Kashikawa et al. (2011) is more like a power-law than
a Schechter function. Moreover, the implied faint-end sligpextremely steep; if a
Schechter-function fit is enforced, = —2.4 results, even though the UV LF was
inferred from a Lymana Schechter function witlhk = —1.5, which is probably too
flat. It is not yet clear what to make of this result, but it wbappear that either the
equivalent-width distribution of Lymaurfrom faint LBGs is biased to even higher
values than assumed (so that even extreme equivalent-Adis sample a larger
fraction of the LBG population at fair#l;500 than anticipated by Kashikawa et al.
2011), or the incompleteness in the faint LBG surveys has lbeeler-estimated.
This latter explanation seems unlikely given the alreadystantial incompleteness
corrections made by Bouwens et al. (2011), but is not egtirepossible if LAES
pick up not just the compact LBGs seen in the HST surveys, Isotamore ex-
tended population which is missed with HST but is uncovergdjtound-based
imaging (which is less prone to surface-brightness bidsis, however, also seems
unlikely; while recent work has certainly demonstrated tha Lymanea emission
from high-redshift galaxies is often quite extended (eigké&lstein et al. 2011; Stei-
del et al. 2011), consistent with theoretcial predictiong(Zheng et al. 2011), all
evidence suggests that thB/ continuum emission from these same objects is at
least as compact as LBGs at comparable redshifts (i.e.aipig, < 1 kpc atz > 5;
Cowie et al. 2011; Malhotra et al. 2012; Gronwall et al. 20The fact that, due to
the complex radiative transfer of Lymanphotons, the Lymarr morphologies of
young galaxies are expected to be complex and in generalenteaded than their
continuum morphologies is supported by new observatidodias of low-redshift
Lyman-o emitting galaxies as illustrated in Fig. 16 (from the Lymalptta Refer-
ence Sample — LARSHST Program GO12310). However, from the point of view
of luminosity-function comparison, the key point is thatilelextended low-surface
brightness Lymarx emission might be hard to detect wHtST, such LAEs will still
not be missed by dedfST broad-band LBG surveys, if virtually all of them dis-
play compact continuum emission. The quest to better caindtre true form of the
faint-end slope of the UV LF will continue, not least becaitise of crucial impor-
tance for considering whether and when these young galegigd have reionized
the Universe (see section 6.2). Deeper and more exteASVaVFC3/IR imaging
over the next few years has the potential to clarify thig stifrently controversial
issue.
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Fig. 16 Three nearby star-forming galaxies imaged as part oHBELyman-a imaging program
LARS. Green shows the UV continuum and traces the massivs, stéith the ionized nebulae
they produce shown in Red (traciftar). The Lymane photons must also be produced in these
nebulae, but the Lymaa-image (shown in Blue) reveals all these galaxies to be méogizally
very different inHa and Lymane due to the resonant scattering of the Lynmaphotons. This

is at least qualitatively similar to what is found for higkdshift LAEs, in which the Lymar
emission is in general more extended and diffuse than the dWrmuum light (courtesy of Matt
Hayes).

4.3.5 The nature of LAEs

Itis easy to become confused by the (extensive) literatatb® properties of LAES.
In part this is because different authors adopt a differefibdion of what is meant
by the term LAE. For some, an LAE is any galaxy which displagtedtable Lyman-

o emission, including objects originally selected as LBGd #ren followed up
with spectroscopy. All spectroscopically-confirmed LBGz & 5 must of course
be emitters of Lymarx radiation, and so in an astrophysical sense they are indeed
LAEs. However, in practice most LAE studies are really coadino objects which
have beemselected on the basis of Lymarr emission. Furthermore, many of these
studies then proceed to deliberately confine attentiondseth AEs which couldot
also have been selected as LBGs from the data in hand. Ofecthese are often
good reasons for doing this. For example, Ono et al. (201@)eir study of the
typical UV properties of LAEs az ~ 5.7 andz ~ 6.6 first excised 39 of the 295
LAEs from their sample because they were individually diet@@t IRAC wave-
lengths, before proceeding to stack the data for the remglnAES to explore their
average continuum colours. This makes sense given thetvigjef this work was
to explore the properties of those objects which were nadaet with IRAC, but
such deliberate focus on the extreme equivalent-widthetulifsthe LAE popula-
tion does sometimes run the danger of exaggerating thereliifes between the
LBG and LAE populations.

To put it another way, in many respects the properties of LAEkcted on the
basis of larg€EW,eq, are largely as would be anticipated from the extreme Lyman-
o equivalent-width tail of the LBG population. | have alreaalgued above that
the observational evidence on luminosity functions sutggeAEs are just a sub-
set of LBGs, and that by ~ 6 the increased escape of Lymanmeans that the
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two populations are one and the same. At least some exidt#igbased compar-
isons of LAEs and LBGs support this viewpoint (e.g. Yuma et8l10), as do at
least some theoretical predictions (e.g. Dayal & FerrarE220t is then simply to
be expected that the subset of galaxies selected on thedjasitreme Lymana
EWet (and hence also typically faint UV continuum emission) wilh average,
have lower stellar masses, younger ages, and lower-neitallithan typical LBGs
discoverable by current continuum surveys (e.g. Ono et(dl2p

At present, therefore, there is really no convincing evigetinat LAES are any-
thing other than a subset of LBGs. This is hot meant to detedhee importance of
LAE studies; faint narrow-band selection provides accessgpeciabubset of the
UV-faint galaxy population over much larger areas/volurties current deeplST
continuum surveys. But the really interesting questioresvainether this extreme
equivalent-width subset represents an increasingly itapofraction of LBGs with
decreasing UV continuum luminosity and, conversely, waefome subset of this
extreme equivalent-width populatieannot be detected in current de{sT contin-
uum imaging. To answer the first question really requirestdieep spectroscopic
follow-up atz ~ 6 — 7 of objectsselected as LBGs spanning a wide range of con-
tinuum luminosityM;s00 TO answer the second question, following Cowie et al.
(2011), further deeplST WFC3/IR imaging of objectselected as LAEsis desirable
to establish what subset (if any) of the LAE population laskfficiently compact
UV continuum emission to be selected as a faint LBG given tinease brightness
biases inherent in the high-resolution dé¢gr imaging.

4.3.6 Beyond z~ 6.5; a decline in Lyman-a?

Both the follow-up spectroscopy of LBGs, and the discovdrlyAEs via narrow-
band imaging become increasingly more difficult as we apgraa- 7, due to the
declining sensitivity of silicon-based detectorsAat 1 um, the increasing bright-
ness of night sky emission and, of course, the reduced nuddesity of potential
targets (as indicated by the evolution of the LBG luminogityction discussed
above). Nevertheless, even allowing for these difficultiesre is now growing (al-
beit still tentative) evidence that Lymam-emission from galaxies at~ 7 is sig-
nicantly less prevalent than at~ 6. Specifically, while spectroscopic follow-up
of LBGs with zy,t > 6.5 has indeed yielded several Lymanemission-line red-
shifts up toz ~ 7 (see section 3.1), these same studies all report a loweessic
rate &= 15— 25%) than encountered at- 6 (Pentericci et al. 2011; Schenker et al.
2012; Ono et al. 2012). In addition, such Lymaremission as is detected seems
typically not very intense, with an especially significaatth of intermediate Lyman-
o equivalent widthsEWeq ~ 20— 55A. The significance of the inferred reduction
in detectable Lymarmr obviously becomes enhanced if judged against extrapalatio
of the rising trend in Lymarex emission out t@~ 6, as discussed above, and plotted
in Fig. 13 (Stark et al. 2011; Hayes et al. 2011; Curtis-Latka.€2012).

These results may be viewed as confirming a trend perhaslgliented at by
the reported modest decline in the Lymarluminosity function betweer ~ 5.7
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andz~ 6.6 (as outlined above in section 4.2), and the tentative ifatbatroversial)
indications of further decline a&> 7. In summary, there is growing evidence of a
relatively sudden reduction in the transmission of Lyneaphotons between~ 6
andz ~ 7. Given that the galaxy population itself appears, on aesre become
increasingly better at releasing Lymamnphotons to the observer outta- 6 (per-
haps due to a global decline in average dust content), thematgal and popular
interpretation of this decline at~ 7 is a significant and fairly rapid increase in the
neutral hydrogen fraction in the IGM.

This has several implications. First, it suggests thahertomparison of LAES
and LBGs over the redshift range~ 6 — 7 may well have something interesting to
tell us about reionization (at least its final stages; set@e6.2). Second, it implies
that spectroscopic redshift determination/confirmatibhBGs atz > 7 is likely
to be extremely difficult, and that, for astrophysical reesave may be forced to
rely on photometric redshifts at least until the advent afigeely deep near-to-mid
infrared spectroscopy witBWST (capable of detecting longer-wavelength emission
lines including Hx). Third it suggests that the spectacular success of LAESele
via narrow-band imaging out to~ 6.6 could be hard to replicate at higher redshifts,
and hence that the future study of galaxies and their ewlaiz~ 7 — 10 may well
be driven almost entirely by Lyman-break selection.

5 Galaxy Properties

5.1 Stellar masses

Stellar mass is one of the most important and useful questttiat can be esti-
mated for a high-redshift galaxy. There are two reasonghisr First, since it rep-
resents the time-integral of past star-formation activitgan be compared directly
with observed star-formation rates in even higher-redgfafaxies to set model-
independent constraints on plausible modes of galaxy gwalfe.g. Stark et al.
2009). Second, it enables fairly direct and unambiguouspasison with the pre-
dictions of different theoretical/computational modelgalaxy formation, most of
which deliver stellar mass functions as one of their bastputs (e.g. Bower et al.
2006; De Lucia & Blaizot 2007; Choi & Nagamine 2011, Finlagbral. 2011).

Unfortunately, however, accurate galaxy stellar massewvary hard to derive
from data which only sample the rest-frame UV continuum.réhere two well-
known reasons for this. First, for any reasonable steliialimass function (IMF)
the UV continuum in a galaxy is dominated by light from a ristelty small num-
ber of short-lived massive stars, and thus depends chticalrecent star-formation
activity. Second, the UV continuum is much more stronglyetid by dust extinc-
tion than is light at longer wavelengths, with 1 mag. of estion in the rest-frame
V-band producing- 3— 4 mag. of extinction aeq ~ 1500A (e.g. Calzetti et al.
2000).
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Ideally, then, stellar masses should be estimated fronesterame near-infrared
emission, af\jeg ~ 1.6 um. But, beyondz ~ 5, this is redshifted tdqps > 10um,
and so this is not really practical uniNVST. Nevertheless, photometry at any wave-
length longer thad eg ~ 4000A is enormously helpful in reducing the uncertainty
in stellar masses, and so the now-proven abilitgwtzer to detect LBGs and LAEs
atz~ 5-—7 in the two shortest-wavelength IRAC bands fgis = 3.6 um and
Aobs = 4.5um) has been crucial in enabling meaningful estimates of ttellar
masses (e.g. Yan et al. 2006; Stark et al. 2007a; Eyles €@, 2abbe et al. 2006,
2010a,b; Ouchi et al. 2009a; Gonzalez et al. 2010, 2011;uvkekt al. 2011).

However, because even theg@tzer IRAC bands still sample rest-franoptical
emission az > 5 (see Fig. 1), the derived stellar masses remain significaffected
by star-formation history, which thus needs to either beiassl (often a constant
star-formation rate is simply adopted for a galaxy’s erttisgory — e.g. Gonzalez et
al. 2010) or inferred from full SED fitting to as much multi-weband photometry
asis available (e.g. Labbé et al. 2010b). This is, of cq@asetural bi-product of the
SED-fitting approach to deriving photometric redshifts; ibpresents a number of
challenges. First, it requires the careful combinatio8umfzer andHST data which
differ by an order-of-magnitude in angular resolution. @&t, there are areas of
disagreement between different evolutionary-synthesidets of galaxy evolution
(e.g. Jimenez et al. 2000; Bruzual & Charlot 2003; Marasta®t2 Conroy & Gunn
2010), although in practice these are not very serious wheones to modelling
the rest-frame ultraviolet-to-optical SEDS of galaxiesalmust be less than 1 bil-
lion years old (e.g. uncertainty and controversy over thengith of the asymptotic
red giant branch is not really an issue when modelling thet&}@ptical SEDS of
young galaxies; Maraston 2005; Conroy & Gunn 2010; Labke#.e2010a). Third,
and probably most serious, there are often significant d=geres between age,
dust-extinction, and metallicity, which can be hard or iregible to remove given
only moderate signal-to-noise photometry in only a few vimareds. Fourth, as has
recently become more apparent (e.g. Ono et al. 2010; Latdle 2010b; McLure
et al. 2011; Gonzalez et al. 2012), very different stellasses can be produced
depending on what is assumed about the strength of the mefmission-lines and
continuum from a galaxy’s inter-stellar medium relativédythe continuum emis-
sion from its stars (an issue discussed further in sectibp Bifth, one cannot es-
cape the need to assume a stellar IMF to deduce a total stedlss, as most of the
mass is locked up in low-mass stars which are not detected!

It would be a mistake to over-emphasize the issue of the IMEabse it is an
assumption which can also be changed in the model predic(mg. Davé 2008).
Thus, for example, the systematic factorofl..8 reduction in inferred stellar mass
that results from changing from the Salpeter (1955) IMF &t tf Chabrier (2003)
(see also Weidner et al. 2011) need not necessarily presefilllcomparison with
theory. In addition, another key quantity which follows aorh the derivation of
stellar mass is relatively immune to the assumed IMF. Thithés specific star-
formation rate $SFR), defined here as the ratio of star-formation rate to stellass
already in place. The extrapolation to smaller masses endly the IMF assump-
tion applies to both the numerator and denominator whenukzlng this quantity,
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making it reasonably robust (albeit still highly vulnerabd any uncertainties in dust
extinction). This, combined with the attraction tis8FR encapsulates a basic mea-
sure of “current” to past star-formation activity, has mafieR a key focus of many
recent studies of high-redshift galaxies. Indeed, one efritost interesting, and
controversial results to emerge from this work in recentryés that star-forming
galaxies lie on a “main sequence” which can be charactebgetsingle value of
sSFR which is a function of epoch. Moreover, as shown in Fig. 1&,chrrent ob-
servational evidence suggests that this charactesSER, after rising by a factor

of ~ 40 fromz =0 to z~ 2 (Noeske et al. 2007; Daddi et al. 2007) plateaus at
2 —3Gyr ! at all higher redshifts (e.g. Stark et al. 2009; Gonzale#.€2010).
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Fig. 17 Average(sSFR) determined at~ 7 by Gonzalez et al. (2010) for a median stellar mass of
5x10°M,, compared to the average values determined by other autHovesa redshifts, but com-
parable stellar masses (Noeske et al. 2007; Daddi et al; ik et al. 2009). This plot implies
that (sSFR) stays remarkably constant,at2 Gyr-* over the redshift range 2 z < 7, suggesting
that the star-formation—mass relation does not evolvenglyaduring the first~ 3 billion years of
galaxy evolution (courtesy V. Gonzalez).

Our current best estimate of the evolving stellar mass fonaf LBGs atz = 4,
5, 6 & 7 is shown in Fig. 18. This summarizes the work of Goazait al. (2011),
who used the WFC3/IR ERS data in tandem with the GOODS-S&®AR landHST
ACS data to establish a mass to luminosity relatiby, 0 L, atz~ 4, and then
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applied this to convert the UV LFs of Bouwens et al. (2007,@0dto stellar mass
functionsaz~4,5,6 & 7.

This plot also usefully illustrates both the level of agrestand current tension
with current theoretical models, several of which predidt@mely steep faint-end
mass-function slopesiyass ~ —2 to —3 (e.g. Choi & Nagamine 2010; Finlator et
al. 2011). The observationally-inferred mass-functionBig. 17 appear to display
significantly flatter low-mass slopes than this, withsss ~ —1.4 to —1.6. However,
it must be emphasized that Fig. 18 is based on the assumpaomlt galaxies at
these redshifts follow the same mass-to-light relatioméeried az~ 4 (and even
this relation includes many objects without individual IRAletections, and once
again involves the simplifying assumption of constant-fbamation rate). Thus the
fact that the low-mass end of the mass function has a flatipeghan the faint-end
slope of the UV LF is a simple consequence of applwhg, [ L%goo In detail this
is clearly wrong, but the question is how wrong?

This issue has recently been explored by McLure et al. (2@hb) for 21 galax-
ies atz> 6.5 whichdo have IRAC detections, explored the extent to whify, for
individual galaxies changes if the assumption of a univévk@, — Lisggrelation is
relaxed, and the full parameter space of age, star-forméatiiory, dust-extinction
and metallicity is explored in search of the best model fie Tésults of this analysis
are shown in Fig. 19. For individual objectg, can vary considerably depending
on the adopted model, and it appears that stellar mass camd$aetor of up ta~ 50
at a given UV luminosity. However, for most objects it is falthat the size of the
mass uncertainty is generally limited to typically a faadbr~ 2 — 3, partly by the
lack of available cosmological time (see also Labbé et @L.0b); this is one (the
only?) benefit of working ax > 5, namely that the impact dga Of a plausible
range of star-formation histories is damped somewhat byatethat less than 1
billion years is available. Another interesting outcometa$ analysis is that, de-
spite the increase in scatterlifiy,, theaverage value was indeed still found to be
consistent withsSFR) ~ 2~ 3Gyr1, and McLure et al. (2011) also confirmed that
the mass-luminosity relation at~ 7 is at least consistent with tie~ 4 relation
adopted by Gonzalez et al. (2011).

From these plots it can be seen that the typical stellar nfasslo LBG detected
atz~ 7 inthe current deep WFC3/IR imaging surveyMligy ~ 2 x 10°M,, and the
faintest LBGs uncovered at these redshifts have massew ashya ~ 1 x 10°M,
(see also Finkelstein et al. 2010). This is impressive, #wigffort to establish the
typical masses of faint LAEs from stacking of the availatdenjewhat shallower)
IRAC imaging over the wider-area narrow-band Subaru swevéhis work indi-
cates even lower typical stellar masses for LAEs selectetab.7 andz ~ 6.6,
with Mggr ~ 1—10x 10’M, (Ono et al. 2010).

This is not to say that a few significantly more massive LAEgehaot been
uncovered. For example, Ouchi et al. (2009a) discoverenfkti”, a giant LAE at
z=6.595, whose relatively straightforward IRAC detection irepla stellar mass in
the rangeVigar = 0.9—5x 10"M.,. The example of Himiko shows that reasonably
massive galaxies can be uncovered at 7 given sufficiently large survey areas
(in this case the paremt~ 6.6 narrow-band survey covered 1ded, sampling
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Fig. 18 The stellar mass functions of LBGs at~ 4, 5, 6, and 7 as produced by Gonzalez
et al. (2011) by applying th&lgar — L1isgo distribution found forz ~ 4 B-dropouts (within the
WFC3/IR ERS field) to the UV LFs of Bouwens et al. (2007, 2010y & 4 — 7. For masses
Mgar > 10%5M, thez < 7 mass functions are in reasonable agreement with the regeliermi-
nations by Stark et al. (2009) and McLure et al. (2009). Thekttlashed curve in each panel repre-
sents thenalytic mass functions derived from an idealizZéd o — L1500 relation which, given the
adopted form oMgar O L1y, inevitably display somewhat flatter low-mass slopgss ~ —1.4

to —1.6, than the faint-end slopes in the LBG UV LFRs £ —1.7 to—2.0; see section 4.1). The
z~ 4 analytical mass function is repeated in the other panels for compafteomdashed curve).
The dotted and thin solid lines show the simulated mass ifomefrom Choi & Nagamine (2010)
and Finlator et al. (2011) (courtesy V. Gonzalez).
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Fig. 19 Star-formation rate versus stellar mass for the twentyeatmjects in the final robusgt> 6.5
LBG sample of McLure et al. (2011) with IRAC detections aheit3.6um or 3.6+4.5um. In the
left-hand panel the star-formation rates and stellar nsadssee been measured from the best-fitting
SED template drawn from a wide range of star-formation hieto metallicities and reddening. In
the right-hand panel the star-formation rates and steltesses have been estimated from the best-
fitting constant star-formation model. The Errors on both parameters have been calculated by
determining thed x2 = 1 interval, after marginalising over all other free paragnet The solid line

in both panels is the SFRVI¢4 relation derived by Daddi et al. (2007) for star-formingajaés
atz~ 2 and corresponds to a sSSFRo2.5 Gyr 1. The dotted lines illustrate how the SFRIgg
relation for a galaxy with a constant star-formation raté aero reddening varies as a function of
stellar population age, as marked in the right-hand paweir{esy R. McLure).

a comoving volume 0f+800,000 Mpé; Ouchi et al. 2010). Such discoveries are
“expected”, and are entirely consistent with the mass fonstshown in Fig. 18.
However, one should obviously be sceptical about claimsnofrmously massive
(e.9.Mgar > 5x 10 M) galaxies az > 5, especially at very high redshift and/or

if discovered from very small surveys (e.g. Mobasher et@05). In fact, Dunlop et

al. (2007) found no convincing evidence of any galaxies Withy > 3 x 10*M,
atz> 4 in 125 arcmif of the GOODS-South field, a result which is again consistent
with the high-mass end of the mass functions shown in Fig. 18.

5.2 Star-formation histories

Given the growing evidence th&SFR) is approximately constant at early times,
it is tempting to conclude that the star-formation ratesighkredshift galaxies are
exponentially increasing with time (rather than staying constant or exponentially de
caying, as generally previously assumed — e.g. Eyles eb@lZ;Stark et al. 2009).
While the analysis of McLure et al. (2011) indicates that &nibe a mistake to as-
sume all individual galaxies grow in this self-similar manrand simple exponen-
tial growth is not really supported by the Gonzéalez et ad1(®) mass-luminosity
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relationship, on average something at least close to tleisas® does indeed ap-
pear to be broadly consistent with much of the available ¢tata z ~ 8 down
to z~ 3 (Gonzalez et al. 2010; Papovich et al. 2011). Interebtirthe latest re-
sults from hydrodynamical simulations strongly predicittthe star-formation rates
of high-redshift galaxies should be increasing approxatyagxponentially (e.g.
Finlator et al. 2011). However, the same simulations makegéneric prediction
that (sSFR) should continue to rise with increasing redshift beyand 2, with
(sSFR) 0 (14 2)5, tracking the halo mass accretion rate (e.g. Dekel et al9R00
Thus, if the improving data continue to support an unevawalue for(sSFR) at
high redshift, it will likely be necessary to invoke an adulital feedback mechanism
to supress star-formation in the theoretical models at regkhift.

It is probably premature to attempt to say anything much naetailed about
the evolution of the stellar populations in LBGs and LAEsat 5— 8. Without
high-quality spectroscopy, the determination of detadtad-formation histories is
inevitably confused by the complications and degeneraaieing from uncertain
dust extinction, nebular emission, and metallicity, issuhich are discussed a bit
further below in the context of UV slopes and ionizing phogsnape fractions. Cer-
tainly, the best-fitting star-formation histories for~ 7 LBGs deduced by McLure
et al. (2011) range from 10 Myr-old “Bursts” to models inviolg constant star-
formation over 700 Myr, and for each individual object a wrdage of alternative
star-formation histories is generally statistically péted by the broad-band photo-
metric data and the uncertainty in metallicity. Meanwhige,LAES, ages as young
as 1-3 Myr have been inferred for the fainter, bluer objeetg.(Ono et al. 2010).

Of course, as argued by Stark et al. (2009), in reality thefetanation in these
young galaxies may be highly intermittent or episodic. lestingly, it is possible
to try to estimate the “duty cycles” of LBGs and LAEs by reciting their clus-
tering properties with their number density. As discussgd®iichi et al. (2010),
the clustering of LAEs az ~ 6.6 can be used to infer a typical halo mass of
Mhaio ~ 108 —10°M ., and then comparison of the predicted number-density d¢f suc
halos with the observed number density of LAEs implies thasé galaxies/halos
are observable as LAEs for-110% of the time. These estimates are clearly still
highly uncertain, not least because the clustering pragseof LAEs and LBGs are
still not very well determined (see section 5.5 below), andeed, based on the
luminosity function comparison discussed above, it coddalgued that the duty
cycles of LAE and LBG activity must be virtually the samezat 6 — 7. Neverthe-
less, such calculations have the potential to provide gemyiuseful constraints on
duty cycles, as future surveys far~ 5— 8 LAEs and LBGs increase in both area
and depth.

5.3 Ultraviolet slopes

The first galaxies, by definition, are expected to contaily y@ung stellar popu-
lations of very low metallicity. However, the possibility detecting unambiguous
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observable signatures of such primordial stellar popatetiwith current or indeed
planned future instrumentation is currently a matter ofsiderable debate.

For example, one long-sought distinctive spectral sigreatfithe first generation
of galaxies is relatively strong Hell emission/aty = 16408 (e.g. Shapley et al.
2003; Nagao et al. 2008; di Serego Alighieri et al. 2008). w8y, near-infrared
spectroscopy of the sensitivity required to detect this e > 7 will certainly not
be available until théWST, and even then some theoretical predictions indicate that
it is unlikely to be found in detectable objects (SalvateFarrara & Dayal 2011,
but see also Pawlik, Milosavljevic & Bromm 2011).

By necessity, therefore, recent attention has focussechether the broad-band
near-infrared photometry which has now been successfalig to discover galax-
ies atz~ 6.5— 8.5 can actually be used to establish the rest-frame contirslopes
of the highest redshift galaxies. Specifically, very youmetal-poor stellar popula-
tions are arguably expected to result in substantiallyadtoatinuum slopes around
Ares 15004 than have been detected to date in galaxies discovered/ab\aer
redshiftz < 6.5 (e.g. Steidel et al. 1999; Meurer et al. 1999; Adelbergert&idel
2000; Ouchi et al. 2004; Stanway et al. 2005; Bouwens et 86 28athi et al. 2008;
Bouwens et al. 2009b; Erb et al. 2010).

It has become the normal convention to parameterise the-vilttet continuum
slopes of galaxies in terms of a power-law indBxwheref, 0 AP (e.g. Meurer et
al. 1999; thusf3 = —2 corresponds to a source which has a flat spectrum in terms of
fy, and hence has zero colour in the AB magnitude system). Assbed by several
authors, while the bluest galaxies observerdat3 — 4 havef ~ —2, values as low
(i.e. blue) ag3 = —3 can in principle be produced by a young, low-metallicigl-st
lar population (e.g. Bouwens et al. 2010b; Schaerer 200@Q) ener, as illustrated
in Fig. 20, for this idealized prediction to actually be ieadl in practice, several
conditions have to be satisfied simultaneously, namelye)stiellar population has
to be very young (e.d. < 30 Myr for metallicity Z ~ 10-3Z., ort < 3 Myr for
Z ~1072Z.), i) the starlight must obviously be completely free fromyasignifi-
cant dust extinction, and iii) the starlight must at& be significantly contaminated
by (redder) nebular continuum (a condition which has imgrrimplications for
UV photon escape fraction, and hence reionization — seex@mple, Robertson et
al. 2010).

For this reason, the report by Bouwens et al. (2010a) (suepdo some extent
by Finkelstein et al. 2010) that the faintest galaxies detbatz > 6.5 apparently
display an average value ¢8) = —3.0+ 0.2 was both exciting and arguably sur-
prising, and was immediately subjected to detailed th&akinterpretation (e.g.
Taniguchi et al. 2010).

However, a series of further observational studies of UYatoover the last year
have failed to confirm this result, revealing that the orédjimeasurement was biased
towards excessively blue slopes in a subtle but significaayt (8.9. Dunlop et al.
2012; Wilkins et al. 2011b; Finkelstein et al. 2012; Bouwensl. 2012). It now
seems likely that, for the faintest galaxies uncovered s@fia ~ 7, the average
UV power-law index lies somewhere in the ran@s = —2.5 — —2.0. As can be
seen from Fig. 20, the correct interpretation of such slégaaclear, as they can be
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Fig. 20 Theoretical predictions of galaxy UV-slogg showing the values that are expected for
stellar populations of different age and metallicity, ahé teason for the interest generated by
intial claims that faint galaxies at~ 7 display () ~ —3 (Bouwens et al. 2010a). The left-hand
panel shows the predicted evolutionf®for instantaneous starbursts of differing metallicityttwi
and without predicted nebular continuum (Schaerer 2003.right-hand panel shows equivalent
information for the (arguably more realistic) case of contius star-formation. More recent mea-
surements off3) have failed to find evidence for valuég8) < —2.5 atz~ 7, and have converged
on(B)=—2.1+0.1for brighter *) galaxies az~ 7. These plots show that while extreme values
of (B) < —2.8 would imply both very low metallicityand a high UV-photon escape fraction, the
interpretation of the more moderate values actually olesk(ie. () = —2.0 — —2.5), is much
less straightforward.

produced by different mixes of age, metallicity, and nebatatributions; it is only
in the extreme case d@f3) ~ —3.0 that the interpretation in favour of exotic stellar
populations and large escape fractions becomes relatileziy.

Although these more moderate UV slopes are arguably inmatteord with
theoretical expectations (e.g. Dayal & Ferrara 2012) it rei@y be the case that
some individual galaxies at~ 7 with § = —3 have already been discovered among
the faint LBG or LAE samples (e.g. Ono et al. 2010). Unforteha however, this
is impossible to check with current data becafisis such a sensitive function of
observed colour. Az~ 7, the estimate g8 for anHST-selected LBG has currently
to be based on a single colour, with

B = 4.43(J125— Higo) — 2. (7

Thus, a perfectly “reasonable” photometric uncertainty~015% in J;25 and
Hieo translates to a2 20% uncertainty in colour and hence to amluncertainty
of +£0.9 in 3. Better photometric accuracy, ideally combined with add&l near-
infrared wavebands to allow improved power-law or SED fit{as is already pos-
sible at lower redshifts; Finkelstein et al. 2012; Castallat al. 2012) is required to
enable a proper investigation of the UV slopes of the fatrgataxies az ~ 7 — 8.
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In contrast to this confusion at the faintest luminositikere does at least seem to
be general agreement that the brighter galaxies foumd-at (with M1500~ —21)
have () = —2.1+0.1. This is basically as expected for a few hundred Myr-old
star-forming galaxy, with solar metallicity and virtuatyp dust extinction, although
other interpretations are possible (see Fig. 20). Ceytafol galaxies at these
brighter luminosities, any evolution if3) with redshift has generally been inter-
preted as arising predominantly from a change in the levelust obscuration, as
already discussed above in the context of Lynsa@mission. In particular, Bouwens
et al. (2009b) have reported that the average valyz@thibited by brighter LBGs
declines from{8) ~ —1.5atz~ 4 to (f3) ~ —2 atz~ 6, and have interpreted this
as reflecting a progressive reduction in average extinetitmincreasing redshift.
This is an important result, because it leads to the corautiat the correction
to be applied to observed UV luminosity density to accountigst-obscured star-
formation steadily decreases with increasing redshifis ihs obvious implications
for the inferred history of cosmic star-formation densisydascussed further below
in section 6.1. However, the precise redshift dependenegerfige extinction, and
indeed whether there exists a clear relationship betweetlubhosity and spectral
slope at high redshift is still the subject of some contreygDunlop et al. 2012;
Bouwens et al. 2012; Finkelstein et al. 2012; Castelland @04 2).

5.4 Galaxy sizes and morphologies

Only the most basic information is known about the morphigegf LBGs and
LAEs atz > 5, for the simple reason that the objects are faint, and are gkener-
ally detected at only modest signal:noise ratios. Oesch é2@10b) investigated
the first WFC3/IR imaging of LBGs at~ 7 — 8, and were able to show that al-
most all of these galaxies are marginally resolved, with werage intrinsic size
of ~ 0.7+ 0.3kpc. Thus, known extreme-redshift LBGs are clearly vemnpact
(certainly too compact to be resolved with typical grouradsdxd imaging), and the
detection of extended features is, to date, rare. Compawiih the sizes of LBGs at
lower redshiftimplies that average size decreases geottlyZ~ 4 toz~ 7, follow-
ing approximately a relationship of the forfh+2)~* (Fig. 21). A slow decrease in
average size at a fixed luminosity with increasing look-ttaok is anticipated from
semi-analytic models of galaxy formation (e.g. Mo et al. 89P999; Somerville et
al. 2008; Firmani et al. 2009), and is consistent with eadleservations of lower-
redshift LBGs (e.g. Ferguson et al. 2004; Bouwens et al. Bp@Ad disc galaxies
(e.g. Buitrago et al. 2008). However, it is still unclear wier the apparently ob-
served relationship at high redshift is, at least in parg@sequence of the fact that
galaxy detection withiST is biased towards objects which have high surface bright-
ness (e.g. Grazian etal. 2011). Oesch et al. (2010b) clainthts is not a significant
problem, butHST imaging covering a greater dynamic range, and providingglar
samples for stacking, should certainly help to clarify ik®ie in the near future.
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Fig. 21 The observed evolution of the mean size of Lyman-break gsdarported by Oesch et al.
(2010b), over the redshift range- 2 — 8 in two different luminosity ranges (0.341) 5 (top) and
(0.12-0.3);_5 (bottom) (where_;_j is the characteristic luminosity of a LBG at- 3). Different
symbol styles correspond to different ways of analysingdag to extract size estimates. The
dashed lines indicate the scaling expected for a fixed dattemaalo mass( (1+2)~* =0
H(2)~%/3; black) or at fixed halo circular velocityX (1+2)~%2 O H(z2)~1; gray). The solid red
lines indicate the best fit to the observed evolution, whidtieiscribed as proportional tb+2) ™,
with m= 1.1240.17 for the brighter luminosity bin, aneh = 1.32+ 0.52 at fainter luminosities
(but both are formally identical, and consistent with~ 1). The extent to which this apparent
relationship is influenced by the surface-brightness biasrent in deegiST imaging is still a
matter of some debate (courtesy P. Oesch)

At somewhat lower redshifts, Taniguchi et al. (2009) usedHBT ACS single-
orbit Ig14 imaging in the COSMOS field to attempt to investigate the rholpgies
of 85 LAEs atz~ 5.7, selected via Subaru narrow-band imaging. The results of
this study are somewhat inconclusive, with only 47 LAEs bedetected, and ap-
proximately half of these being apparently unresolved.éxineless, the result is
a typical half-light radius of- 0.8 kpc, clearly not inconsistent with that displayed
by LBGs at comparable redshifts. Taniguchi et al. (2009) adport that fits to the
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light profile of their stacked images favour a Sérsic index 0.7, more consistent
with disc-like or irregular galaxies than with a de Vaucauwkespheroid.

5.5 Clustering

A measurement of the clustering of high-redshift galaxdesf interest primarily for
estimating the characteristic mass of the dark matter haledich they reside. If
this can be established with meaningful accuracy, then geoison of the observed
galaxy number density with that of the relevant halos (aslipted within the con-
cordance\-CDM cosmological model) can yield an estimate of the hakupation
fraction, or, equivalently, the duty cycle of a given clagsigh-redshift galaxy.

The measurement of galaxy clusteringat5 is still in its infancy, due primarily
to the small sample sizes delivered by current facilities date it has been most
profitably pursued using the samples of several hundred Ls&lested over degree-
scale fields via the narrow-band Subaru imaging targettecab.7 (Ouchi et al.
2005) andz ~ 6.6 (Ouchi et al. 2010). Fig. 22 shows the distribution on the sk
the~ 200 LAEs atz~ 6.6 uncovered in the SXDS field by Ouchi et al. (2010).

To quantify the significance and strength of any clusterireggent in such im-
ages, the standard technique is to calculate the Angulaefation Functiong(6),
which represents the excess (or deficit) of objects at a gingiular radius from a
galaxy relative to that expected from a purely random diigtion of galaxies with
the observed number counts. This is usually calculatedvidtig the prescription of
Landy & Szalay (1993), which gives

ape(8) = [DD(8) — 2DR(6) + RR(6)] /RR(6), ®

whereDD(6), DR(6), andRR(8) are the numbers of galaxy-galaxy, galaxy-random,
and random-random pairs normalized by the total number io$ i each of the
three samples.

Considerable care and simulation work is required to cateulyps(8) espe-
cially when, as shown by the grey regions in Fig. 22, sevardsaof the image
have to be masked out due to bright stars or image artefastdegcribed in detall
by Ouchi et al. (2005, 2010 0) is converted to a best estimatew(6), then
used to derive a clustering amplitudg assuming a power-law correlation function
w(8) = AwB~P, in which B has generally to be fixed rather than fitted given the
limited sample size (usuallg = 0.8 is adopted on the basis of clustering analy-
ses at lower redshift). Finallj, is coverted into a physical correlation length
using knowledge of the redshift distribution (which is telaly straightforward to
establish for narrow-band selected LAES).

The result of these studies is that significant clusterirgritav been detected in
the LAE population az > 5, and that the best estimate of the correlation length
for LAEs atz~5—7 isrg = 3— 7Mpc (for Hy = 70kmsMpc1). This in
turn can be used to infer an average mass for the dark-maities hosting these
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Fig. 22 The distribution on the sky of the 207 LAEsat 6.565-+ 0.054 detected by Ouchi et al.
(2010) via narrow-band imaging with Subaru in the SXDS fi®dd squares, magenta diamonds,
and black circles indicate the positions of brigiB921 < 25.0), medium-bright (25 < NB921<
25.5), and faint (2% < NB921 < 26.0) LAEs, respectively. The red square surrounded by a red
open square indicates the giant LAimiko, atz= 6.595 reported by Ouchi et al. (2009a), and
already briefly discussed in section 5.1 (courtesy M. Ouchi)

LAEs of 10°— 10'1M,,. A similar analysis for LBGs at & z < 6 has been per-
formed by McLure et al. (2009), who report a correlation lgngf ro = 8f§_5Mpc

(for Hg = 70kmstMpc~1) and a resulting characteristic dark-matter halo mass
of 1015 — 10M.,.. This significantly larger halo mass for the LBGs is not un-
expected, given that they are considerably rarer, moreineagbjects (than typi-
cal narrow-band selected LAES), having been selected freubatantially larger
cosmological volume, down to much brighter continuum fluxits. These re-
sults are consistent with those derived by Overzier et &062 for LBGs at a
mean redshift ok ~ 5.9. Interestingly, the > 5 LBGs studied by McLure et al.
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(2009) are bright enough to allow a reasonable estimate efage stellar mass,
logyo(M/Ms) = 10.0132, which is consistent with the results of the clustering anal
ysis for plausible values of the ratio of stellar to dark reatt

Unfortunately the large uncertainty in current estimatesharacteristic halo
mass, combined with the steepness of the halo mass funoteams that such clus-
tering measurements cannot yet be used to yield meaniggiaiurate duty cycles
for LAEs and LBGs (e.g. Ouchi et al. (2010) report an inferdetly cycle of~ 1%
for z~ 6.6 LAES, but acknowledge this is extremely uncertain). Nbakdss, these
pioneering studies provide hope for meaningful measurésveith the much larger
LAE and LBG samples anticipated from Hyper-Suprime Cam obaBu (Takada
2010) and from theeUCLID Deep survey over the next decade (Laurejis et al.
2011).

As discussed in section 6.2, such future large-scale ssisp have the poten-
tial to search for one of the long anticipated signatures@nization, namely an
enhancement in the clustering of LAESs relative to LBGs dugstizhy reionization.
At present, Ouchi et al. (2010) report no evidence for suclustering amplitude
boost az~ 6.6.

6 Global perspective

6.1 A consistent picture of galaxy evolution?

6.1.1 Cosmic star-formation history

To gain a broader view of the time evolution of action in theiuénse the evolv-
ing galaxy UV luminosity function discussed in section 4ah de integrated (over
luminosity) to yield the evolvingomoving UV luminosity density. This might be
of academic interest were it not for the fact that this qugrdan, in principle, be
converted intcstar-formation density, to gain a global view of the evolution of star-
formation activity per unit comoving volume over cosmic &m

This calculation has been performed by many authors oveda weinge of red-
shifts since being first promoted by Lilly et al. (2006) anddda et al. (2006). It is,
however, a calculation fraught with danger as it involvesi(ean depend critically
upon) several extrapolations; the galaxy luminosity fiorchas to be correctly ex-
trapolated to the lowest luminosities, the stellar masstion has to be correctly
extrapolated to the lowest masses, and any mass and/or ¢jpemdence of the ob-
scuring effects of cosmic dust has to be correctly accoufttednd removed. In
addition, care has to be taken to account for highly-obstpepulations which
may be entirely missed in UV-selected galaxy samples.

A full review of the many, and continually-improving studief cosmic star-
formation history is obviously beyond the scope of this 5 review. However, to
place the high-redshift results in context, it is fair to shgt there is now broad
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agreement that star-formation density rises by an orderagnitude as we look
back fromz=0toz=1, increases by a further factor of 2 or 3 by 2, and then
appears to plateau out to~ 3 before declining at still higher redshifts (see e.g.
Hopkins & Beacom 2006; Dunlop 2011). This evolution is shawfig. 23 (taken
from Bouwens et al. 2011b), but this particular figure hasikdiberately designed
to focus on the apparently smooth and steady decline of@taration density from
z~3toz> 8.
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Fig. 23 A compilation of UV luminosity density measurements, anddeeinferred evolution of
cosmic star-formation rate density as presented by Bouwemrs. (2011b). The data-points at
z=4— 8 are basically based on integrating the luminosity fumgidescribed in Fig. 11 down
Muv ~ —18 AB mag, while data points at lower redshift from Reddy &i&¢(2009), Bouwens
et al. (2007) and Schiminovich et al. (2005) are providedcfamtext. The blue data points and
lower shaded regions indicate UV luminosity density prmaty correction for dust obscuration.
The upper locus indicates the effects of correcting form#tdependent dust onscuration which,
as apparent, is assumed here to decline to zermby following Bouwens et al. (2009b). The
red hatched region is intended to indicate the SFR densityedifrom differentiating the growth
in stellar mass density delineated below in Fig. 24. Results> 8 are probably not meaningful,
as the stellar mass density is based on an assumed extiapolahile thez~ 10 datapoint is
based on the single~ 10 galaxy in the HUDF claimed by Bouwens et al. (2011a) andtiadal
tentative upper limits based on non detections (Oesch 20&R). (courtesy R. Bouwens)

Crucial to the precise form of this plot is the assumed stiteagd redshift de-
pendence of typical dust obscuration as a function of régisthich in this case is
assumed to decline from a factor of7 atz~ 2 to essentially zero at~ 7. The
true redshift dependence of dust extinction in LBGs of ceuesnains a matter of
debate, but several independent pieces of evidence puiatds a high-redshift de-
cline (e.g. Fig. 13), and even with dust corrections it igtarescape the conclusion
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that SFR density is significantly lower at- 7 than at the peak epoch corresponding
toz~2-3.

Finally, it is worth noting that while the datapoint at~ 10 should probably
be taken with a pinch of salt (but see also Oesch et al. 206&)d¢cline in SFR
density fromz= 4 toz= 8 is in fact fairly precipitous when viewed in terms of the
~ 1 Gyr of elapsed cosmic time. Current observations of the-hagishift UV LF
thus support the view that we are witnessing the rapid emergef the star-forming
galaxy population.

6.1.2 The growth of cosmic stellar mass density

An alternative route to determining the cosmic history afg$brmation is provided
by integrating the evolving galaxy stellar mass functiamgef stellar mass) to map
out the build-up otomoving stellar mass density with cosmic time. In principle this
can be used as a check on the validity of the assumptionsé€ouing, for example,
dust) used to estimate cosmic star-formation history asriesi above, because the
stellar mass density in place at any epoch should (modul® sietlar mass loss)
equate to the time integral of all preceding star-formatotivity. At z > 5 these
calculations are arguably still premature. However, gigata of sufficient quality,
they may in fact be more straightforward and less uncertan tat more modest
redshifts, principally because serious dust obscuratiay be less of a problem in
the young, relatively metal-poor Universe.

Fig. 24 shows a compilation of recent determinations ofastehass density at
high redshift taken from Gonzalez et al. (2011), with thekelgreen pentagons in
effect being based on integration of the stellar mass fanstshown in Fig. 18
(again down toMyy ~ —18, for ease of comparison with Fig. 23). Despite the
well-documented uncertainties in current measurementleoktellar mass func-
tion at early times, this figure indicates that there is noasomably good evidence
for a smooth, monotonic rise in the integrated stellar massity with decreasing
redshift. Moreover, while there have in the past been sorobl@ms in reconcil-
ing the growth in stellar mass density with the directly olied SFR density (e.g.
Wilkins, Thretham & Hopkins 2008), this situation has imyped (e.g. Reddy &
Steidel 2009), and the reasonable agreement seen heresbdtveeime differential
of Fig. 24 with the SFR density plotted in Fig. 23 (as indicklg the red hatched
region) arguably provides some confidence that neither uneaent is too far off.
It also suggests that fears the IRAC fluxes from many7 galaxies are dominated
by extreme nebular emission lines (rather than starliglaty mave been somewhat
exaggerated (Schaerer & Barros 2010; see also McLure edHl)2

It is however, probably premature to conclude that the agese is sufficiently
good to support the assumption of zero dust obscuratiorghtredshift, especially
given the current limitations in constraining the low-massl of the stellar mass
function atz > 4. DeepeHST data will undoubtedly help further progress in this
area, as of course will the higher resolution mid-infraredging to be delivered by
JWST (see section 7).
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Fig. 24 Stellar Mass Density as a function of redshift for sourceghter thanM;s00= —18 as
derived by Gonzélez et al. (2011). These stellar-masstgiersdues were produced by integrating
the mass functions shown in Fig. 18N s00= —18 atz=4, 5, 6, and 7. Shown for comparison
are the stellar-mass density determinations from fromkStaial. (2009) corrected to the same
Mis00= —18 limit. The low-redshift open circles were derived by gr&ing the Marchesini et
al. (2009) mass functions betweer8& logioMstar/M) < 13 and multiplying by 1.6 to match
the Salpeter IMF. A constant SFH and 0.2 detallicity was assumed to derive all stellar masses
at z > 4. The effect of a possible 20% correction due to contanonaly Ha is shown, as is
the effect of using a different IMF. The integrated mass ghoghown here is well described by
10g10(SMD) 00 (1+2) 3408 (courtesy V. Gonzalez).

6.2 Cosmic reionization

6.2.1 Current constraints on reionization

A second arena in which the integrated UV luminosity densityre evolving high-
redshift galaxy population is of interest is in the study o$mic reionization. The
reionization of the hydrogen gas that permeates the Urdwges a landmark event
in cosmic history. It marked the end of the so-called cosrdark ages”, when the
first stars and galaxies formed, and when the intergalaaSax@as heated to tens of
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thousands of degrees Kelvin from much smaller temperatiit@s global transi-
tion had far-reaching effects on the formation of the eadgroological structures
and left deep impressions on subsequent galaxy and staatiormsome of which
almost certainly persist to the present day.

The study of this epoch is thus arguably the key frontier impteting our un-
derstanding of cosmic history, and naturally the focus otimaurrent research.
Nevertheless, despite the considerable recent progrésstintheory and observa-
tions (for recent reviews see Robertson et al. (2010), MoQeit al. (2010)) all
that is really established about this crucial era is thatas wompleted by redshift
z~ 6 (as evidenced by the Gunn-Peterson troughs in the spddtra most distant
quasars; Fan et al. 2006) and probably commenced arpundl5 (as suggested
by the latest WMAP microwave polarisation measurementsgtwfavour a mean
redshift of reionization of 1@+ 1.4; Komatsu et al. 2009). However, as discussed
by Dunkley et al. (2009), within these bounds the reionaatiistory is essentially
unknown, and with current data we cannot even distinguisétiadr it was “sharp”
or extended.

Unsurprisingly, therefore, understanding reionizatisrone of the key science
goals for a number of current and near-future large obsenatprojects. In partic-
ular, it is a key science driver for the new generation of meja-frequency radio
projects (e.g. LOFAR, MWA and SKA) which aim to map out therdasevolution
of theneutral atomic Hydrogen via 21-cm emission and absorption. However, radio
observations at these high redshifts are overwhelmindficdit, due to the faint-
ness of the emission and the very strong foregrounds, andyirtase such radio
surveys cannot tell us about the sources of the ionizing flux.

A key and interesting question, thenyikether and when the apparently rapidly
evolving UV-selected galaxy population is capable of d&iivg enough ionizing
photons per unit time per unit volume which can escape fragir tiost galaxies to
reionize the inter galactic medium.

6.2.2 The galaxy population at z~ 7, and the supply of reionizing photons

Clearly the complete ionization of hydrogen in the inteagdt medium requires
sustained sources of Lyman continuum photons with wavéltesig< 912A (cor-
responding to the ionization energy of ground-state hyeinglg > 13.6 eV). If the
emerging population of young faint galaxies revealed inHIBd surveys is respon-
sible for reionizing the Universe then, as discussed by naarkiors, the process
of reionization should, at least in broad terms, follow thene-dependent density
(e.g. Robertson et al. 2010; Trenti et al. 2010). Howevés, hibt straightforward to
establish the number density of ionizing photons delivéredalaxies azr ~ 6 — 10,
because they are essentially unobservable due to the &catk absorbed by neu-
tral hydrogen (as they must be if they are doing their job @fmizing the hydrogen
gas). We are therefore forced to infer the number densitgriZzing photons from
the observable evolving UV luminosity densityXags ~ 15004, coupled with esti-
mates of the rate of ionizing photons produced per unit sokss of star-formation
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activity, and an estimate of what fraction of the ionizingnign-continuum pho-
tons produced by young stars can actually escape their latestigs to help with
reionization of the surrounding inter-galactic mediufad).

Finally, we also require some knowledge of the “clumping€y’of the inter-
galactic medium in the young Universe. For the IGM to be iedigsimply requires
that recombinations are balanced by ionizations. The réauation rate depends
on the IGM temperature and the physical hydrogen densitchvdeclines with
time according to the universal expansion fad®t) > 00 (1 + 2)3. However, it is
enhanced in locally overdense regions by the clumping f&&te (n%,)/(ny)? (i.e.
C =1 corresponds to a uniform IGM). Early cosmological simolas indicated
that the IGM clumping factor at ~ 6 could be as high a8 ~ 30 (e.g. Gnedin
& Ostriker 1997) making reionization difficult due to seliislding within dense
clumps. However, more recent simulations suggest that@h ¢tlumping factor
lies in the range Xk C < 6, making reionization easier to achieve (e.g. Bolton &
Haehnelt 2007; Pawlik, Schaye & van Scherpenzeel 2009)
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Fig. 25 Did Galaxies Reionize the Universe? Expected constramte®rate of ionizing photons
dnion/dt, from the combination of the HUDF and on-going CANDEHST surveys. The shaded
regions show a & uncertainty in the UV luminosity densitpyy and the improvement made
possible via the planned deeper 29.9(AB) (stackgad + Higg) UDF12 imaging program. The
light and dark grey regions show tiggy ranges necessary to maintain reionization for escape
fractionsfeee = 0.2 and 0.1 respectively (for other assumptions see Robeets@in2010) (courtesy

B. Robertson).

An illustration of current constraints on the ability of gales to reionize the
Universe az~ 7 is shown in Fig. 25 (adapted from Robertson et al. 2010)s iEhi
based on our current knowledge of the galaxy LF at this epactassumed IGM
clumping factorC = 2, a production rate of ionizing photons per unit star forma-
tion of 1P5s*Myr, and alternative escape fraction assumptionfegf= 0.1
and fes. = 0.2 (values forfesc Which at least have some tentative support from ob-
servations ar ~ 3; Shapley et al. 2006, Iwata et al. 2009). All of these nursber
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remain highly uncertain, but it can be seen that for theggiadly not unreasonable
assumptions, confirmation that tke- 7 LF of McLure et al. (2010) continues to
rise steeply down tdéd ~ 30 AB mag may be sufficient to prove that the emerg-
ing population of young galaxies could have reionized thévehse byz ~ 7. Of
course this conclusion would become even more secure iéresteeper faint-end
slope in the LF favoured by Bouwens et al. (2011) (see sedtibpis confirmed,
and especially if more accurate determinations of the Wyslparamete8 favour
high escape fractions (see section 5.3). This providesgtmotivation for the even
deeper HST WFC3/IR observations in the HUDF planned in thé&lDproject in
summer 2012 ST programme GO-12498).

In addition, Fig. 25 conservatively assumes that we onlyntop the photons
from the observable galaxies which, for thed169 ~ 30 limit of the planned HST
imaging, corresponds to an absolute magnitude limilgfoo~ —17. Extrapolation
to still fainter luminosities will provide yet more ionizinphotons, especially if
the LF remains steep, and even more so if escape fraction wigh decreasing
luminosity. However, it is currently unclear how far downlimminosity one can
safely integrate. At low redshift&GALEX imaging in the Coma and Virgo clusters
suggests a turnover in the LF arouvigy ~ —14 (Hammer et al. 2012; Boselli et al.
2011) corresponding to a deficit of dwarfs below masses BMLO, while the field
UV LFs appear to keep rising to fainter magnitudes{11; e.g. Treyer et al. 2005).
However, the relevance of these low-redshift results idaarcgiven that Schechter
function fits at low-redshift yield a faint-end slope of omty= —1.4.

If the new HST imaging continues to strengthen the argunfenigalaxies could
have reionized the Universe lay- 7, then attention will shift to the issue of how to
reconcile such relatively late reionization with the WMAdSults.

6.2.3 Lyman-a emission

Additional information on the progress of reionization dangleaned from obser-
vations of Lymanao emission from high-redshift galaxies, which have the ptig¢n
to inform us about the ionization state of the IGM as a funrctbredshift.

This work complements detailed analyses of Lynsamemission from high-
redshift quasars, where studies of the size of proximityez@e. the ionized region)
around, for example, the= 7.085 quasar LAS J1120+0641 (whose spectrum was
shown in Fig. 2), have been used to argue that the IGM is sigmifiy more neutral
atz~7than az~ 6.5 (Mortlock et al. 2011, Bolton et al. 2011). The problem with
such studies of very bright, but hence very rare objectsasithis hard to know
whether the sightline is typical, and it is also hard to decichether a small prox-
imity zone may simply refect the fact a given quasar has oatently turned on.
Thus, while observations of Lymam-emission from the much fainter galaxy popu-
lation are obviously much more challenging, they offer thespect of statistically
representative results based on multiple sightlines.

As already discussed in detail in section 4.3, and as cdgalsscribed by Finla-
tor (2012), a partially neutral IGM has the effect of scattgthe Lymanea emission
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from a galaxy into a low surface brightness halo, and thisdesgral measurable
consequences which, for convenience, | summarize agagfiybhniere.

First, the luminosity function of LAEs may evolve. Howevas discussed in
sections 4.2 and 4.3, the interpretation of current measemés of the evolving LAE
LF is complicated by the fact any evolution seen reflects aimithe underlying
evolution of the galaxy mass function, evolution in theisitrISM of the galaxies,
and the desired signature of the evolving IGM. This comtilicg coupled with the
very poor constraints currently available on the form ofltlid LF atz~ 7, mean
that it appears too early to attempt to draw any definitivecbsions on the progress
of reionization from this work.

Second, the Lymam escape fraction should evolve. As explained in section
4.3.3, follow-up spectroscopy of objects selected as LB&&s im principle, the abil-
ity to cleanly separate the evolution of the underlying gglpopulation from the
evolution of Lymane escape fraction. These observations are being keenly pur-
sued, and current indications are that average Lymasscape fraction increases
out to z ~ 6, but that this trend shows signs of reversat at 7 (Pentericci et al.
2011; Schenker et al. 2012; Ono et al. 2012). In additioriates@ claims have been
advanced that this drop in escape fraction is more dramatiafnt objects than
for bright ones, and that this may indicate reionizationcgeals from high- to low-
density environments, as suggested by an inside-out gzittan model (Ono et al.
2012). However, the spectroscopyzat 7 is challenging, and current results are
somewhat controversial and based on very small samplegdver, the ~ 6 base-
line against which it can be judged is still in the processeihf properly pinned
down (Curtis-Lake et al. 2012). Nevertheless, continueckviio this area has the
potential to yield relatively clear-cut results, and stibodé enormously aided by the
advent of the new generation of multi-object near-infraspdctrographs, as sum-
marized below in section 7.

Third, the mean shape of the Lymaniine emission from galaxies should
evolve, as any increasing neutral; fraction impacts on the side of the Lymarw
line more than the red. However, current contraints on tresxacessarily confined
to stacking measurements, and to date have proved incoreligsg. Ouchi et al.
2010).

Finally, the clustering of LAEs should increase with redisis we look back into
the epoch of reionization. If galaxies produced the photbasreionized the IGM,
then their clustering should have influenced the historedafrrization, and the first
galaxies are certainly expected to have been highly cledtespecifically, by the
time the neutral fraction of hydrogen has dropped:t60%, the average ionized re-
gion is expected to have a radiusfL0 Mpc (comoving), created and maintained
by many hundreds of small galaxies working in concert. BeeauLymana pho-
ton redshifts out of resonance after travellingl Mpc, most Lymana emission
produced by the galaxies which together have created thiblbishould emerge
unscathed (i.e. unscattered) by the IGM. Consequentiylussrated by the state-
of-the-art simulations shown in Fig. 26, the clumpy natufeetonization means
that LAEs are predicted to appear more clustered than LB@sglthe reionization
epoch. Indeed, under some scenarios the apparent clgstdritAEs can be well
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Fig. 26 Left Early structure formation i CDM (atz= 6) from an N-body simulation with 5488
(165 hillion) particles and425h *Mpc)® volume. Shown are the dark-matter density (pink) and
halos (blue). This synthetic image corresponds.50<33.5 degrees on the skiRight: The geom-
etry of the epoch of reionization, as illustrated by a slltetgh a(165Mpg? simulation volume
atz=9. Shown are the density (green/yellow), ionized fracti@a{orange), and ionizing sources
(dark dots) (courtesy I. lliev).

in excess of the intrinsic clustering of halos in the coneoick cosmology. Ob-
serving such enhanced clustering would confirm the prexi¢hiat theH| I regions
during reionization are large (McQuinn et al. 2007). Thisdiction has arguably
gained some tentative observational support from thetléege-area surveys for
Lya emitters az~ 6.5, where it has been found that, depending on luminosity, the
number density of LAESs varies by a factor 0f-2L0 between different 1/4 ded
fields (Ouchiet al. 2010; Nakamura et al. 2011). However lDeical. (2010) report

no evidence for any significant clustering amplitude botgt-a 6.6, and it seems
clear that the meaningful search for this effect must awaiteys of large samples

of LAEs and LBGs at > 7 covering many square degrees.

7 Conclusion and future prospects

Over the last decade we have witnessed a revolution in owledge of galaxies
in the first billion years of cosmic time. Arguably the nextyléars should be even
more exciting.

The accurate measurement of the bright end of the evolvilexg&V luminos-
ity function should soon be improved by combining the daterev0.2 ded from
theHST CANDELS project (Grogin et al. 2011; Finkelstein et al. 2002sch et al.
2012) with the brighter but even larger-area multi-colouaging being produced
by the new generation of ground-based near-infrared sargeich as UltraVISTA
(Fig. 27; Bowler et al. 2012; McCracken et al. 2012). Beyomd,ttheEUCLID
satellite, as part of the “deep” component of its missiorexpected to survey sev-
eral tens of square degrees dowd te 26 mag. (Laureijs et al. 2011). Near-infrared
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Fig. 27 A small sub-region of the first-year UltraVISTA near-infedrimage of the COSMOS
field, presented as¥a-+J+ Ks colour image (McCracken et al. 2012). This 1.5%&gage reaches
Y +J ~ 25 AB mag, and has already revealed200 00 galaxies, of which~ 5 appear to be
massive galaxies at~ 7 (Bowler et al. 2012). The final UltraVISTA imaging shouldaoh 5-10

times deeper, and enable the search for rare massive galexigoz ~ 10 (courtesy UltraV-

ISTA/Terapix/CNRS/CASU).

narrow-band imaging surveys can also be expected to canttmaxpand in scope
(e.g. ELVIS, az~ 8.8; Nilsson et al. 2007). Crucially, these wide-area ne&aned
imaging surveys will be complemented by well-matched wadea optical imaging
provided, for example, by Hyper-Suprime CAM on Subaru (Bk2010).

At the faint end, attempts will continue to exploit the powé&kWFC3/IR onHST
to the full, with further ultra-deep near-infrared imagipignned over several square
arcmin of sky, and at the end of the decade NIRCam odWeT should extend this
work out toz > 10. At the same time the angular resolution limitations cACR
on Spitzer will be overcome with MIRI onJWST, which should deliverest-frame
optical imaging of the highest-redshift galaxies of a quality comapée to that cur-
rently achieved with WFC3 oiIST (Fig. 28). This should enormously improve
our knowledge of the rest-frame optical morphologies, &edstellar masses of the
highest-redshift galaxies. It should also enable much raccerate measurement of
the UV-optical SEDs of faint galaxies at~ 5— 10, including accurate determina-
tion of their UV slopes (with resulting implications for ggeetallicity and escape
fraction as discussed above).

Spectroscopic follow-up of the brighter- 7 galaxies (perhaps down Jo~ 28)
is set to be transformed by the new generation of groundeb@aséti-object near-
infrared spectrographs including FMOS on Subaru (Kimuratél., 2010), KMOS
on the VLT (Sharples et al. 2006), and MOSFIRE on Keck (McLegal. 2008),
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Fig. 28 HST WFC3 andpitzer IRAC observations of a small sub-region of the HUDF fieldngto
side a simulated image of the same region as expected from dMiffhe IWST. The HST image

is the product of 22 hours of on-source integration with WHE&e Higo band. The simulated
5.6um JWST image was produced using theband morphology and the IRAC fluxes as input,
and assumes 28 hours of intergation with MIRI. The uncorfus@l-infrared imaging which will
be delivered by MIRI at IRAC wavelengths will enable the stud the rest-frame optical mor-
phologies out beyond ~ 10, and will also allow much more robust determinations efstellar
masses of the most distant galaxies (courtesy A. Rogers).

before this work should be extended to even fainter magegwdth NIRSpec on
JWST (Birkmann et al. 2011). This should clarify the currentiynéesed picture of
Lyman-a emission from LBGs, with important implications for our werdtanding

of the progress of reionization. Wide-field near-infrarddlSM spectroscopy with
EUCLID may enable the first meaningful study of the clustering of kAElative

to LBGs atz > 7, where an enhancement of the apparent clustering of Lysman-
emitters is a prediction of some models for reionizatiog.(McQuinn et al. 2007).
The next generation of giant ground-based near-infradeddepes equipped with
sophisticated adaptive-optics systems (TMT, E-ELT, GMil)also enable detailed
near-infrared high-resolution spectroscopy of the mastadit galaxies.

Finally, in the rather near future, we can expect a revofutiothe search for
and study of galaxies a& > 5 at sub-millimetre wavelengths. We already know
that the most distant quasars are detectable in the sub-mme an anticipate
that a significant population of rare high-mass dusty gatshould be uncovered
by combining existindHerschel SPIRE imaging with longer-wavelength data from
the SCUBA-2 Cosmology Legacy Survey now underway at the JOBATcially,
detailed millimetre spectroscopy of such objects will blatieely straightforward
with ALMA. Over the next few years ALMA can also be exploitenl indertake
the first sub-mm surveys of sufficient depth and angularluéisn to complement
the Ultra Deep Field studies previously only possible atr&tavavelengths with
HST. This work should enormously clarify our understandifthe role of dust and
molecules at the highest redshifts, completing our cenbaegmic star-formation
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history at early times, and transforming our understandfrtge production-rate of
the first metals in the Universe.
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