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ABSTRACT

We present a semi-analytical model of star formation whigtlans simultaneously the
observed UV luminosity function of high redshift Lyman bkegalaxies (LBGs) and lumi-
nosity functions of Lymare emitters. We consider both models that use the Press-Sehnech
(PS) and Sheth-Tormen (ST) halo mass functions to calctiiatabundances of dark matter
halos. The Lymanx luminosity functions at < 4 are well reproduced with onl§ 10% of
the LBGs emitting Lymarnw lines with rest equivalent width greater than the limitirgi-
alent width of the narrow band surveys. However, the obskElwminosity function at > 5
can be reproduced only when we assume that nearly all LBGsyaran-« emitters. Thus it
appears that < z < 5 marks the epoch when a clear change occurs in the physiqzd pires
of the high redshift galaxies. As Lymanescape depends on dust and gas kinematics of the
inter stellar medium (ISM), this could mean that on an avetag ISM at: > 5 could be less
dusty, more clumpy and having more complex velocity field.d&lthese will enable easier
escape of the Lyman-photons. Atz > 5 the observed Lyman-luminosity function are well
reproduced with the evolution in the halo mass function glewth very minor evolution in
the physical properties of high redshift galaxies. In gaiftir, uptoz = 6.5, we do not see the
effect of evolving inter galactic medium (IGM) opacity orethyman« escape from these

galaxies.
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1 INTRODUCTION

Determining the star formation history of the high redstifiverse
is one of the major goals of ongoing observations. Availaliger-
vational data mainly consists of UV luminosity functiondd) of
high redshift Lyman break galaxies (LBGs) which can in tuireg
the star formation rate density of the universe. The gatakeve
been identified even up to redshift~ 10 using so called photo-
metric ‘drop-out’ technique (Bouwens et al. 2004, HopkinBé&a-
com 2006, Richard et al. 2006). However, very good congBaire
available only up ta ~ 7 (Bouwens et al 2008).

In addition to the ‘drop-out’ techniques, narrow band skasc
for high redshift galaxies emitting a strong Lymarline are suc-
cessful in detecting galaxies &t< z < 6 (Cowie & Hu 1998, Hu
et al. 1998, Rhoads et al. 2000, Taniguchi et al. 2005, Shiatas
et al. 2006, Kashikawa et al. 2006, Murayama et al. 2007, Gron
wall et al. 2007, Dawson et al 2007, Ota et al. 2008, Ouchi .et al
2008). Unlike the drop-out technique used in detecting tB&§,
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the searches for Lyman-emitters are not biased by UV luminos-
ity. However, the detectability depends on the Lymaamissivity
and radiative transport. Thus these two techniques pickalgxg
ies with different types of selection biases. Availabilitiithe UV
luminosity functions of Lymanx selected galaxies allows us to un-
derstand these biases and provides joint constraints orlmod
galaxy formation at > 3.

The star formation rate is a key quantity for both UV as well as
Lyman-« emission from a galaxy. Hence, it is interesting to obtain
a semi-analytical model of star formation for these highshefd
galaxies that can explain both these sets of observationsui
previous work by Samui, Srianand & Subramanian (2007) ¢here
after Paper I) we have built a semi-analytic model of stamfation
taking account of several feedback processes in order timiaxp
the observed UV luminosity functions of LBGs &t< z < 10.

By fitting the observed data we put constraints on the natiiteeo
star formation in this redshift range. In Samui, Subramagisri-
anand (2009) (Paper Il) we studied the effect of assumed &rm
the halo mass function on the results of semi-analyticabgafor-
mation models, in detail. As a continuation of these worleseh
we compute the luminosity function of Lyman-emitters (LAES)
using the same star formation model and compare it with treeth
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sets of available observations, which are the high redshiftumi-
nosity functions of LBGs and UV & Lymaxluminosity functions

of LAEs. Previous semi-analytical works on high redshifhloos-

ity functions of Lymane: emitters (i.e. Haiman & Spaans 1993,
Thommes & Meisenheimer 2005, Le Delliou et al. 2005, 2006,
Kobayashi et al 2007, Mao et al 2007, Dijkstra et al 2007, kStar
et al. 2007) have considered a more limited set of currenidjl-a
able observations. Our present work using this more exterssit,
i.e. UV and Lymane luminosity functions of LAEs and UV lumi-
nosity functions of LBGs in the redshift range< z < 6.5, allows

us to constrain the physical properties of LAEs and theishétl
evolution. We use the cosmological parameters consistithtie
recent WMAP data (Dunkley et al. 2008) (= 1, Q,,, = 0.26,
Qp =0.74, Qp = 0.044, h = 0.71, 0s = 0.80 andns = 0.96).

2 SEMI-ANALYTICAL MODELS

In order to compute the luminosity function of high redskiflax-
ies one needs to model both the star formation in an individua
galaxy and the abundance of dark matter halos in which thexgal

ies form. We compute the abundance and formation rate of dark

matter halos as a function of redshift in the framework of baia
cold dark matter (LCDM) cosmology. For this purpose we con-
sider two halo mass functions, the analytically motivatedsB-
Schechter (PS) halo mass function (Press & Schechter, E9it#)
the Sheth-Tormen (ST) halo mass function (Sheth & Torme®)199
which gives a better fit to numerical galaxy formation sintiolas.

For the PS halo mass function, we use the formalism of Sasaki

(1994) to calculate the net formation rate of halos. Howether
Sasaki formalism is not easily genaralisable to the othen fof
mass functions. Hence for the ST halo mass function, we gimpl
take recourse to its derivative to calculate the net foromatate of
dark matter halos (also see Paper Il).

The star formation rate of an individual galaxy of dark matte
massM is assumed to be (Chiu & Ostriker 2000),

Msp(M, 2,2:) = f. (%M)%

where, the amount and duration of the star formation is deted
by the values off. and « respectively. We can fix these two pa-
rameters by fitting the observed UV luminosity functions ath
redshift LBGs (see Paper | and Il for details). Furthiée,) is the
age of the universe; thu$z) — ¢(z.) gives the age of the galaxy at
z that has formed at an earlier epoeh andtqyy is the dynamical
time at that epoch. The star formation rate is convertedrtorias-
ity at 1500 A assuming an initial mass function (IMF) of the stars
formed (see Eq. (6)-(8) of Paper I). The observed luminasiltyss
by a factor,n, than the actual luminosity because of the dust red-
dening inside the galaxy. In principle, the valuerpfiepends on
the wavelength and the functional form is governed by theneat
of the dust grains. As in Paper |, we calculate the reiororatiis-
tory of the universe and the radiative feedback of the mataegic
background UV radiation on the star formation in a self-cstesit
manner for each model (also see Thoul & Weinberg 1996, Bromm
& Loeb 2002, Benson et al. 2002; Dijkstra et al. 2004). We assu
a steep cut off of star formation in halos with mags> 10'% Mg
which is attributed to AGN feedback (Bower et al. 2005; Bestle
2006).

We compute the Lyman-luminosity of a star forming galaxy

assuming case-B recombination. In this case, two Lymagio-
tons are produced out of three hydrogen ionizing photonsefOs
brock, 1989) that are confined within the interstellar medaf the
galaxy. Hence the Lyman-luminosity produced in any star form-
ing region is related to its star formation rate by,

Liya = 0.68ha (1 — fosc)NyMsr. @)

Here,hv, = 10.2 eV andfesc = 0.1 are the energy of a Lyman-
photon and the escape fraction of UV ionizing photons retsydy.
Further,V, is the rate of ionizing photon production per unit solar
mass of star formation. This mainly depends on the initiabsna
function of the stars and also on the metallicity. Valuesuhber

of ionizing photons per baryon of star formation for diffetréMFs
and different metallicities can be found in Table 1 of Papdrthe
observed Lymany luminosity is given by

Ly ®
Here, f£¥* is the escape probability of the Lymanphotons. This

is decided by the dust optical depth, velocity field of the I8M
the galaxies and the Lymamn-optical depth due to ambient inter-
galactic medium around the galaxies. As Lymaris a resonant
transition we expect the effective dust optical depth fomian-

a in the ISM to be much larger than that for the UV continuum
photons (i.ef£¥> < 1/n). However, if Lymane emission comes
from some outflows in the star forming region (Malhotra & Rti®a
2002, Dijkstra et al. 2007a, Verhamme et al. 2008) or thrangh
homogeneous ISM (Neufeld 1991, Hansen & Oh 2006, Finkelstei
et al. 2008, 2009) then there may not be any correlation t@iwe
andfLye.

The escape fraction of Lymam-also depends on the optical
depth of the IGM in the immediate neighbourhood of the galaxy
particular the proximate region that is affected by excesi&ation
by the galaxy itself. Thus the redshift evolution £f% can be an
useful probe of the reionization history of the universe ihM&a
& Rhoads 2004, Stern et al. 2005, Haiman and Cen 2005, Dijk-
stra, Wyithe & Haiman, 2007) and/or the redshift evolutidélast
abundance (Mao et al. 2007), velocity field and gas clumpntpf
in galaxies.

It may be possible that all the LBGs do not have a detectable
Lyman-« emission. The spectroscopic observations of LBGs by
Shapley et al. (2003) show that only 25% of the LBGs at 3 have
Lyman-« emission with rest equivalent wid#fy > 20 A(also see
Steidel et al. 2000). Also the observations of UV luminositgc-
tion of Lyman« emitters show similar results. Hence we consider
that only a fraction ¢ of the entire galaxy population will be de-
tected as Lymanrx emitters in surveys as they are usually sensitive
to galaxies having Lyman-equivalent widths above certain limit-
ing value.

The rest frame equivalent width of the Lymanemission is
given by

Wo = L%l;sa (Lcont/n) = feLschaLLya/(LC()"t/n) (4)

where L.on: IS the continuum luminosity per unit wavelength
near 1215A. We obtained this from the stellar synthesis code
‘Starburst99' (Leitherer et al. 1999). For our continuous mode of
star formation we use the same prescription as in PapertéddV
continuum flux, to calculate the 12%% continuum flux. We tab-
ulate the continuum luminosities at different wavelengthd rest
frame equivalent width of Lyman-emission in Table 1 for various

Lyo
esc

Liya.

L http://www.stsci.edu/science/starburst99
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Table 1. Flux at various wavelengths as predicted by ‘Starburst8®afcontinuous mode of star formation at a raté éf/ - /yr. The quoted values are at the
timet = 1.4 x 108 yrs after the star formation began. We also show the equivalith calculated at = 107 yrs.

Model IMF Metal  flor  Fh2. ratio HI-UVE  fhy o Ew* (A)

Mlow Mup f905/f1505 1.4 x 105yrs 1.0 x 107yI'S
modell 1 100 0.050 40.12 40.37 0.57 53.13  40.44 49.4 52.4
model2 1 100  0.040 40.10 40.32 0.60 53.23  40.36 74.3 81.2
model3 1 100 0.020 40.15 40.42 0.53 53.33  40.45 75.8 87.0
model4 1 100  0.008 40.16 40.46 0.50 53.45  40.45 100.3 122.9
model5 1 100  0.004 40.18 40.48 0.51 53.50  40.46 110.6 137.9
model6 1 100 0.001 4021 40.48 0.53 53.57  40.44 135.3 169.6
model7 1 100 0.0004 40.24  40.50 0.54 53.61  40.48 133.4 173.6
model8 0.1 100 0.0004 39.83 40.10 0.54 5320  40.07 139.4 3173.
model9 5 100  0.0004 4058  40.75 0.66 53.94  40.80 135.5 177.6
modell0 10 100 0.0004 40.75 40.79 0.91 5411  40.92 157.6 818L1.
modelll 20 100 0.0004 40.89 40.78 1.29 5429  40.95 216.7 7216.
modell2 40 100 0.0004 40.95 40.77 1.54 54.39  40.93 288.8 8288.

1 Jog of flux (erg s A—1) at 905A.

2 Jog of flux (erg s A—1) at 1505A.

T Note that ‘Starburst99’ gives flux at 9@ and 1505A.
3 log of no. of Hi ionizing photons per sec.

4 log of flux (erg st A—1) at 1215A.

* Equivalent widths are calculated takirffg:%® = 1 and fesc = 0.1 andn = 1.
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Figure 1. The time evolution of intrinsic Lymam- equivalent width of
a galaxy as predicted by our models. Solid and dashed liredoarthe
Salpeter IMF in the mass rangés- 100 M and10 — 100 M, respec-
tively (i.e. model7 and model10 of Table 1). We have assured1. The
dynamical time £3,,,) depends on redshift of collapse.f. For example,
atz. = 10, 5 and3, tqy, = 8.8 x 107, 2.2 x 108 and4 x 108 yrs

respectively. We also show the actual time that corresptmds = 10 on

the top axis.

physical parameter related to the nature of the star foomdtr a
continuous constant star formation model as obtained fistar:
burst99’ at the time = 1.4x 10® yrs after the star formation began.
We also quote the equivalent width calculated at 107 yrs. Note
that for a constant continuous star formation model, thebarof
high mass star remain constant after typical life time of @GB'ss
that dominate il ... Hence, the equivalent width decreases with
time as contribution from the low mass stard1g,,: continuously
adds up.

In our model the Lymanx equivalent width of a galaxy is in-
dependent of its mass as both Lyman continuum as well as line
flux would scale with mass. It depends on the valuety,,, and
most importantly the values of and f2%°. It also depends on the
value of f.., the escape fraction of the ionizing photons. In Fig. 1
we show the time evolution of the intrinsic rest frame egi@na
width of a galaxy as predicted by our models. The observedequ
alent width would be scaled by a factofZ4®. We also assume
a Salpeter IMF in the mass rande— 100 M, (solid line) and
10 — 100 Mg (dashed line). As can be seen from Table 1 as well
as from Fig. 1, the intrinsic equivalent width depends onake
sumed IMF. Note that through out this work we will use= 1 and
Salpeter IMF with the mass rande— 100 M with metallicity
0.0004 (i.e. model7 of Table 1).

Note that we have mainly three sets of observations that can
be used to constrain our model parameters. These are (i) UV lu
minosity function of LBGs, (ii) Lymana luminosity function of
Lyman« emitters and (iii) UV luminosity function of Lyman-
emitters. Along with these we have the information abouttgv-
alent width distribution of the LAEs. The first set of obsdivas
can be used to constrajfa /n combination. The second set can be
used to constraiffi. f£¥ and the last one can be used to obt@in
Then we will be able to calculate the meHry. The spread in the
equivalent width of the detected galaxies will come in twqysidi)
distribution inn and f£¥* and (ii) the spread in their ages. Since in
our model we assume only the average value for ahd f2¥<,
we will have distribution iri//y only coming from the spread in the
ages of detected galaxies. We show this distribution in ofHevi-
ing section while discussing our results.

3 LUMINOSITY FUNCTIONS

In Fig. 2 we compare our model predictions for both UV and
Lyman-« luminosity functions with the observed data points. For
each redshift bin we have used the most recent measuremiget of
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Figure 2. Top panels: The predicted UV luminosity functions of LBQsttgreen lines) and LAES (thick blue lines)at= 3, 4 and6 along with the observed
data points. The observationally determined UV luminacgityctions of LBGs are taken from Reddy & Steidel (2008) (opsthcircle at: = 3) and Bouwens

et al (2007) (open red circles at= 4 andz = 6). The black filled and open triangles are observed datagointV LFs of LAEs from Ouchi et al. (2008)
for the reliable and less reliable points respectively. Wansour model predictions for both Press-Schechter (dakhes) and Sheth-Tormen (solid lines)
halo mass functions. Bottom panels: The predicted Lymdr of LAEs atz = 3.1, 3.7 and5.7. The observed data points (red filled triangles) are from
Quchi et al. (2008). The solid lines are for the models with $fneth-Tormen mass function where as dashed lines areef@réss-Schechter mass function.

Table 2. Comparison of model predictions between the PS and ST mas8dns.

PS Mass function

ST Mass function

fo/nt Gy foflet EwsA)  fu/nf Gy fupled EW* (A)
3.1 0.044(3.90) 0.07 0.0520.011 (0.95) 179 0.055(0.97) 0.07 0.0760.011 (2.49) 183
3.7 0.046(2.32) 0.10 0.05% 0.014 (0.68) 148 0.042(1.09) 0.10 0.0500.015 (1.08) 159
5.7 0.081(1.19) 1.00 0.0440.017 (0.91) 72 0.050(0.63) 1.00  0.0280.021 (0.42) 75
6.5 - 1.00  0.054k 0.012 (2.30) - - 1.00 0.03% 0.015 (2.32) -

T obtained using¢? minimization and also corrected for dust opacitypat 1500 A,
the x2 per degree of freedom are given in bracket (see Paper |l failgle
t values indicated inside the bracket are best3iper degree of freedom.

* the average equivalent width is calculated at 108 yrs.

UV luminosity function of LBGs that covers a wide range in ium
nosity. Below we provide details of observational data usezhch
redshift bins. Luminosity functions of LAEs are taken fromdDi
et al. (2008). The solid and dashed lines are our model piredsc
using ST and PS halo mass functions respectively.

At a particular redshift, we first fit the observed UV lumi-
nosity functions of LBGs by adjusting. /n. For this we use(?
minimization technique (see Paper Il for details). Then wéhi
observed UV luminosity function of LAEs by changirtg; and
keeping samé¢. /n obtained for the nearest available redshift. Note
that, we did not try to ge@'; throughy? minimization as there are

only few data points in the observed luminosity functiors¢ethere
are issues related to the completeness of the samples)lyRira
match our model predictions with observed Lymaruminosity
function at the same redshift by adjustifigfz¥> and keepingd? ¢
fixed. This is also done using’ minimization. In Table 2 we sum-
marize the best fit parameters along with f{fevales at different
redshifts for models with both PS and ST mass functions.Belo
we describe these results for specific redshifts.
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3.1 Luminosity functionsat z ~ 3

At z ~ 3 we have all the three observed luminosity functions and
the data are quite well established, i.e. different groupgetcon-
firmed the data by different methods. For~ 3 we use the ob-
served UV luminosity function of LBGs given by Reddy & Stdide
(2008) which covers the low luminosity end well. We show ie th
left most panels of Fig. 2 (panel (a) and (b)), both UV and Lyma
luminosity functions at ~ 3 as predicted by our model along with
the observed data points. The best fit model parameters\ane igi
Table 2. In panel (a) of Fig. 2, the set of thin curves in thedop
the predictions of UV luminosity functions of LBGs.

A good agreement with the observed UV luminosity function
of LBGs is obtained forf. /i = 0.044 £ 0.001 and0.055 £ 0.001
for models with the PS and ST mass functions respectivelg. Th
corresponding reducegf for these fits arg.9 and0.97. Thus the
shape of the observed UV luminosity function of the LBGs it be
ter reproduced by the model with the ST halo mass functionfitVe
the UV luminosity function of the Lymane emitters by multiply-
ing the UV LF of LBGs with a fractiorG¢. As mentioned earlier,
we did not try to getG'; throughx? minimization. The observed
data points are well reproduced f6t; = 0.07 with samef. /».
These curves are also shown in the figure by the thick blue line
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We now turn to Lymanz LF of LAEs. We show this in
panel (b) of Fig. 2 along with the observational data takemfr
Ouchi et al. (2008). To fit the Lyman-luminosity function, only
free parameter ig. 24~ asG has already been fixed by fitting
the UV luminosity function of the LAEs. The best fit with the-ob
servational data are obtained wifbfZ¢* = 0.059 + 0.011 and
0.076 £ 0.011 for the PS and ST mass functions respectively. The
corresponding best fig? are 0.95 and 2.49. If we consider= 4.5
as obtained by Reddy et al. (2006) then we hAfg™ = 0.29 and
0.30 respectively for the models with the PS and ST mass func-
tions. Takingn = 4.5 also impliesf. = 0.20 and f. = 0.25 for
the models with the PS and ST mass functions respectively.

We now calculate the average rest frame equivalent width of
the Lymane emission of the star forming galaxies that are con-
tributing to the luminosity function. Note that for givenluas of
f+/n and f. f£¥>, the equivalent width is solely determined from
the IMF we assume. This can be easily understood if we rewrite
Eq.4 as

Lyo

l;Lya(f; esc )
Leont(f+/n)

The ratioL1ya/Lecon: depends on the IMF and the metallicity of
the gas (see Table 1) anfl/n and f. f5¥> come from the fit.
Therefore, fitting simultaneously the UV and Lymantuminos-

ity functions uniquely specify the average equivalent widf the
Lyman-« emission line. For the fit presented in panels (a) and (b)
of Fig. 2 the average equivalent widths a9 A and 183 A for
the models with the PS and ST mass functions respectivelie No
that ‘9’ reflects extinction af ~ 1500 A; the relative extinction at

X = 1215 A will be higher than that at = 1500 A. Therefore, the
actual equivalent width will be higher depending upon thepaeld
extinction correction. The Lymaa-rest equivalent width distribu-
tion predicted for the best fit model parameters is shownan i
Note that the spread in and f£¥ around their best fitted val-
ues will make this distribution spread over wider equivaleidth
range. Hence, one should not directly compare this histogvah
observations although the mean value itself is relevanalline-
sults presented here we use a lower mass cut dff/aft; in the as-
sumed IMF. Increasing this 8 10 M to mimic a top-heavy IMF
would increase the predicted equivalent width by a faetoil .4
(see Fig. 1).

Wo = 5)

3.2 Luminosity functionsat z ~ 4

We show our model prediction as well as the observed datdgoin
atz ~ 4inpanel (c) and (d) of Fig. 2. The observed UV luminosity

(the bottom set of curves in panel (a)) for both PS and ST mass function of LBGs at: = 4 is taken from Bouwens et al. (2007). The

functions. The declining trend in the UV luminosity funcatiof
Lyman-« emitters seen in the low luminosity end (open triangles)
is mainly due to incompleteness. Apart from these pointsradhata
points do not require luminosity depend&®§. This is consistent
with our implicit assumption that’; is independent of halo mass
(or galaxy luminosity).

The value ofG is in agreement with the measurements of
Shapley et al (2003) where they found that the fraction of EBG
having Lymane: emission with equivalent widthi’, > 60 Ais
~ 8% (see their Fig. 8). Note that the sample of LAEs of Ouchi et al
(2008) atz = 3.1 hasW, > 60 A. Hence our results are consistent
with both these observations. From the fact tigt matches with
the prediction from fig. 8 of Shapley et al. (2003) we can codel
that both the techniques of detecting- 3 galaxies appear to pick
a subset of the same parent population of galaxies.

luminosity function of Lymanx emitters is at = 3.7 and we com-
pare this with UV luminosity function of LBGs at = 4. We see
from our model predictions that there is no significant cleainghe
properties of the galaxies from~ 3 to z ~ 4. The UV luminosity
function of LBGs can be well fitted witlfi. /n = 0.046+0.001 and
0.042 £ 0.001 with all other parameters being same as at 3 for
the models using the PS and ST mass functions respectiegy (s
Table 2). The corresponding reducgd are2.32 and1.09. Thus,
even for this redshift bin the model with the ST mass funcpom
vides a better fit to the observed data. If we assyrae4.5, we get
f+ =0.21 and0.19 for the models with PS and ST mass functions
respectively.

In order to fit the observed UV luminosity function of LAES
of Ouchi et al. (2008) at = 3.7 we needGy = 0.1. Compar-
ing the values of7s, we conclude that there is no strong evolution



6 Samui, Sianand & Subramanian

in the percentage of LBGs showing up as LAEs frem= 3 to
z = 4. Assuming no redshift evolution in the equivalent width-dis
tribution of Lymane and taking the limiting rest equivalent width
of 45 A (as in Ouchi et al. 2008) we estimaté; ~ 0.1 from the
Fig. 8 of Shapley et al. (2003). However, Reddy et al. (20epprt
an evolution in the Lymarr equivalent width distribution of LBGs
betweenl.9 < z < 3.4. Continuation of this trend to higher red-
shifts will meanG y more than 10%. Our model predictions match
reasonably well with these observational predictionsrytte error
in measurements.

The good agreement with the data of Lymar-F at 2 =
3.7 (taken from Ouchi et al. 2008) are obtained ftwrfZy> =
0.051+0.014 for the model with the PS mass function with best fit
x?/dof = 0.68. The mean Lymanr equivalent width of the LAEs
as predicted from this model is 148 For the model with the ST
mass function one needs f£¥* = 0.050 + 0.015 (with best fit
x?/dof = 1.08) and the average equivalent with predicted by this
model is 183A. The Lymane rest equivalent width distribution
predicted for the best fit model parameters is shown in Fi§o8.
n = 4.5 we getfL¥> = 0.25 and0.26 for PS and ST mass func-
tions respectively. These values are consistent with tealevived
for z ~ 3. Therefore with no or minor evolutions in the physical
conditions in the Lyman break galaxies our models reprodhee
observed luminosity function f& < z < 4. However, from Fig. 3
it is clear that our models predict a mild decrease in theagsiv-
alent width of Lymane with increasing redshift.

3.3 Luminosity functionsat z ~ 6

In the panels (e) and (f) of Fig. 2, we show our model predictib
luminosity functions at ~ 6. The observed UV luminosity func-
tions of LBGs atz = 6 are taken from Bouwens et al. (2007). First,
the required values of. /n are0.081+0.001 and0.050+0.001 for
the model with the PS and ST mass functions respectivelycdhe
responding reduceg”® are1.19 and0.63 suggesting both PS and
ST mass functions produce good fit to the data. We rieed-= 1.0

to reproduce the UV luminosity function of LAEs at this reifsh
Hence 100% of the LBGs are detected as LAEg at 6. This

is considerably different frome = 3 or 4 where only<10% of
LBGs are detectable as LAEs. Assuming no redshift evolution
the equivalent width distribution of Lyman-and taking the lim-
iting rest equivalent width of 2R (as in Ouchi et al. 2008) we
estimateG; ~ 0.25 from the Fig. 8 of Shapley et al. (2003). This
means that the physical properties related to the Lymamission
have changed considerably fram= 3.7 to z = 5.7. This conclu-
sion depends very much on the accuracy of the observed Igmino
ity functions. While data of Shimasaku et al. (2006) is cetesit
with that of Ouchi et al (2008), there are some discrepannitse
fraction of Lyman break selected galaxies that are also loyma
emitters (see Rhoads et al. 2003; Hu et al. 2004; Ajiki et @032
and Dow-Hygelund et al. 2007). We will come back to this issue
the discussion section. As we have been using Ouchi et dbsila
all redshift bins we base our conclusions on their data.

We show our model predictions for the Lymanluminosity
function of LAEs atz = 5.7 in panel (f) of Fig. 2. The observed
data points are taken from Ouchi et al. (2008). To fit the ofeskr
Lyman<« LF one needs. f%4* = 0.044 £ 0.017 for the model
using the PS mass function. The bestyfit per degree of free-
dom is 0.91. Therefore, even though the fraction of LAEs Inas i
creased considerably from= 3 to z = 6, the value off. fZ¥*
in the galaxies identified as Lymanemitters which characterises
the Lymane: escape (for fixedf.) has changed negligibly (within
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Figure 4. upper panel : The UV luminosity functions of Lymarx emitters

atz = 6.5. The observed data are from Kashikawa et al., 2006. The pre-
dicted UV luminosity functions of LBGs at = 6.5 for the ST and PS halo
mass functions are shown by solid and dashed lines respigctitve take

the values off  /n that fits the the UV luminosity functions at= 6. lower

panel : The cumulative Lymanx LF atz = 6.5. The solid line is for the ST
mass function and dashed is for PS mass function. The speopia (filled
triangles) and photometric (filled circles) data are takemfKashikawa et

al. (2006). The model parameters are adjusted to fit the lositinfunction
obtained from the photometric data.

the uncertainty of the best fit values). However, this is dnle

for the model with the PS mass function. Model that uses the ST
mass function predicts a change in the escape of the Lymatms-
tons at< 3o level. For this model, the best fit is obtained with
fofEve = 0.028 4 0.021 (with best fity?/dof = 0.42). The
calculated mean equivalent widths areA2and 75A for model

with the PS and ST mass functions respectively. The pretiietst
equivalent width distribution is shown in Fig. 3. As notecbad

we see a decrease in the average equivalent width with sioga
redshift.

3.4 Cumulative luminosity function at z = 6.5

Fan et al. (2006) have shown, based on the spectra of QS®s, tha
there is a significant increase in the IGM neutral fraction & 6.
As Lyman« escape also depends on the IGM opacity one expects
a significant change in the Lymaniuminosity function at: 2 6.
Kashikawa et al. (2006) have given the integrated Lyrmdomi-
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to quantify as it depends on the ionization efficiency of thiagy.

ters atz = 6.5. The observed data and our model predictions are Therefore, we expect; < 0.25 if the properties of LBGs do not

compared in Fig. 4. We usg. /n = 0.081 and0.050 respectively

change between ~ 3.1 andz ~ 5.7. Thus our results giving

for the models with the PS and ST mass functions. These are theG; = 1.0 atz ~ 6 strongly support an evolution in the physical

best fitted values for ~ 6 UV luminosity function of LBGs. They
provide a good fit to the observed UV luminosity function of Eé\
atz ~ 6 for Gy = 1. Our model predictions of the Lymamn-
luminosity function match reasonably well with the obserdata
(bottom panel in Fig. 4). The good agreement with the datdis o
tained for f. fL¥® = 0.054 + 0.012 and0.031 £ 0.015 for the
PS and ST mass function respectively. The correspondingfibes

properties of these galaxies with redshift.

Ouchi et al. (2008) provides luminosity functions only at
z = 3.1, 3.7 and5.7. From our analysis we see a sudden jump
in Gy betweenz = 3.7 andz = 5.7. In order to explore whether
this change is gradual or not, we consider few other obsenst
in the intermediate redshift. At = 4.5 Dawson et al. (2007)
have measured Lymam4uminosity function of LAESs. In absence

x° per degree of freedom are 2.30 and 2.32. These two values areof UV luminosity function of their sample we are unable to-fol

similar to those at = 5.7. Hence, we conclude that the evolution
in the dark matter halo mass function is sufficient to expthia
observed evolution in the Lyman-LF from z = 5.7t0 z = 6.5
without any major changes in other physical propertiestedlao
the star formation in the high redshift galaxies.

4 CONCLUSION AND DISCUSSION

We have built a semi-analytical model of star formation faghh
redshift galaxies which simultaneously reproduces thesiolesl
UV luminosity functions of LBGs and LAEs and the Lymanlu-
minosity function of LAESs in the redshift range< z < 6.5. We

fit the UV luminosity functions of LBGs by changing. /n while

we adjust7, the fraction of LBGs detected as LAES, to match the
UV luminosity functions of LAEs. Finally to fit the Lyman-LFs

of LAEs we varyf. f£4~. The best fit values of our model param-
eter at different redshifts allow us to probe the redshifietion of
properties of galaxies. In our models we make an implicitiags
tion that the Lymarnx emitters are a subset of a parent population
of normal galaxies detected through Lyman break technique.

Within the observational uncertainties, we are able toaepr
duce the observed UV luminosity functions of Lymaremitters
by simply scaling the best fitted UV luminosity functions @dGs
by a constant factof ;. This basically means that at a giveithe
fraction of LBGs that are seen as Lymaremitters is independent
of the UV luminosity of galaxies and mass of the dark mattéoha
Improving the errors in the UV luminosity functions of Lyman
emitters will allow us to investigate the possible deperdenf G ¢
on the mass of the galaxies.

The most interesting results from our study is the redskidt e
lution of G ¢. We showed that fot ~ 3.1 the well measured frac-
tion of Lyman« emitters among the LBGs are consistent with the
G¢ we require to fit the three luminosity function at this redishi
Our model fits to the observations clearly show a strong ¢asiu
in Gy betweenz < 4 andz > 5. PhysicallyGy at any given
redshift will be given by the distribution in the Lyman-escape
among the population of LBGs. This will be governed by E(B-V)
line of sight Hi column density, velocity field in the Lymat-emit-
ting region and/or the duty cycle of the burst of star formadtilt
is interesting to note that even if there is absolutely nangleain
the distribution of Lymanx equivalent width (absorption as well
as emission) as a function of redshift one expé&gfsto increase

low the same procedure as earlier. However, we notice tHat va
ues of Gy and fZ¥* that fit the Lymane: LF of Ouchi's sample
at z = 3.7 produce a good fit to the Dawson et al. data where
as using the best fit parameterszat= 5.7 over produces the
abundance of = 4.5 Lyman-« emitters. There are two indepen-
dent measurements of luminosity functions of LAEs avaédad
z = 4.86 : one by Ouchi et al. (2003) and other by Shioya et al
(2008). Ouchi et al. (2003) covers the low luminosity endhef LF
(5 x 10" < Lrya(erg s7') < 2 x 10*®) where as Shioya et al
(2008) covers the high en8 % 10*? < Lpya(ergs™) < 4x10%)
with slight overlap between them. The Ouchi et al. (2003) mea
surements are consistent witty = 0.1. However, if we also con-
sider Shioya et al (2008) daté;; could be as large as 0.3. Note
that the completeness of the sample is always an issue inabés
Hence more observations are needed in this redshift rangeér
to probe in detail howis ; increases to unity by = 5.7.

Unlike atz ~ 3.1, the luminosity function of Lymarx emit-
ters obtained by different groups fer~ 5.7 disagree up to a factor
5 (see Rhoads et al. 2003; Hu et al 2004; Ajiki et al. 2003; Mu-
rayama et al. 2007; Shimasaku et al. 2006; and Ouchi et aR)200
The difference could be due to differences in the colourcsiele
criteria used in the narrow band survey and the depth of thador
band photometry. Dow-Hygelund et al. (2007) have found that
only 30% of the Lyman break galaxies at~ 6 selected through
i-dropout selection show Lyman-emission with rest equivalent
width > 20 A. Itis also important to remember that while the nar-
row band imaging picks object within very narrow redshifhge
the broad band colour techniques pick objects over a muckrwid
redshift range. Incompleteness levels in these two typssiokys
are also very different. Dow-Hygelund et al. (2007) havevsho
that the i-band selection misses considerable number ofahym
emitters at: < 5.8. On the other hand, the narrow band technique
of Ouchi et al (2008) picks object at= 5.70 £ 0.01. After tak-
ing into account this effect Dow-Hygelund et al (2007) cowcld
that up to 40% of the i-dropout galaxies could be Lymnaemit-
ters. From our models we find the redshift evolution betwden t
meanz of LBGs and LAEs will account for an additional 10% in-
crease inGy. Even after taking into account all these effects one
needs ¢ to be factor 2 higher to explain the available observed lu-
minosity functions. Thus we can conclude that there is areage
in Gy as a function of but to get the actual amount we need lot
more observations at > 5. Recent results from the narrow band
survey of Lymanea: emitters atz ~ 4.7 by Shioya et al (2009) are

with z mainly because of the decrease in the liming rest equivalent also consistent with increasing value @} with increasingz. As

width of Lyman<« emission in Ouchi et al’s. (2008) survey. For ex-
ample, based on Fig. 8 of Shapely et al. we exgécto be 0.25 at

z ~ 6.0. From, Fan et al. (2006) we notice that the IGM transmis-
sion decreases by at least a factor 3 between3.1 andz = 5.7
due to Gunn-Peterson optical depth. The actual change iGitie
optical depth in the proximity of the Lyman-emitter is difficult

Lyman-« escape depends on the amount of dust and gas kinemat-
ics, the higher value of¢ implies that on an average the ISM of
z > b galaxies are less dusty, more clumpy and having complex
velocity field making the escape of Lymanphotons easier.

Further, the evolution in the observed Lyman-F atz > 5.7
can be understood as evolution in the number density of the da
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matter halos arising from the structure formation modehwiitod-
est change in the physical properties of these galaxies.ihde-
pendent of the form of the halo mass function we assume. téjks
et al. (2007) have arrived at same conclusion in the evaiubio
luminosity functions for: > 5.7 while considering no evolution in
the IGM transitivity in this redshift range.

Our best fit models at different redshifts show that average
Lyman-« equivalent width decreases with increasing redshift. This

is contrary to some preliminary observational results sajgest
an increase of equivalent width with increasing redshifto{@ et
al. 2009). This result needs to be confirmed with larger nurobe
spectroscopic data. In our model it is possible to get suokratby
allowing the initial stellar mass function to vary with réifs (see
Fig. 1). Also, relaxing our assumption that the equivaleittiwis

independent of galaxy mass will have some effect on the aquiv

lent width distribution. Indeed such mass dependence ofvagu
lent width distribution is indicated by observations of Anet al.
(2006).

There are a number of other attempts to fit the UV and Lyman-

a luminosity functions using galaxy formation models. Kohslyi
et al. (2007) using their hierarchical galaxy formation mlsditted
the luminosity function of Lymarnx emitters by varying the es-
cape fraction. However, according to their models all LBGsild
be detected as Lyman-emitters. Mao et al (2008) fitted luminos-
ity functions using semi-analytic models that compute &(Band
relate it to the escape fraction of Lymanphotons. In this model
preferably low metallicity dust free galaxies will be sesrigman-
« emitters. However, recent observations suggest that thrahyy
emitters need not be confined to primordial low dust popoifeti
(Pentericci et al. 2008; also see Scannapieco et al. 200Rd-gt

al. 2003, Dawson et al. 2007). Nagamine et al (2008) usedithe h

erarchical structure formation models to fit the Lymarmemitters
assuming a normal galaxy is a Lymanemitter for a brief period
of time (duty cycle argument). They find the duty cycle inces
with increasing redshift as we find f6# ;.

Itis important to realize that high redshift luminosity fitions
are based on deep field observations covering small voluhtnes.
effect of cosmic variance may be large. The UV luminosityctun

tions used here for LBGs are mainly based on photometric data

with large redshift uncertainty. Therefore, more obseovet are
needed to get a clearer picture on the evolution of physicgiqr-
ties of the galaxies. In the case of modelling, one requirelear

physical model foiG¢. It is possible that simple ideas of duty cy-

cle based on dust properties may not be sufficient since tloe-ve

ity field in the Lymane emitting regions may play an important
role. Indeed, all the high-LBGs show signatures of outflows that

can enable easy transport of Lymarphotons. Thus, physical un-

derstanding of7; based on a dynamical model (e.g Verhamme et

al. 2008) that will also fit the luminosity functions is thextstep

in this subject. Such models may also explain the observele wi

spread in the rest equivalent width distribution.
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