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ABSTRACT

We present detailed predictions for the properties ofidgmitting galaxies in the frame-
work of the ACDM cosmology, calculated using the semi-analytical gafaxmation model
GALFORM We explore a model which assumes a top-heavy IMF in staidyuasd which has
previously been shown to explain the sub-mm number coumtshenluminosity function of
Lyman-break galaxies at high redshift. We show that this ehodith the simple assump-
tion that a fixed fraction of Ly photons escape from each galaxy, is remarkably success-
ful at explaining the observed luminosity function ofd.yemitters over the redshift range
3 < z < 6.6. We also examine the distribution of kyequivalent widths and the broad-band
continuum magnitudes of emitters, which are in good agre¢mih the available observa-
tions. We look more deeply into the nature ofd.gmitters, presenting predictions for fun-
damental properties such as the stellar mass and radiuge eftiiting galaxy and the mass
of the host dark matter halo. The model predicts that thetelung of Ly emitters at high
redshifts should be strongly biased relative to the darkenah agreement with observational
estimates. We also present predictions for the luminositgtion of Ly emitters at: > 7, a
redshift range which is starting to be be probed by near-tRests and using new instruments
such as DAzZLE.

Key words: galaxies:evolution — galaxies:formation — galaxies:higtishift — galax-
ies:luminosity function — cosmology:theory

1 INTRODUCTION cooling and collapsing to form a galaxy may radiate much ef th
gravitational collapse energy by collisionally-exciteghLemission
(e.g. Haiman, Spaans & Quataert 2000; Faeda. 2001). (5)
Finally, Lya can also be emitted from gas which has been shock
heated by galactic winds or by jets in radio galaxies (e.gChithy
etal. 1987). The majority of high-redshift lyemitters (LAES) de-
tected so far are compact, and appear to be individual gedawi
which the Lyx emission is powered by photoionization of gas by
young stars. Ly surveys have also found another class of emitter,
the so-called Ly blobs, in which the Ly emission is much more
extended than individual galaxies, and may be poweredyplaytl
AGNSs or gas cooling (Steidedt al. 2000; Boweret al. 2004;
Matsudaet al. 2004). We will be focusing in this paper on &y
emission powered by young stars, and so will not considekyhe

After an unpromising start, searches foraLymission are now
proving to be a powerful means of detecting star-formingagal
ies at high redshift (e.g. Hu, Cowie & McMahon 1998; Pasdeyel
Windhorst & Keel 1998; Kudritzket al. 2000), competing in ob-
serving efficiency with techniques such as broad-band keaifor
Lyman-break galaxies. The next generation of near-infrarstru-
mentation (e.g. Hortort al. 2004) will in principle allow Ly
emitting galaxies to be found up to~ 20, permitting a probe of
the star formation history of the Universe before the epoblerw
reionization is thought to have taken place.

There are in fact a number of different mechanisms which
can produce Ly emission from high redshift objects. (1) Gas in
galaxies which is photo-ionized by young stars will emitolLgis

. - 2 . blobs further.
hydrogen atoms recombine; this was originally proposed sig-a
nature of primeval galaxies by Partridge & Peebles (19&})Gas To date, there has been relatively little theoretical warkrg-
can alternatively be ionized by radiation from an activeagtt ing to predict the properties of star-formingdaemitting galaxies
nucleus (AGN). (3) Intergalactic gas clouds are predictedrit within a realistic galaxy formation framework. Haiman & %pa
Lya recombination radiation due to ionization of the gas by the i (1999) made predictions for the number of emitters basechen t
tergalactic ultraviolet background (e.g. Hogan & Weymar887, halo mass function and using ad-hoc assumptions linking Ly

Cantalupcet al. 2005). (4) Gas within a dark matter halo which is  emission to halo mass, while Barteral. (2004) made predictions
for very high redshifts{ > 7) based on a gas-dynamical simula-
tion. Furlanettoet al. (2005) used gas-dynamical simulations to

* E-mail: delliou@alfmail.cii.fc.ul.pt (MLeD) calculate Lyy emission both from star-forming objects and from
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the intergalactic medium in the redshift range< z < 5. How-
ever, the first calculation of the abundance ofilgmitters based
on a detailed hierarchical galaxy formation model was tlidteo
Delliou et al. (2005, hereafter Paper I). In Paper I, we used the
GALFORMsemi-analytical galaxy formation model to predict the
abundance of star-forming byemitters as a function of redshift
in the cold dark matter (CDM) model. Ti&\LFORMmodel com-
putes the assembly of dark matter halos by mergers, andadhetgr
of galaxies both by cooling of gas in halos and by galaxy nrstge
It calculates the star formation history of each galaxyjuding
both quiescent star formation in galaxy disks and also burij-
gered by galaxy mergers, as well as the feedback effectdaxtga
winds driven by supernova explosions. In Paper |, we fouad &h
very simple model, in which a fixed fraction of kyphotons escape
from each galaxy, regardless of its other properties, gatearis-
ingly good match to the total numbers ofdkyemitters detected in
different surveys over a range of redshifts. We also explahe
impact of varying certain parameters in the model, such eseti-
shift of reionization of the intergalactic medium, on theiatiance
of emitters.

In this paper, we explore in more detail the fiducial model
of Paper | (based on ai,, = 0.3, spatially flat, ACDM model
with a reionization redshift of0). We use the full capability of the
GALFORMmodel to predict a wide range of galaxy properties, con-
necting various observables tod.gmission. The galaxy formation
model we use is the same as that proposed by Baugh (2005).

A critical assumption of this model is that stars formed aristirsts
have a top-heavy initial mass function (IMF), while starstied
quiescently in galactic disks have a solar neighbourhooH. NWe
showed in Bauglet al. that, within the framework oACDM, the
top-heavy IMF is essential for matching the counts and rifgsh
of sub-millimetre galaxies and the luminosity function ofrhan
break galaxies at = 3 (once dust extinction is included), while re-
maining consistent with galaxy properties in the local emse such
as the optical and far-IR luminosity functions and galaxg fyac-
tions and metallicities. More detailed comparisons of thizdel
with observations of Lyman-break galaxies and of galaxygian

in the IR will be presented in Lacey al. (2005a, 2005b, in prepa-
ration). The assumption of a top-heavy IMF is controverdiak
underpins the success of the model in explaining the higehi&
sub-mm and Lyman-break galaxies. It is therefore impotiatest
this model against as many observables as possible. Nagashi

Section 6 extends the predictions for thenllgminosity function
to z > 7. We present our conclusions in Section 7 .

2 GALAXY FORMATION MODEL

We use the semi-analytical model of galaxy formatiGAlL FORM

to predict the Ly emission and many other properties of galaxies
as a function of redshift. The general methodology and aqmra-
tions behind th&ALFORMmodel are set out in detail in Coétal.
(2000). The particular model that we use in this paper isdneesas
that described by Baugtt al. (2005). The background cosmology
is a cold dark matter universe with a cosmological constanpt &

0.3, Qx = 0.7, Q% = 0.04, h = Ho/100kms™'Mpc~! = 0.7,

os = 0.93). Below we review the physics behind the particular
model predictions that we highlight in this paper.

The GALFORMmodel follows the main processes which shape
the formation and evolution of galaxies. These include:ttig
collapse and merging of dark matter halos; (ii) the shodktihg
and radiative cooling of gas inside dark halos, leading tonfe
tion of galaxy disks; (iii) quiescent star formation in gafadisks;
(iv) feedback both from supernova explosions and from photo
ionization of the IGM; (v) chemical enrichment of the stargla
gas; (vi) galaxy mergers driven by dynamical friction witigom-
mon dark matter halos, leading to formation of stellar spiusy;
and also triggering bursts of star formation. The end prodfithe
calculations is a prediction of the number of galaxies tleside
within dark matter haloes of different masses. The moddlipte
the stellar and cold gas masses of the galaxies, along vethstar
formation and merger histories, and their sizes and meita.

The prescriptions and parameters for the different presess
which we use in this paper are identical to Bawgtal. (2005).
Feedback is treated in a similar way to Bengbal. (2003): en-
ergy injection by supernovae reheats some of the gas inigalax
and returns it to the halo, but also ejects some gas from fzalos
a “superwind” - the latter is essential for reproducing theeryved
cutoff at the bright end of the present-day galaxy lumino&inhc-
tion. We also include feedback from photo-ionization of t&:
following reionization (i.e. forz < zreion), We assume that gas
cooling in halos with circular velocitiet, < 60kms™* is com-
pletely suppressed. We assume in this paper that reioizat-
Curs atzreion = 10, chosen to be intermediate between the low

al. (2005a) showed that a top-heavy IMF seems to be required to value = ~ 6 suggested by measurements of the Gunn-Peterson

explain the metal content of the hot intracluster gas inxgatdus-
ters, and Nagashing al. (2005b) showed that a similar top-heavy
IMF also seems to be necessary to explain the observed aimewla
of a-elements (such as Mg) in the stellar populations of ellipti
cal galaxies. In the present paper, we explore the pred&tal
the Baughet al. (2005) model for the properties of byemitting
galaxies and compare them with observational data. We esiggha
that our aim here is to explore in detail a particular galacyrfa-
tion model which has been shown to satisfy a wide range ofrothe
observational constraints, rather than to conduct a sunfidy o
predictions for different model parameters.

In Section 2, we give an outline of tHGALFORMmodel, fo-
cusing on how the predictions we present later on are caézlila
Section 3 examines the evolution of thea.juminosity function,
and compares the model predictions with observational oleta
the redshift rang8 < z < 7. In Section 4, we compare a selection
of observed properties of kyemitters with the model predictions.
In Section 5, we look at some other predictions of the modektm
of which cannot currently be compared directly with obstores.

trough in quasars (Becket al. 2001) and the high value ~ 20
suggested by the WMAP measurement of polarization of the mi-
crowave background (Koguet al. 2003). Our model has two dif-
ferent IMFs: quiescent star formation in galactic disksssumed
to produce stars with a solar neighbourhood IMF (we use the Ke
nicutt (1983) paramerization, with slope = 0.4 below 1M
andxz = 1.5 above), whereas bursts of star formation triggered by
galaxy mergers are assumed to form stars with a top-heawiyiia
with slopexz = 0 (where the Salpeter slope:is= 1.35). In either
case, the IMF covers the mass rarigés < m < 120M. As
mentioned in the Introduction, the choice of a flat IMF in lbsiis
essential for the model to reproduce the observed countalakg
ies at sub-mm wavelengths. The parameters for star formatio
disks and for triggering bursts and morphological transtions
in galaxy mergers are given in Baughal. (2005).

The sizes of galaxies are computed as in Gblal. (2000):
gas which cools in a halo is assumed to conserve its angular mo
mentum as it collapses, forming a rotationally-supportathxy
disk; the radius of this disk is then calculated from its dagmo-
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mentum, including the gravity of the disk, spheroid (if amy)d
dark halo. Galaxy spheroids are built up both from pre-egst
stars in galaxy mergers, and from the stars formed in buriggs t
gered by these mergers; the radii of spheroids formed in engrg
are computed using an energy conservation argument. lolaglc
ing the sizes of disks and spheroids, we include the ad@bati-
traction of the dark halo due to the gravity of the baryonimpo-
nents.

Given the star formation and metal enrichment history of a
galaxy, GALFORMcomputes the spectrum of the integrated stellar
population using a population synthesis model based onatev
stellar evolution tracks (see Granat@l. 2000, for details). Broad-
band magnitudes are then computed by redshifting the galses-
trum and convolving it with the filter response functions. e
clude extinction of the stellar continuum by dust in the ggadhis
is computed based on a two-phase model of the dust distrijuti
in which stars are born inside giant molecular clouds and kbak
out into a diffuse dust medium (see Granet@l. 2000, for more
details). The optical depth for dust extinction of the dittucompo-
nent is calculated from the mass and metallicity of the calsland
the sizes of the disk and bulge. We note that the extinctiedipted
by our model in which the stars and dust are mixed togethesris v
different from what one obtains if all of the dust is in a foregnd
screen (as is commonly assumed in other theoretical modeis)
nally, we also include the effects on the observed stellaticoum
of absorption and scattering of radiation by interveningtred hy-
drogen along the line of sight to the galaxy; we calculate &M
attenuation using the formula of Madau (1995), which is Hase
the observed statistics of neutral hydrogen absorbersisegasar
spectra.

We compute the Ly luminosities of galaxies by the following
procedure: (i) The model calculates the integrated stsflactrum
of the galaxy as described above, based on its star formhissn
tory, and including the effects of the distribution of séelmetal-
licities and of variations in the IMF. (ii) We compute the gatf
production of Lyman continuum (Lyc) photons by integratowgr
the stellar spectrum, and assume that all of these ioniZiogops
are absorbed by neutral hydrogen within the galaxy. We assum
photoionization equilibrium applies within each galaxsogucing

3
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Figure 1. The predicted evolution with redshift of the cumulativealju-
minosity function, defined as the comoving number densityatdixies with
Lya luminosities brighter thaih 7,,,,. The model predictions are shown for
selected redshifts in the interval=0toz = 7.

tion fesc for each galaxy, regardless of its dust properties, resulte
in a surprisingly good agreement between the predicted rumb
counts of emitters and the available observations. In thaep we
chosefesc = 0.02 to match the number counts at~ 3 at a flux
f ~2x10""ergs™!, and we use the same valuefef. in this pa-
per. Although this extreme simplification of a constant esdaac-
tion may seem implausible, it does give a reasonably goodhmat
to the observed Ly luminosity functions and equivalent widths at
different redshifts, as we show in the next sections.

Our calculations do not include any attenuation of the EHyx
from a galaxy by propagation through the IGM.d.yphotons can

Ly« photons according to case B recombination (e.g. Osterbrock be scattered out of the line-of-sight by any neutral hydnogethe

1989). We note that for solar metallicity, 11 times as many agd
Ly« photons are produced per unit mass of stars formed for our top
heavy (burst) IMF as compared to our solar neighbourhoask)di
IMF. (iii) The observed Ly flux or luminosity of a galaxy depends
on the fractionf.sc Of Lya photons which escape from the galaxy.
Ly« photons are resonantly scattered by neutral hydrogen,tand a
sorbed by dust. Early estimates of this process (e.g. Ghiaffall
1991) showed that only a tiny fraction of &yphotons should es-
cape from a static neutral galaxy ISM if even a tiny amountuedtd

is present. Many star-forming galaxies are nonethelessrobd to
have significant Lyt luminosities (e.g. Kuntlet al. 1998; Pettinet

al. 2001), and this is generally ascribed to the presence oftiala
winds in these systems, which allow dyyphotons to escape af-
ter many fewer resonant scatterings. Radiative transfeulegions

of Lya through winds have shown that this process can explain
the asymmetric Ly line profiles which are typically observed (e.g.
Ahn 2004). The effects of radiative transfer ofd-through clumpy

IGM close to the galaxy. If the emitting galaxy is at a redshéfore
reionization, when the IGM was still mostly neutral, thisutwin
principle strongly suppress the observeddfijux (Miralda-Escude
1998). However, various effects can greatly reduce the amaoiu
attenuation: ionization of the IGM around the galaxy (Madau
Rees 2000; Haiman 2002), clearing of the IGM by galactic wind
gravitational infall of the IGM towards the galaxy, and rhkifis
ing of the Lyn emission by scattering in a wind (Santos 2004).
In any case, since measurements of Gunn-Peterson abgoiptio
guasars show that reionization must have occuredzat.5, atten-
uation of Ly fluxes by the IGM should not affect our predictions
for z < 6.5, but only our predictions for very high redshifts given
in Section 6.

3 EVOLUTIONOF THELYa LUMINOSITY FUNCTION

dust and gas have been considered by Neufeld (1991) andanse A basic prediction of our model is the evolution of the lunsitg

& Oh (2005).
Calculating Lyx escape fractions from first principles is
clearly very complicated, and so we instead adopt a simgler a

proach. In Paper |, we found that assuming a fixed escape frac-
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function of Lya emitters with redshift. This depends on the distri-
bution of star formation rates in quiescent and starburkixges
(with solar neighbourhood and top-heavy IMFs respectjveind
on the metallicity with which the stars are formed. Paperovetd
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Figure 2. The evolution of the cumulative Ly luminosity function with redshift, comparing models witbservational data. Each panel corresponds to a
different redshift, as indicated by the legend. The curtesvsmodel predictions, while the lines with symbols and sghalwith error bars show observational
data. The solid curves show the predictions for the totaihasity function for our standard model, with a top-heavyRN bursts andfesc = 0.02, while

the dotted and short-dashed lines show the separate aditn$ of starbursts and quiescently star-forming gataréspectively (in most cases the solid and
dotted lines overlap). The long-dashed curves show theqteetotal luminosity function for a variant model with aiversal Kennicutt IMF andfesc = 0.2.

The references for the observational data (as shown in thealykey) are as follows: Kudritzki - Kudritzlgt al. (2000); Cowie & Hu - Cowie & Hu (1998);

CADIS - Maieret al. (2003); Ouchi - Ouchét al (2003); Santos - Sant@sal.

(2004); Ajiki - Ajiki et al. (2003); Hu - Huet al. (2004); LALA - Rhoadset

al. (2003); Taniguchi - Taniguctet al. (2005). The redshifts for the observational data are closieat of the model plotted in each panel, but do not exactly
coincide in all cases. In most cases, the data are plottegses histograms, with each step corresponding to a Siaddexy.

predictions for the cumulative number counts of emittensypst
redshift as a function of observed duyflux. Here we focus on a
closely related quantity, the cumulative space densityrifters as

a function of Ly luminosity at different redshifts. Fig.1 shows the
cumulative luminosity function of Ly emitters predicted by our
standard model for a set of redshifts over the inteeval 0—7. The
model luminosity function initially gets brighter with ineasing
redshift, peaking at = 3, before declining again in number den-
sity at even higher redshifts. The increase in the lumigdaitction
from z = 0 to z ~ 3 is driven both by the increase in galaxy star

formation rates, and by the increasing fraction of star fatiom oc-
curing in bursts (which have a top-heavy IMF). As shown in.Fig
in Baughet al. (2005), the model predicts that the fraction of all
star formation occuring in bursts increases fren5% atz = 0 to
50% atz ~ 3.5 and then to~ 80% atz 2 6.

We compare the model predictions with observational esti-
mates of the cumulative Ly luminosity function in Fig.2, where
we show different redshifts in different panels. The obatonal
estimates of the luminosity functions which we plot haverbes-
culated by Traret al. (2004) (and also S. Lilly, private commu-
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nication, forz = 6.55) from published data on surveys for LAEs,

5

range of redshift and luminosity probed by the observatidins

assuming the same cosmology as we assume in our models. Theounts of objects in our standard model are dominated bytdyurs

observed luminosity functions in the figures are labellecoed-
ing to the survey from which they were obtained. In each case,
surveys using narrow-band filters were used to find candidate
LAEs at particular redshifts, and then either broad-bandws

or follow-up spectroscopy were used to determine which ef th
candidates were likely to be real dyemitters, and which were
likely to be lower-redshift interlopers resulting from ethemis-
sion lines falling within the narrow-band filter responséeTsur-
veys with spectroscopic follow-up which we plot are Kudkitet

al. (2000), Cowie & Hu (1998), Het al. (2004), Rhoadst al.
(2003, LALA) and Taniguchét al. (2005), while the surveys using
only colour selection are Maiet al. (2003, CADIS), Ouchgt al
(2003) and Ajikiet al. (2003). We also show the data of Sanébs
al. (2004) atz ~ 5 from a spectroscopic survey of gravitationally-
lensed fields. The stepped appearance of most of the obderved
minosity functions results from the small number of objéctsost

of the samples; each step corresponds to the inclusion ofidin a
tional object as the luminosity is reduced. The cumulativeit
nosity functions cut off at the bright end where the obséovatl
samples contain only one object of that luminosity; theistiaal
uncertainties are correspondingly largest at the highestriosi-
ties. For reference, we note that the luminosity distanceoto
assumed cosmology &, = (2.0,3.2,3.8,4.5) x 10*h~'Mpc
for = = 3.3,4.9,5.7,6.55 respectively, so that a ky flux of
10~ "ergem 25! at each of these redshifts corresponds to a lu-
minosity (0.5,1.2,1.7,2.4) x 10*>h~2ergs™" respectively. The
lower luminosity limits on the observed luminosity funat®cor-
respond to roughly the same duflux limit ~ 10~ '7erg cm 257!

at each redshift.

In Fig.2, the predictions for our standard model (with a top-
heavy IMF in bursts andi.sc = 0.02) are shown by solid lines. We
also show the separate contributions of bursting and cengisc
star-forming galaxies respectively as dotted and shahelad lines.

In most cases, the dotted line is barely distinguishablenfthe
solid line, showing that the model kyluminosity function is com-
pletely dominated by bursts over the range of redshift amdrios-
ity plotted in Fig.2. Overall, there is broad agreement leetwthe
predicted and observed luminosity functions over the riédsimge

z = 3 —6.6. This is remarkable, since we allowed ourselves to ad-
just only one model parameter to fit the observational datayaty
the Ly escape fractiorfesc. The model luminosity functions do
not perfectly match all of the observational data, but wibere
are differences between the model and observational detee t
are also equally large differences between different olasenal
datasets. The differences between different observataatasets
could be due to a combination of (a) statistical fluctuatitmsst
of the samples are small), (b) field-to-field variance dueaiagy
clustering (e.g. Ouchét al 2003; Shimasaket al. 2003), (c) dif-
ferences in the details of how the samples are selecteddjéfay-
ences in the equivalent width limit or photometric criteajzplied),
and (d) differing levels of contamination by objects whick aot
Lya emitters. We note that the model predictions shown in Fig.2
do not include any limit on the equivalent width (EW) of thedLy
emission line, while the observational data shown all ipocate
different lower limits on the EW of line emission as well astbe
line flux. However, as we show 4.1, these EW thresholds are
predicted not to significantly affect the comparison of maaled
observed luminosity functions in Fig.2.

The value of the Ly escape fraction which we find fits the
data, fesc = 0.02, is quite small. This is mainly because, over the
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and we have assumed a top-heavy IMF in bursts. As noted above,
the Lya luminosity for a given star formation rate is about 10
times larger with the top-heavy IMF than with a solar neigitbo
hood IMF. We also show in Fig.2 by long-dashed lines the predi
tions of a variant model, in which we assume the same Kertnicut
IMF for bursts and quiescent star formation, and with. = 0.2.
Even though we have chosgia.. for this variant model to pro-
vide the best overall match to the observational data in2fige
see that it agrees somewhat less well with the data than does o
standard model, especially at = 3.3, where it predicts more
low-luminosity galaxies. Moreover, this variant modelmgtically
under-predicts both the counts of sub-mm galaxies and thdau

of Lyman-break galaxies (see Fig.5(a) in Bawhl. (2005)).

We have also investigated the effect on the predicted lumi-
nosity functions of changing the IGM reionization redstiittm
our standard value,.ion = 10. As described ir§2, this affects
galaxies in our model through photo-ionization feedbaak. dur
standard model, we find that varying.ion Over the range 6.5 to
20 changes the luminosity function by less than the scadtsvden
different observational datasets in Fig.2, over the rarigienoinos-
ity and redshift probed by those data. Choosing a differahtesof
zreion 1N this range would therefore not significantly affect any of
the conclusions we draw here.

Furlanettoet al. (2005) have computed luminosity functions
of Lya emitters from a numerical simulation, including emission
from gas heated by shocks and by the intergalactic ionizagk-b
ground as well as emission from star-forming regions inxjaka
They assume that stars all form with a Salpeter IMF. However,
the luminosity functions which they compute combine all loé t
emission from each dark matter halo, and so are differemn fro
the luminosity functions of individual galaxies which ouodel
predicts. Furthermore, they effectively assume an esaapidn
fese = 1 for Lya emission from star formation. They do not make
any detailed comparison with observational data on-Eynitting
galaxies, but note that their luminosity functions predietghly an
order-of-magnitude more objects than are observed oventige
Liye ~ 10*2 —10%ergs™". This is roughly consistent with what
we would find if we assumed a Kennicutt IMF for all star fornoati
and fesc = 1.

4 OBSERVABLE PROPERTIESOF LYa EMITTERS

Now that we have established that our model gives a very good
match to the luminosity function of Ly emitters at different red-
shifts, we turn our attention to other observable propgfethese
objects. We first present predictions for the distributidnLpa
equivalent widthsg4.1), before examining the broad-band contin-
uum magnitudes of Ly emitters §4.2) and, finally, the size distri-
bution of emitters§4.3).

4.1 Ly« equivalent widths

Our model allows a simple prediction for the equivalent Wwidt
(EW) of the Ly emission line in each galaxy: we divide the lumi-
nosity in the emission line by the mean luminosity per univeva
length of the stellar continuum on either side of the line.di¢in-
guish between theet andintrinsic line and stellar luminosities and
equivalent widths. Theet values are obtained after we multiply the
Ly« luminosity by the escape fractiofisc and after we attenuate
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the stellar luminosity by dust extinction, while th&rinsic values
are those before we include either thenlgscape fraction or dust
attenuation. A limitation of our current model is that it doeot
include the effects of absorption of &y so the equivalent widths
we calculate are always positive (or zero)algibsorption features
(corresponding to negative equivalent widths) could belpced
either by absorption in stellar atmospheres (Charlot & A&193),
or by neutral gas within the galaxy or in an expanding sheliiod
around it (Tenorio-Taglet al. 1999). Our calculations are there-
fore incomplete, but nevertheless represent an importansfep.
Fig.3 shows the model predictions for rest-frame equivalen
widths of Lya-emitting galaxies at z=3. The most remarkable fea-
ture of these plots is the wide spread of EWs predicted by the
model. This is seen most clearly in the middle panel, whiawsh
the distribution of equivalent widths for galaxies seléecte have
Lya fluxes in the range0~'" < f < 107 '%ergcm™2s~1. We see
that there is a big difference between the distributionstirisic
and net EWs (shown by dashed and solid lines respectivety). F
this flux range, the intrinsic rest-frame EW has a medianevalu
1304, and most galaxies have EWs in the range 100A20these
values are similar to the predictions of Charlot & Fall (1R9he
spread in intrinsic EWs results mostly from the spread istages

and timescales. For the same galaxies, the net EWs have a much

lower median value, 38 but with a much broader distribution,
with a peak close to 0 and a tail extending up\to400,&. Since

our model assumes that all galaxies have the same escaperfrac
for Ly, this broad distribution of net EWs results from the wide
spread in values of dust extinction for the stellar contmuThe
Lya escape fraction reduces the net EW relative to the intrinsic
value, but dust extinction of the stellar continuum incesais.

The upper panel of Fig.3 shows the median and 10-90 per-
centile range for the EW of Ly as a function of the net Ly flux.
There is a weak trend of EW increasing withd_§lux (or luminos-
ity). In the case of the intrinsic EW, this increase is driveostly by
the shift from being dominated by quiescently star-formijadax-
ies (with a normal IMF) at low luminosities to being dominéte
by bursts (with a top-heavy IMF) at high luminosities, andtbg
change in the typical star formation history. For the net Ehg,
increase in the median is driven also by the increase in thiedly
dust extinction of the stellar continuum with increasinmioosity.

The Lya equivalent widths predicted by our model are sim-
ilar to those found in observed galaxy samples selected &y th
Lya emission. Cowie & Hu (1998) and Kudritzlt al. (2000)
selected LAEs having Ly fluxes~ 1077 — 10~ %erg cm =257}
atz = 3.4 andz = 3.1 respectively. In both cases, their narrow-
band selection imposed a lower limit on the rest-frame EBDA
for the detected objects, and the median rest-frame EW oflthe
jects above this threshold was found to Ae40A. This appears
broadly compatable with the predictions shown in Fig.3,eoone
allows for the fact that the EW threshold in the observed $asnp
will raise the median EW above the value expected in the aasen
of any EW threshold. At a higher redshift,~ 4.5, Dawsonet al.
(2004) selected LAEs witlf ~ 1077 — 10~ *®ergem™2s~* and
EW (rest) > 15A, and measured a medidiV (rest) ~ 80A for
their sample. This is also in good agreement with our modeichv
predicts a media® W (rest) ~ 80A for LAEs with 10717 < f <
10" %ergem 2571 at this redshift.

Shapleyet al. (2003) have measured &yemission and ab-
sorption profiles and EWSs in a sample of galaxies at 3 selected
using the Lyman-break technique. Their sample is thus wzlen
rest-frame far-UV stellar continuum luminosity, ratheathon the
presence of a strong hyemission line. They find that 30% of
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Figure 3. The predicted rest-frame equivalent width (EW) of thexlgmis-
sion line for galaxies at = 3. We show results both for the intrinsic EW,
i.e. before including attenuation by neutral gas and dugtengalaxy, and
for the net EW, i.e. after including the escape fraction fpalphotons and
dust extinction of the stellar continuum - these are showmléshed and
solid lines respectively. In either case, the EW is consideais a func-
tion of the net Lyx flux. (a) The upper panel shows the predicted me-
dian EW as a function of the net byflux. The error bars show the 10-
90 percentile range at a given flux. (b) The middle panel shihspre-
dicted distribution of EWs for galaxies with net &yfluxes in the range
10717 — 10~ 1%ergecm—2s~ L. (c) The lower panel shows the predicted
EW distribution for galaxies selected to have continuum mitages in the
range23 < Rap < 25.5.
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Figure 4. The effect of different equivalent width thresholds on the-p
dicted luminosity function of Ly emitters. In each panel, the lines show
the predicted cumulative luminosity function for diffetdower limits on
the rest-frame EW of Ly emission: EW> 0A (solid curves), EWs 20A
(dotted), EW> 40A (short-dashed), and EW 100A (long-dashed). (a)
z=3.(b)z=6.

their galaxies show Ly only in emission~ 30% of galaxies show
Ly« only in absorption, and- 40% show a combination of Ly
absorption and emission. They find a very asymmetric and esttew
distribution of Lyx rest-frame EW’s, with a median close té\,o
extending down tev —50A for net absorption and t& 100A for
net emission. For the galaxies with netd.gmission, the median
EW is~ 20A. (For galaxies with net absorption, the median EW is
~ —20A.) The lower panel of Fig.3 shows the EW distribution pre-
dicted by the model if we select galaxies in a similar way taj3éy

et al. , with a continuum magnitude rang@8 < Rag < 25.5 (in-
cluding dust extinction) and no condition on thed.flux or EW.
The model predicts a median EM/20A for this case, very similar

(© 0000 RAS, MNRASD00, 000—-000

to the typical EW of the emission component ofiLin the Shapley

et al. sample. The shape of the model EW distribution (which is
restricted to EW> 0) is also very similar to that found by Shapley
etal. for EW > 0 (see their Fig.8). However, without including
a calculation of Ly absorption in our model, we cannot make a
more detailed comparison with Shapletyal. . Since a calculation
of Ly« absorption requires a treatment of radiative transferudino
the galaxy ISM, we defer this to a future paper.

Since our model allows us to estimated }eWs, we can
also estimate the effect on the &yluminosity function of im-
posing different lower limits on the EWs of bhyemission from
galaxies. This is shown in Fig.4, for rest-frame EW thredhol
EWimin(rest) = 0,20,40 and 1004, for redshiftsz = 3 and
z = 6. Different observational surveys for LAEs impose differ-
ent lower limits on the EWSs of the objects they include. Hoargv
for most of the observational data plotted in Fig.2, the lolirait
is aroundEWin(rest) = 20A. We see from Fig.4 that an EW
threshold around this value is predicted to have only a sefall
fect on the Lyv luminosity function, so the conclusions we drew
from the comparison with observational data in Fig.2 wowdtve
significantly affected.

4.2 Broad-band magnitudes

Another important test for our model of the dyyemitters is that it
should predict the correct stellar continuum as measurédoad-
band filters. Fig.5 shows the model predictions for the media
broad-band magnitudes as a function oblffux at three differ-
ent redshiftsz = 3, 5.7 and 6.55, and for three different broad-
band filters, thel., i and 2’ filters on the Suprime Cam on the
Subaru Telescope. (We chose these particular filters becaast
of the observational data we will compare with were takerhwit
them.) The predicted broad-band magnitudes include tleetsfbf
dust extinction and of attenuation by the intervening IGMdgd
on Madau 1995). The evolution with redshift of the predicfed
andi’ magnitudes at a given kyflux which is seen in Fig.5 results
mostly from the IGM opacity. In some cases, thenlgmission
line falls within the bandpass of the filter. We have therefoom-
puted broad-band magnitudes due to either the stellarraanti
only (shown by dashed lines), or to the stellar continuum lane
emission line together (shown by solid lines). In most of ¢hees
plotted in Fig.5, the solid and dashed lines are indistisigaible,
but in a few cases there is a small offset, showing that theline
makes a modest contribution to the broad-band magnitudesset
cases.

For comparison, we also plot in Fig.5 a selection of observa-
tional data for galaxies at ~ 5 — 7 from the following papers:
Ellis et al. (2001), Ajiki et al. (2003), Stanwayt al. (2004) and
Taniguchiet al. (2005). The data we plot constrain the stellar con-
tinuum at wavelengths- 900 — 1400A in the galaxy rest-frame.
The Elliset al. and Stanwayet al. data were actually taken on
HST using the WFPC2l§14 filter) and ACS ¢’ and?’ filters) cam-
eras respectively, but we have verified that the differeridhese
filters from the Subaru filters (in particular, the differenaf 7s14
from I.) does not significantly affect the comparison of models
with data which we make here. In cases where the observationa
papers have tried to correct the broad-band magnitudekdadn-
tribution from the Lyv line, we have plotted the total magnitude
before this correction was made. We plot the observatioata th
Fig.5 as symbols of the same colour as the model curve closest
redshift. Apart from Elliset al. , all of the samples contain more
than one galaxy, and in these cases we estimate the median and
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Figure5. Broad-band magnitudes as a function oblfjux. The lines show
the model predictions for three different redshifis= 3, 5.7 and 6.55, in
different colours. The dashed lines show the median madmitlue to the
stellar continuum only, while the solid lines include albe ttontribution
of the Ly« line to the broad-band magnitude. Where the dashed linetis no
visible, it coincides with the solid line. The error bars dre fines show
the 10-90 percentile range. For clarity, small offsets matkdirection have
been applied to the model relations for different redshiftse top, middle
and lower panels show results for thg ' andz’ filters respectively. The
symbols show observational data, plotted in the same coksithe model
curve closest in redshift. The observational data are &sfsi Ellis - Ellis
etal. (2001) (1 galaxy); Ajiki - Ajiki et al. (2003) (20 galaxies); Stanway
- Stanwayet al. (2004) (3 galaxies); Taniguchi - Tanigucdial. (2005) (9
galaxies). For samples witly 1 galaxy, we plot an estimate of the median
Ly« flux and broad-band magnitude, and of the 10-90 percentilgesiin
both (shown by error bars).

10-90% percentile range for both thed-§lux and the broad-band
magnitude (allowing for upper limits on the broad-band fe)x&Ve
plot the symbol at the median value and show the 10-90% rayge b
error bars. If the 10% value is an upper limit, we indicate thy a
very long downwards error bar.

We see from Fig.5 that there is mostly good agreement be-
tween the predicted broad-band magnitudes and the obiseraft
data. The one exception is that the mediamagnitude measured
from Taniguchiet al. (2005) for galaxies at = 6.55 is nearly
3 magnitudes brighter than what our model predicts, evengtho
the 2’ magnitudes for the same observational sample agree very
well with the model predictions. However, 7 out of 9 objectshe
Taniguchiet al. sample are detected in tiieband at less thado
significance, so it is possible that the symbol marking otinege
of their median magnitude is biased high by statisticalrerrd/e
note that at redshift = 6.55, thei’-band flux is sensitive to emis-
sion at wavelengths- 900 — 1100A in the galaxy rest-frame, so
it is expected to be greatly attenuated bynlsbsorption by neu-
tral hydrogen in the intervening IGM. In contrast, the fluxtie >’
band at this redshift is expected to be much less affectedly |
attenuation. Thus, an alternative possible explanatiorinfe dis-
agreement between the model and the Tanigethl. i’ data is
that we over-estimate the degree of IGM attenuation at gushift
when we calculate it using the Madau (1995) formula.

4.3 Sizesof Lya emitters

Our semi-analytical model predicts the half-mass raditlierdisk
and bulge components of each galaxy. From these we can cemput
the half-mass radius of the stars, and also half-light iadiifferent
bands, allowing for different colours of the disk and bulget as-
suming that both components have internally uniform cao@o-
endaet al. (2005, in preparation) will present predictions from our
model for the sizes of galaxies selected by their stellaticoonm
emission, and compare with observational data over thehifeds
range0 < z < 6. Coleet al. (2000) have discussed predictions
for galaxy sizes at = 0 based on an earlier version of our semi-
analytical model. In the present paper, we will only consite
sizes of galaxies selected to becdLgmitters. We emphasize that we
are not considering in this paper the properties ok lbfobs (e.g.
Matsudaet al. 2004), which are much more spatially extended than
typical Lya emitters, and appear to be a distinct class of object.

In Fig.6(a), we show model predictions for the median stel-
lar half-mass radius (together with its 10-90 percentilegey as a
function of Lya luminosity for several different redshifts, = 3,
5, 6 and 7. We have also calculated model half-light radiih@ t
rest-frame UV, and the results are almost identical to tHose
the half-mass radius for these redshifts and luminositiés. stel-
lar sizes are predicted to be quite compact at these reslshjft
1h~'kpc. We see that, as well as a correlation of size with luminos-
ity (roughly asR, /» o< L'/?), the models also predict that the me-
dian radius at a given luminosity should decrease with emirey
redshift (roughly agl+2) =" or (1+2)~"%). At a fixed Ly lumi-
nosity of10*2°h~2erg s~ ! (the typical value in the higher-redshift
surveys shown in Fig.2), the median half mass radius shfioks
~ 1h™'kpcatz = 3to~ 0.5h 'kpcatz = 7.

We have also plotted in Fig.6(a) some observational estisnat
of sizes for individual Lyv-emitting galaxies at ~ 5 — 7, plot-
ted in the same colour as the model curve closest in redétift,
three different samples: Stanwatyal. (2004) used HST to mea-
sure half-light radii in the rest-frame UV of 3 LAEs; Ellet al.
(2001) used HST to measure the rest-frame UV size of a single
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strongly gravitationally lensed LAE; and Taniguctial. (2005)
used ground-based narrow-band imaging to estimate the efze
the Lya-emitting region in 9 LAEs. We see that the Stanveagl.
(2004) data agree very well with our model predictions, hetEl-

lis et al. (2001) galaxy is much smaller than the median predicted
by our model at that luminosity and redshift. However, thiésket

al. (2001) datapoint is more uncertain than those of Stanetay
al. (2004), because it relies on the analysis of a highly grtigita
ally amplified and distorted image. We also see that the sfes
the Lya-emitting regions estimated by Taniguehial. (2005) are
typically ~ 2 times larger than the model prediction for the stel-
lar half-mass radius at the same luminosity. This might mbse
the Lya emission in these high-redshift LAEs really is more ex-
tended than the stellar distribution. This has been fourloketthe
case in some local starburst galaxies by Mas-Hesse (2003),
who explain this as resulting from scattering ofiLpy neutral gas
around these galaxies. Alternatively, it is possible traatiguchiet

al. have over-estimated the sizes of their galaxies, which arelyp
spatially resolved in their ground-based images.

In Fig.6(b) we show predictions for the angular sizes ofiky
emitters as a function of Ly flux, for redshifts over the range
z = 3 — 20. (We again use the stellar half-mass radius as our
measure of the size.) We see that the relation between argjzga
and flux evolves rather little with redshift, even though tékation
between physical size and luminosity does evolve appricigte-
dicted angular sizes are typicaly 0.1 arcseconds for fluxes in the
observed range.

5 PREDICTED PHYSICAL PROPERTIESOF LY«
EMITTERS

One of the main strengths of semi-analytical modelling irethe
ability of the models to make predictions for a wide rangealbgy
properties. Some of these predictions can be tested dirmgdinst
observations, as we saw in the previous section. Others ean b
tested indirectly, for example through the interpretatairmea-
surements of clustering. Finally, some predictions seyiéustrate
how a subset of galaxies highlighted by a particular obsiemval
selection fit into the overall galaxy population. In this &t we
present some additional predictions of the model that chariae

the Lya emitters.

Fig.7 shows model predictions for different physical pmpe
ties as a function of Ly luminosity. In each panel, we show the
predictions at = 3,5 and 7. We plot the median value of the re-
spective quantity and indicate the spread in the predici&ces by
showing the 10-90 percentile range, apart from the plot ustelr-
ing bias, where we show only the mean value.
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Figure 6. The sizes of Ly emitters. (a) The top panel shows the physical
sizes of Lyx emitters as a function of their kyluminosities. The lines show
model predictions for the median stellar half-mass radiugdur different
redshifts,z = 3, 5, 6 and 7. The error bars show the 10-90 percentile range
at a given luminosity. The symbols show observational ezt of galaxy
radii, from Elliset al. (2001), Stanwayet al. (2004) and Taniguchét al.
(2005), plotted for individual galaxies in the same coloassthe model
curve closest in redshift (see text for more details). (b Tdwer panel
shows predicted angular sizes as a function af Iflux, for the redshifts

z = 3,6,8,10,15 and 20. The sizes plotted are again stellar half-mass
radii.
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5.1 Halo masses

The upper left panel of Fig.7 shows the masses of the darlematt
halos hosting Ly emitters. We see that at= 3, there is only a
weak dependence of median halo mass oa lyminosity, while
atz = 7, the dependence is much stronger. At a given luminos-
ity, the typical halo mass decreases with increasing régdstith

this trend being stronger at lower luminosities. As disedss
§5.5 below, the Ly luminosity traces the instantaneous star for-
mation rate (SFR) quite well in our model, but with a ratio @i

is ~ 10 times larger for bursting compared to quiescent galaxies,
because of the difference in IMFs. There are two main reafmns
the weak dependence of halo mass on lyminosity at the lower
redshifts: (a) the bursts introduce a large scatter intor¢fegion
between instantaneous SFR and object mass, especiallyet lo
redshifts; (b) the shift from being dominated by bursts ghHiy«
luminosities to being dominated by quiescent disks at |duweni-
nosities flattens the trend of SFR withd.yuminosity, which tends

to hide the underlying trend of halo mass with SFR. Current Ly
surveys probe objects with luminosities 1042-5h~2erg s~* over

the whole redshift range ~ 3 — 7, for which the typical halo mass

~ 10" h~! M, declining by a factor 3 fromz = 3toz = 7.

5.2 Clustering bias

The halo masses of LAEs can be constrained observatiomaty f
measurements of their clustering. Since the predicted inakkses
for typical observed LAEs are larger than the characteristilo

mass at each redshift, we expect the LAEs to be more strongly

clustered than the dark matter. We have used the halo masses p
dicted by the model to calculate the linear clustering bjashich

is expected to describe the clustering on large scalesg ubim
formula of Sheth, Mo & Tormen (2001). We calculate a mean
bias for objects in each range of luminosity. This mean bg&s i
shown in the upper right panel of Fig.7. Over the luminositgge
Liye = 10%° —10**h~2ergs™!, our model predicts that the bias
increases with redshift at fixed luminosity. At= 3, we predict

b ~ 2 over this luminosity range, increasing only very slightly
with luminosity. Atz = 7, the bias is predicted to vary much more
strongly with luminosity, fromb ~ 3 at Ly, = 10*°A %ergs™*
tob ~ 6 at 10*3h2ergs™!. These predictions for the clustering
of LAEs seem generally consistent with current observatioon-
straints. The most reliable measurement of the clusterfihgh\&s

to date is probably that of Ouckf al. (2005), since their sample
covers by far the largest comoving volume. For galaxies-at5.7
with Lya luminosities~ 10*2h~2ergs™1, they find a large-scale
clustering bia$ = 3.4+ 1.8. For the same redshift and luminosity,
our model predict$ = 4, in excellent agreement with this mea-
surement. At somewhat lower redshiftsr~ 4.8, somewhat con-
flicting results have been obtained for the clustering @gchi et

al 2003; Shimasakat al. 2003, 2004; Hamanet al. 2004), how-
ever, these have been obtained from much smaller surveynesiu

In particular, Shimasaket al. (2004) measure very different clus-
tering in their two approximately equal survey volumes at 4.8,
showing that the surveys used were not large enough to keliab
measure the average clustering.

5.3 Stellar masses

The middle left panel of Fig.7 shows the predicted stellassaa of
LAEs as a function of Lyt luminosity. The trends of stellar mass
with luminosity and redshift are similar to those alreadycdissed

for the halo mass: the trend of stellar mass with luminodiées-
ens with increasing redshift, and the mass at a given lurtinos
decreases with increasing redshift. The reasons for therdét
trend of stellar mass with Ly luminosity at the lower redshifts are
the same as those already given for the halo mass. For a Isityino
Liye = 105 2ergs™!, the median stellar mass is predicted to
decrease fromv 10°h 1My atz = 3to~ 3 x 107h~ 1M, at
z="T.

There have not yet been any observational estimates of the
stellar masses of LAEs, but the values predicted by our model
are rather lower than the stellar masses inferred obsenaly
for some other classes of high-redshift galaxies. Shaplegl.
(2001) estimated stellar masses of Lyman-break galaxies-aB
from broad-band photometry, and found a median stellar mass
~ 10"°A"' M, in a sample with median magnitud@ss ~ 24
(similar results were also found by Papovich, Dickinson &-Fe
guson 2001). In contrast, typical observed LAEs:at- 3 with
Liye ~ 10"h™%ergs™' are predicted by our model to have
stellar masses- 10°h ! M. The difference could be explained
by a combination of two effects: (a) The LAEs at~ 3 with
Liye ~ 1021 2ergs™! typically have fainter continuum mag-
nitudes (by 1-2 mag) than the Shapktyal. LBGs. (b) The pho-
tometric estimates of the stellar masses of LBGs dependgiiro
on the IMF assumed, because the mass-to-light ratio of kstel
population is very sensitive to the IMF; Shapletyal. assumed
a Salpeter IMF, but if instead they had assumed a top-heaw IM
as in starbursts in our model, then they might have derivegiio
masses.

The issue of how photometric estimates of the stellar masses
of high-redshift galaxies depend on the assumed IMF is aoiimp
tant one, but is also complicated, because these estimmtagd
fitting multi-parameter models (varying age, star formatiistory,
metallicity and dust extinction) to multi-band photometdiata, in
order to estimate the mass-to-light ratio of the stellarybaton.
Most such studies have simply assumed a Salpeter IMF. Rapovi
Dickinson & Ferguson (2001) considered the effects on phete
ric mass estimates of varying the lower mass limit on the IMF,

did not consider IMF slopes different from the solar neigin@od
value. We plan to address this issue in more detail in a futaper.

5.4 Metallicities

The middle right panel of Fig.7 shows the metallicity of thadc
gas in LAEs as a function of Ly luminosity. We see that in most
cases, the gas metallicity is appreciable] 102 (i.e. comparable
to solar), even at high redshifts. This reflects the fact gaax-
ies are able to self-enrich to metallicities Z. even when the
mean metallicity of all baryons in the universe is much lotem
this. In our model, the quiescent galaxies are predictechtovs
a well-defined trend of metallicity increasing with lumiitys(as
already found for: = 0 galaxies by Colet al. 2000), which pro-
duces the decline in metallicity at low luminosities seerfig.7
for z = 3 andz = 5. However, the bursts show a more com-
plicated behaviour, with the median metallicity being flateoen
non-monotonic with luminosity, which is reflected in the beiour
seen in Fig.7 for: = 7 and for higher luminosities at = 3 and
z=05.

5.5 Star formation rates

The lower left panel of Fig.7 shows the instantaneous stande
tion rates in LAEs as a function of kyluminosity. The star for-
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Figure 7. Model predictions for a range of physical properties oflgmitters plotted as a function of byluminosity. In each panel the model predictions
are shown for: = 3,5 and 7. The lines show the median values of the respectiveefiiep (apart from panel (b) which shows the mean) and ttoe bars
show the 10-90 percentile range. (a) The upper left panelsiioe mass of the dark matter halo hosting the emitter. (b)ufiper right panel shows the mean
clustering bias. (c) The middlle left panel shows the stefiass. (d) The middle right panel shows the metallicity &f told gas. (e) The lower left panel
shows the total star formation rate. (f) The lower right patews the UV continuum luminosity at a rest-frame wavetbraf 1500A.
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mation rates include both the quiescent star formation lacia
disks and the contribution of any ongoing starbursts. If eaklat
either quiescent galaxies or bursts separately, then wefiverly
linear relationSFR « Ly, but with a proportionality constant
which is ~ 10 times larger for the quiescent galaxies, because
of the difference in IMFs. For a galaxy which has been forming
stars at a contant rate fa0%yr, we predict a relation...,o =
(1.1,12) x 10*%ergs™ fosc(SFR/Mgyr™') for the Kennicutt
andz = 0 IMFs respectively (for solar metallicity), and quies-
cent and bursting galaxies in our model separately lie qudse

to one or other relation. In Fig.7 we see a shallower relatti@m
SFR x Lpy. in some cases, which results from a gradual transi-
tion from being dominated by bursts at high luminosities éing
dominated by quiescently star-forming galaxies at low hwsi-
ties. For LAEs with luminosities- 1025k 2ergs™! (which are
dominated by bursts), our model predicts SFRR$0h ! Mg yr—!.

We note that comparing the SFRs predicted by our model with pu
lished values estimated from observational data is noigsitfar-
ward, because different authors (a) assume different sdbrehe
Ly« escape fraction (often takinfysc = 1), and (b) assume differ-
ent IMFs (typically using a Salpeter IMF).

5.6 UV continuum luminosities

The lower right panel of Fig.7 shows the UV continuum lumi-
nosity L, (15004) at a fixed rest-frame wavelength of 150@s

a function of Ly luminosity. This plot contains similar informa-
tion to Fig.5, but now, for convenience, in terms of luminies,
and at a fixed rest-frame wavelength in the UV. The predicted r
lation between UV and Ly luminosities is roughly linear. This is
what one would expect if one had a universal IMF and no dust at-
tenuation, since both the UV and &yluminosities are driven by
recent star formation. For a galaxy which has been formiagsst
at a contant rate fot0®yr, we predict an unattenuated relation
L,(15004) = (0.98,3.8) x 10%ergs '*Hz ' (SFR/Moyr™t)
for the Kennicutt and: = 0 IMFs respectively, for solar metallic-
ity. However, dust extinction is predicted to have a lardeafon
UV luminosities in our model, reducing them by a facter10 in
the brighter objects. The average UV extinction in the mede
creases with luminosity in both bursts and quiescent gaséand
is also larger in quiescent than bursting objects (at a g8€R).
The unattenuated UV/ly luminosity ratio is also predicted to de-
crease by a factor 3 going from quiescent objects at low losiin

to bursts at high luminosity as a result of the change in the.IM
These effects all combine to leave a relation between UV ad L
luminosities which is shifted but still roughly linear.

The UV and Lyx luminosities are both used in estimating star
formation rates for observed high-redshift galaxies. Hmweboth
suffer from the drawback that they are affected by large It u
certain dust attenuation factors. In the model presentee, tiee
dust attenuation is larger by a facter10 for the Ly« than for the
UV luminosity, so by that criterion, the UV luminosity shaube
a more reliable quantitative star formation indicator. léger, we
caution that the Ly attenuation factoyf.sc which we use was not
obtained from a detailed radiative transfer calculatianljke the
UV dust extinction.

6 THE ABUNDANCE OF LYo EMITTERSAT Z > 7

Paper | presented predictions for the abundance ofédmyitters as
a function of flux for the redshift range < z < 7 which is acces-
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Figure 8. Predictions for the number of kyemitters at very high redshifts.
(a) The upper panel shows the evolution of the cumulative luminosity
function at6 < z < 20, for our standard model, with reionization redshift
Zreion = 10 and Ly escape fractiorfesc = 0.02. (b) The middle panel
shows the predicted number counts per unit redshift inkgreaunit solid
angle as a cumulative function of theduflux, for z,ejon = 10. Results are
shown for two different escape fractions, our standardevgily. = 0.02
(solid lines) and a larger valugsc = 0.2 (dashed lines). We show number
counts for selected redshifts falling within either the &K atmospheric
transmission windows, with different redshifts in diffateolours. (c) The
lower panel shows the cumulative number counts as in (bpdostandard
fesc = 0.02, and three different reionization redshift$e;o, = 6.5 (dot-
ted lines), 10 (solid lines) and 20 (dashed lines); wherelttged lines are
not visible, they coincide with the solid lines. The nhumbeutiats do not
include attenuation by the IGM.
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sible from observations at optical wavelengths. The higtesishift

at which LAEs have been found in surveys up to now is 6.6. At
even higher redshifts, the byline moves into the near-IR as seen
from the Earth. Therefore, searching for LAEszaf> 7 requires
observing in the near-IR, which is technically challengiSgveral
such searches are underway (e.g. Willis & Courbin 2005 kSkar
Ellis 2005), and others will start in the near future (e.grtdo et

al. 2004). Therefore in this section we present some predifian
the number of LAEs which should be found in near-IR searchies,
redshifts7 < z < 20. Bartonet al. (2004) have previously made
predictions for the number of LAEs at~ 8 based on a numerical
simulation, but assumed a 100% escape fraction fer pjiotons
(i.e. fesc = 1). Thommes & Meisenheimer (2005) have also made
predictions forz > 7, but for a phenomenological model not based
on CDM.

The upper panel of Fig.8 shows what our standard model,
with reionization redshiftz.cion = 10 and Lyx escape fraction
fese = 0.02, predicts for the evolution of the luminosity function of
LAEs at6 < z < 20. We see that the luminosity function declines
significantly at the bright end froma ~ 6 to z ~ 10, and then de-
clines with redshift very rapidly at all luminosities at> 10. This
decline is driven by the reduction in star formation withreesing
redshift, which results from the build-up of cosmic struetaver
time.

The middle and lower panels of Fig.8 show the predicted
number counts per unit solid angle per unit redshift as a eumu
lative function of the Ly flux. These predictions do not include
the attenuation of the Ly flux by neutral gas in the interven-
ing IGM, as we discuss below. We show predictions for redshif
z = 8,9,10,12 and16, chosen such that the byine falls within
either the J, H or K atmospheric window. (The J, H and K at-
mospheric windows cover the wavelength ranges 1.08-1.33; 1
1.80 and 1.97-2.38m respectively, corresponding to dyredshift
ranges: = 7.9—10.1, 11.4—13.8 and15.2—18.6.) Ground-based
searches in the near-IR are likely to concentrate on thewe-at
spheric windows, because the atmospheric opacity at odasrIR
wavelengths is extremely high. We have already shown pestlic
angular sizes for these galaxies in Fig.6(b).

The middle panel of Fig.8 shows how the predicted number
counts depend on the assumedalgscape fractiorfesc. We show
results for our standard value of the reionization redshift,.
10, but for two values 0ffesc, 0.02 (our standard value) and 0.2.
We recall that the value of.sc was originally chosen in order to
match the observed countszat- 3, and turns out to provide a good
match to observations over the whole raige z < 6.6. At higher
redshifts, no empirical calibration gt.. is available. Since we do
not have a detailed physical model fi., we cannot exclude the
possibility that the value at very high redshifts is differ&om the
value at lower redshifts. As might be expected, the numbentso
at a given flux are quite sensitive to the value fof.. Predicted
counts for other values gf.s. than those shown in Fig.8 can easily
be obtained by scaling the curves in the horizontal directiith
fesc, since the flux from each galaxy is proportionalfig..

The lower panel of Fig.8 shows how the predicted number
counts depend on the assumed reionization redshift,. As was
discussed in Section 2, observations of Gunn-Petersorriluso
troughs in QSO spectra suggest that the IGM became fullyreio
ized atz ~ 6 (Beckeret al. 2001), while the WMAP measurement
of the polarization of the microwave background impliest tine
IGM has been mostly reionized sinee~ 20 (Kogutet al. 2003).
We therefore show predictions fofeion = 6.5 and 20, in addition
to our standard value.cion = 10. In all three cases we assume
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fese = 0.02. In our model, reionization is assumed to affect galaxy
formation in the following way: the IGM is assumed to be imséa
neously reionized and reheatedtat zyeion, and atz < zreion, the
thermal pressure of the IGM is assumed to prevent gas collaps
in all dark halos with circular velocitieg,. < 60km s~". This sim-

ple behaviour is an approximation to what was found in more de
tailed calculations by Bensat al. (2002). The dependence of the
number counts oB..ion Shown in Fig.8 results entirely from this
effect of reionization on galaxy formation, since we igntire IGM
opacity here. FOE > zreion, all models look identical to the case
in which the IGM never reionized, but far < zcion, the number
counts are suppressed relative to the no-reionization tésesee
that the predicted counts for the redshift ranges and fluless

in Fig.8 differ only slightly forzreion = 6.5 and zreion = 10, but

for zreion = 20, the predicted counts are much lower, except for
the bright counts at ~ 8 — 10.

However, as noted earlier, there is an important caveatito ou
results: our model includes the attenuation of the stetiatiouum
light from galaxies due to Ly scattering and Lyc absorption by
atomic hydrogen in the intervening IGM, but we do not include
any attenuation of the flux in the byline due to Lyx scattering
in the IGM. At z > zrcion, When the IGM is completely neu-
tral, this attenuation of the Ly line flux could potentially be very
large, which would greatly decrease the number counts atemgi
flux. IGM attenuation will therefore produce a trend in thener
counts withz,eion in the opposite sense to the feedback of reioniza-
tion on galaxy formation: at < zrcion, the feedback effect tends
to suppress the counts, but the IGM attenuation will be rexdpv
which will increase the counts relative to a model in whioh tGM
is still neutral at that redshift.

The amount of attenuation of the dwline by the IGM before
reionization is theoretically very uncertain. Miraldaebde (1998)
showed that for a galaxy at high redshift embedded in a neutra
IGM moving with the Hubble flow, emitting a Ly line centred at
its rest-frame wavelength in the frame of the galaxy, scatjeby
atomic hydrogen in the IGM would suppress the blue wing of the
Ly« line completely (reducing the line flux by a factor 2), andbals
partly suppress the red wing due to theaLglamping wings (re-
ducing the line flux even more). However, Madau & Rees (2000)
and Haiman (2002) showed that this attenuation of the line flu
could be greatly reduced due to the galaxy photo-ionizieg &M
around it. A more detailed theoretical analysis of the at#tion
has been made by Santos (2004), who includes the following ef
fects: (i) the intrinsic width of the Ly line emitted by the galaxy,
and the fact it may be redshifted in the galaxy rest-frame tdue
scattering in a galactic wind,; (ii) the non-uniform dengityfile of
the IGM around the galaxy and the departure of the velocitd fie
from the Hubble flow, due to cosmological infall onto the gata
(iii) collisional ionization of the gas within the galaxy leaphoto-
ionization of the surrounding IGM by the stellar populati@md
clearing of bubbles in the IGM by galactic winds. Santos finds
that a very wide range of attenuation factors is possiblédngible
models, but that if the Ly emission is redshifted in the rest-frame
of the galaxy (as is observed to be the case in Lyman-breakigal
atz ~ 3), the amount of attenuation is greatly reduced. The effects
on the attenuation of Ly of clustering of galaxies and clumping of
the IGM have been investigated by Furlanettal. (2004) Gnedin
& Prada (2004), and Wyithe & Loeb (2005); they find that these
effects can also significantly reduce the amount of attéoiain
summary, for LAES at > zreion, the Lya flux is likely to be sig-
nificantly attenuated by the IGM, but the amount of atterarais
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currently uncertain. We plan to investigate this in moreadét a
future paper.

An unsuccessful search for LAEsat= 8.8 has been carried
out by Willis & Courbin (2005), who place an upper limit <
3 x 1073r3Mpc~2 on sources WithLr,o > 10**h Zergs™?.
This limit on the number density is more than 4 orders of miagie
higher than the prediction for our standard model showngrgta).
Willis et al. (2005) and Stark & Ellis (2005) are carrying out
surveys forz ~ 9 LAEs which will probe to lower luminosities
by using gravitational lensing by foreground clusters.Ha hear
future, the DAZLE instrument (Hortogt al. 2004) on the VLT
will begin searches for LAEs at > 7. It is planned to search
for Lya at z &~ 7.7 in the first phase, and ~ 8.7 in the second
phase, in each case over a redshift windiww ~ 0.01; ultimately
it may be possible to reach ~ 14 with the instrument. DAzLE
will cover an area oAQ) = 47 arcmin? in a single exposure, and
is projected to reachio flux limitof f = 2x 10" ®ergcm ™ ?s™!
in a 10 hour integration. We can use our model to predict howyma
objects DAzLE should see in a single 10 hour exposure in ehch o
the redshift ranges. For our standard model with,, = 10 and
fese = 0.02, we predict the number of sources per unit redshift
per unit solid angle above fluf = 2 x 10" *®ergem™2s7! to
bed>N(> f)/dQdz = (0.58,0.13) arcmin™2 atz = (7.7, 8.7)
respectively, which for the specifielz and A2 corresponds to an
average of 0.3 and 0.06 objects per fieldat 7.7 andz = 8.7
respectively. Therefore we expect that DAzLE will need teetve
many separate fields to find a significant number of high-a Ly
emitters.

7 CONCLUSIONS

In this paper, we have used a detailed semi-analytical moflel
galaxy formation based on th&CDM cosmology to predict the
properties of star-forming Ly-emitting galaxies over the redshift
range0 < z < 20. All except one of the parameters of the model
were chosen without reference to the observed propertiey @f
emitters, having instead been chosen in previous work (&alk
2000; Baughet al. 2005) to match properties such as the UV, op-
tical and IR luminosities, sizes, morphological types, fyastions
and metallicities of galaxies at low and high redshift. Aswh

in Baughet al. (2005), our current model, which incorporates a
top-heavy IMF for stars formed in bursts triggered by galarerg-
ers, provides a good match to the optical and far-IR lumtgosi
functions in the local universe, the far-UV luminosity ftioo of
Lyman-break galaxies at ~ 3, and the number counts and red-
shifts of sub-mm galaxies. Our assumption of a top-heavy IMF
bursts receives support from studies of the metallicitiesllgpti-

cal galaxies and intracluster gas (Nagashéenal. 2005a,b). The
one free parameter we had in the comparison of our model with
observational data on kyemitters (LAEs) was the fractiofi.s. of
Ly« photons which escape from a galaxy. For simplicity, we have
assumed thaf.. is a constant, irrespective of other galaxy prop-
erties. In our previous paper on LAEs (Le Dellieal. 2005), we
found thatf.sc = 0.02 reproduced the abundance of faint LAEs at
z ~ 3, and we used the same value in the present paper.

In Le Delliou et al. (2005), we presented model predictions
for the number counts of LAEs as a function ofd.§lux for the
redshift range < z < 6, but made only a very limited comparison
with observational data, comparing only with the total dsuat the
limiting fluxes for different surveys. In this paper, we havade
a much more detailed comparison of the model with obsemstio

comparing predicted and observedolLiuminosity functions over
the range3 < z < 7. The most important result of this paper is
that, with our very simple assumption of a constant.lgscape
fraction, the model reproduces the observed luminositgtians,
both in shape and in the evolution with redshift.

We have also compared the predictions of our model with
other observed properties of LAEs. We have made a comparison
of predicted and observed tyequivalent widths (EWs). We find
that the typical predicted EWs are similar to those foundbin o
servational surveys, and that the predicted distributioEWSs at
a given Ly flux is very broad once we include the effect of dust
extinction, with a peak at 0 and a tail to large values. If we se
lect galaxies in the model according to their continuum nitages
rather than their Ly fluxes, then we predict a distribution of EWs
which is similar to what has been found observationally figmian-
break galaxies at ~ 3, when we restrict the comparison to galax-
ies where Lyv is seen in emission. We have compared predicted
and observed broad-band magnitudes (corresponding tfraest
UV luminosities) for galaxies selected by theird-§luxes, and find
mostly good agreement. We have also compared the predize=d s
of LAEs with the limited existing observational data, andifirea-
sonable consistency for the stellar half-light radii.

We have also used our model to try to better understand the
nature of the objects selected ind.yemission-line surveys, and
how they relate to other classes of high-redshift gala¥éshave
made predictions for the dark halo and stellar masses, éindast
mation rates and the gas metallicities for LAEs at diffenerd-
shifts, properties which are physically fundamental, loutvihich
we do not yet have direct observational measurements. Tée pr
dicted halo masses imply values of the clustering bias wiésim
quite consistent with existing measurements of the laogéeslus-
tering of LAES. Better observational characterizationhef ¢luster-
ing of LAEs at different redshifts would provide a very imfaont
test of our model.

Finally, we have presented predictions for how manyxLy
emitters should be seen at> 7, a redshift range for which no
LAESs have yet been found, but which is now opening up for cbser
vational study, thanks to advances in near-IR instrumiamtabDe-
tection of LAESs in this redshift range would be very excitinoth
for probing the early stages of galaxy formation and the bpufc
reionization. A problem for making predictions for LAEszat> 7
is that the redshift at which the IGM reionized is uncert&ieing
observationally constrained to be in the rafige < zreion < 20.
This affects predictions for galaxies seerzat> zreion, Since the
Ly« flux is expected to be significantly attenuated by propagatio
through a neutral IGM, but by an uncertain amount which ddpen
on many factors. We have made detailed predictions for homyma
objects could be seen using the DAzLE instrument, whichrizegi
operation soon, at ~ 7.7 andz ~ 8.7. We find that, even if the
attenuation by the IGM is modest at these redshifts, therinignd
LAEs with DAzLE will require observation of a large number of
fields.

The most important theoretical limitations of our preseatkv
are that it does not incorporate a detailed physical modethfe
escape of Ly photons from galaxies, and that we do not include
a treatment of the attenuation of dwfluxes by the IGM prior to
reionization. We plan to address these issues in futurerpape
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