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Abstract. We present predictions for the abundance of Ly-a emitters in hierarchical structure formation models.
We use the GALFORM semi-analytical model to explore the impact on the predicted counts of varying assumptions
about the escape fraction of Ly-a photons, the redshift at which the universe reionised and the cosmological
density parameter. A model with a fixed escape fraction gives a remarkably good match to the observed counts
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2 1. Introduction

O Dedicated narrow-band searches for Ly-a emitters have
proven to be very efficient at detecting high-redshift galax-
I ies (e.g. [Hu & McMahon (1996); Cowie & Hu 98; Rhoads
v et al. 2000; Ouchi et al. 2003). Objects found by this tech-
C nique have to be confirmed spectroscopically, to rule out
O possible low redshift interlopers that may arise due to lines
‘@) other than Ly-« falling within the targetted wavelength
interval. Nevertheless, a significant fraction of the detec-
> tions appear to be bona-fide Ly-a emitters, and the num-
~ber of objects accumulated to date by this technique in the
) redshift interval 3 < z < 6.6 is quite impressive. The Ly-a
line is also found in a significant fraction of Lyman break
LO galaxies (e.g. Pteidel et al. (1996)), which are selected on
the basis of their continuum emission.

(-

The ubiquity of the Ly-« line is surprising at face value
given that it is a resonant line that is quickly destroyed in
7 a dusty gaseous medium, even if a small amount of dust
R is present. It is suspected that Ly-a emitters exhibit large
galactic winds (as is the case with Lyman break galaxies)
(O that result in Ly-a photons being able to avoid any res-
onant scattering, thus allowing them to escape from the
galaxy (Pettini et al. 2001). The Ly-« line shows an asym-
metric, P Cygni profile characteristic of such a process.
The physics of such a phenomenon remain complicated,
however.
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over a wide redshift interval. We present predictions for the expected counts in a typical observation with the
Multi Unit Spectroscopic Explorer instrument proposed for the Very Large Telescope.
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The purpose of this letter is to address how Ly-a
emitters fit into the hierarchical galaxy formation sce-
nario. Semi-analytical models are a powerful tool that can
be used to follow the formation and evolution of galax-
ies in a universe in which the structure builds up hi-
erarchically ([Cole et al. (1994); Kauffmann et al. (1994)
Bomerville & Primack (1999); Hatton et al. (2003)). The
abundance of Ly-a emitters is sensitive to the adopted
cosmological model and to astrophysical phenomena, such
as the fraction of Ly-a photons escaping from galaxies and
the distribution of galactic dust. Semi-analytical models
are ideally suited to the exploration of such a parameter
space.

The semi-analytical calculations are described in
Section E In Section H, we first present a compilation
of the available observational data on the abundance of
Lyman-« emitters at different redshifts. We then com-
pare these data with the predictions of the semi-analytical
models. Finally, we present our conclusions in Section .

2. The model

We use the semi-analytical model of galaxy formation,
GALFORM, to make predictions for the abundance of
Ly-a emitters as a function of redshift. The GALFORM
model is described in full by [Cole et al. (2000) and
Benson et al. (2003); further details of the model used in
this Letter are given in [Baugh etal. (2004). The follow-
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z Az frim”™ jj—dl\é(f) A (;j—dl\é) Nb of Area of level of djg (f) confirmation refs.
o Objects  Survey™™  correction methods

242 014 20 0.33 0.04 58 1260 -35% 0.046 OII sub Sti01]

3.09 0.066 2 2.3 0.3 12 78 -80% 0.15 /5 from LBG Cl Bte0

3.13 0.043 2 4.3 1.4 9 49 -70% 0.18 spec on 10

3.43 0.063 1.5 3.60 0.87 17 75 -11% 0.23 spec on 2 C2

3.43 0.063 2 3.5 1.1 10 46 0% 0.22 NBF

439 0.07 26 0.97 0.11 75 1100 -67% 0.68 NBF

4.54 0.064 1.5 4.2 3.0 2 -50% 0.27 spec on 2

4.86 0.06 0.6 0.52 0.09 34 1100 -20% 0.031 spec on 5

486 0.06  0.38 2.67 0.27 87 543 0% 0.16 CCs

5 1 2 2.3 1.0 5 2.2 0% 2.3 n/a C3

5.1 0.005 0.01154 48.29 48.29 1 4.2 0.24 spec on 7

51  0.008 0.03651 29.51 14.75 4 4.2 0.95 spec on 7

5.1 0.06 0.1154 4.024 2.323 3 4.2 0.71 spec on 7

5.1 0.27 0.3651 0.8853 0.5111 3 4.2 0.71 spec on 7

5.1 1.74 1.154 0.1368 0.1368 1 4.2 0.24 spec on 7

57 0.2 1.5 0.20 0.06 13 550 -28% 0.024 CCs

6.56 0.10 0.4 21 21 1 0.46 0% 2.1

6.56 0.10 2.7 < 0.0036 0 n/a

6.56 0.109 1 0.18 0.13 16 814 -78% 0.020 spec on 9 (2 Ly-a)

6.57 021 25 0.60 0.60 1 8 0% 0.13 n/a

Table 2. Data Compilation. The data are divided into unit redshift bins: the following symbols are used to denote
data from each redshift interval in the figures (M :[<3], ¥ :[3;4], A :[4;5[, O:[5.1 B04] (not yet published), ®:[5;6],
X:[6;7]). All surveys are narrow-band filter (NBF), except [D01|(long-slit: LS) and [LO3|(multi-slit: MS).

Col.1: redshift; Col.2: error on z; Col.3: max. Ly-a flux; Col.4: Ly-a counts; Col.5: counts error estimate; Col.6: number of Ly-a objects retained; Col.7:
area of sky surveyed; Col.8: estimates of rejected objects; Col.9: raw counts per area; Col.10: method for computing Col.9; Col.11: comments; Col.12:

references (see references below)

*in units of 10717ergs cm™ 2571 **Poisson error; also non-P error for at 0.39 in arcmin?

comments: Cl=correction for overdensity, C2=follow up from Cowie & Hu, C3=HST underestimates counts — area to be reduced

e OII sub: OII estimated continuum subtraction — e /5 from LBG: /5 factor from LBG estimation (see C1)— e spec on N: N objects spectroscopy — e CCS:
continuum colour selection —

ok ok

MODEL ) A o8 Zreion.  Jfesc. MUSE COUNTS

A 03 0.7 093 10 0.02 170 —rrr—
B 03 0.7 093 10 0.1 248 2<s<3—  MODELS

C 0.3 07 093 10 diffuse 366 SR ot oy
D 03 0.7 093 6 0.02 163 T Sze—C Oy

E 03 0.7 093 20 0.02 77 =
F 02 08 115 10 0.02 145 _ ]
G 1 0 052 10 0.02 59 ;" ]

Table 1. The semi-analytical models for which the abun-
dance of Ly-a emitters is predicted. The first column
gives the model label. The next three columns give the
basic cosmological parameters: the density parameter, €2,

10

N(>f)(arcmi n'2/(Az

the cosmological constant, A, and the amplitude of den- | DATA:

sity perturbations, as specified by og (og values are taken : Sopez<ads

from [Eke et al. (1996)). In each case the baryon density I o it

is Qp = 0.04 and the Hubble constant expressed is Hy = ok C S

70kms ™ 'Mpc~!. Column five gives the redshift at which i

the model universe is assumed to reionise, zyejon. Column b "_18 E— ""_17 . ’r
six gives the fraction of Lyman-a photons that escape from 10 10 1 2 10
the model galaxies, fesc. In the case of model B, fese = 1, fiyq(Ergss em’)

but diffuse dust can scatter the photons. The final column
gives the number counts of Lyman-« emitters for a refer-
ence MUSE observation. This is the number of emitters per

Fig.1. The symbols show the data compilation from
Table E, divided into different redshift ranges, as indicated
by the lower key. Model predictions are shown by lines, as

square arcminute brighter than 3.9 x 10 9ergs—'cm ™2 in
the redshift interval 2.8 < z < 6.7.

ing steps are taken to compute the Ly-a emission from

indicated by the upper key. The thickness of the lines in-
creases with redshift.

a model galaxy: (i) The number of Lyman continuum
photons is computed from the star formation rate in the
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Fig. 2. The predicted counts of Ly-« sources, plotted in different redshift intervals, as indicated by the key. (a) Shows
the predictions for model A; a subset of these are reproduced in each panel for reference. The data from Fig. 1 are also
plotted here using the same symbols as before. The remaining panels show the impact on the predictions of changing
different aspects of the model: (b) Varying the escape fraction or applying diffuse dust. (¢) Varying the redshift of

reionisation. (d) Varying the matter density parameter.

model galaxy and the stellar initial mass function (IMF).
In the Baugh et al. (2004) model, quiescent star formation
in galactic disks produces stars with a [Kennicutt (1998)
IMF, whereas bursts of star formation triggered by galaxy
mergers follow a flat (“top-heavy”) IMF. (ii) The luminos-
ity of the Ly-« line is computed assuming that Ly-« pho-
tons originate in HII regions, assuming case B recombina-
tion (Btasinska (1990)). (iii) The observed Ly-« line emis-
sion depends on how many Ly-a photons escape from the
galaxy. We have taken two approaches. In the first, we as-
sume that some fraction, fesc, of Ly-a photons escape from
the galaxy. Physically, this implies that fes. of the Ly-a
photons pass through holes in the galactic distribution of
dust and gas. In the second approach, we set fosc = 1 and
include the effects absorption by a diffuse dust component,
without any resonant scattering. This situation would be
expected in high velocity galactic winds.

We explore the impact on the abundance of Ly-«
emitters of varying the redshift at which the Universe
was reionised, Zyeion, Which is still poorly constrained.
We examine the consequences of making three choices:
(i) Zreion = 10, (ii) zreion = 20 and (ili) zreion = 6.
The first two values are consistent with the optical depth

to last scattering suggested by the WMAP measurement
of the correlation between microwave background tem-
perature and polarisation maps (Kogut et al. (2003))).The
latter value is suggested by the detection of a Gunn
Peterson trough in the spectrum of a z = 6.28 quasar
by [Becker et al. (2001). Gas is prevented from cooling in
haloes with a circular velocity below 60kms™' for red-
shifts z < Zzreion. The models that we consider are listed
in Table . Models A-E reproduce the luminosity function
of the local galaxy population (e.g. Baugh et al. (2004)).
Finally, we also consider the effect on the Ly-a counts of
varying the cosmological density parameter, Q (models F
and G). Note that we have not attempted to vary any
other parameters of the GALFORM model in these cases to
force the model to reproduce the local optical luminosity
function.

3. The data and model predictions

We have carried out a census of the available number
counts of Ly-a emitters in the literature. For conve-
nience, we present this compilation in Table E In order
to make a meaningful comparison between different data
sets, it is important to pay attention to the details of
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the construction and execution of each survey. Dawson
etal. (2001) and Lilly etal. (2003) used long slit and
multi-slit spectroscopy respectively to select Ly-a emit-
ters. Spectroscopy is the most direct and robust approach
to take to compute the abundance of sources. The remain-
ing surveys in Table E were carried out using narrow band
filters. This approach is susceptible to contamination by
low redshift sources emitting at longer wavelengths than
Ly-a, e.g. OII or OIII. Thus, the sources detected with
narrow band imaging need either to be confirmed spec-
troscopically or the number counts need to be corrected
using an estimate of the likely contamination by other
lines. The method used to correct the number of sources
detected by the narrow band filter and the size of the cor-
rection are listed for each survey where applicable in Table
E. The data are plotted in Fig. EI, with different symbols
indicating data from a given unit redshift range. The pre-
dictions of our fiducial model, A from Table m, are shown
by the solid lines in Fig. . The escape fraction fesc was set
to give a reasonable match to the observed number counts
at z ~ 3. This simple model, in which the escape fraction is
independent of redshift and galaxy properties, does a sur-
prisingly good job of matching the observed counts at dif-
ferent redshifts. In Fig. E, we present the predicted counts
of Ly-a emitters predicted as a function of redshift for the
GALFORM models listed in Table EI The results for model
A, our fiducial model, are reproduced for reference in each
panel. In Fig. E(a) we show the effect of varying the escape
fraction by a factor of 5. Fig. Pl(b) we show that the simple
model of assuming a fixed escape fraction produces similar
number counts to a model in which the Lyman-a photons
are scattered by diffuse dust without resonant scattering,
as would be expected in a galactic wind in which the inter-
stellar medium is rapidly expanding. Fig. E(c) shows the
impact on the predicted counts of varying the redshift at
which the model universe is reionised. Finally, Fig. (d)
illustrates the impact of changing the density parameter
whilst retaining a flat model universe.

4. Discussion and conclusions

The conclusion of this first study to look at the predictions
of hierarchical models for the number of Ly-a emitters is
that simple models do extremely well at reproducing the
observed counts. Assuming that typically just 2 % of the
Ly-a photons escape from high-z galaxies, a value chosen
to match the counts measured at z ~ 3, is sufficient to
give a good match to the observed counts at faint fluxes
over the redshift interval 2 < z < 6.

This study demonstrates the capability of semi-
analytical modelling to make predictions that can serve
as an input into the design of new instruments. The
Multi Unit Spectroscopic Explorer (MUSE) has been pro-
posed to ESO as a second-generation instruments for the
Very Large Telescope, Bacon et al (2004). MUSE will be
able to identify Ly-a emitters over a redshifts interval
2.8 < z < 6.7 over a field of view of 1 arcmin®. An expo-
sure of 80 hours will reach a 5 o sensitivity of 3.9 x 10~1?

erg/s/cm?. We predict that MUSE will be able to de-
tect a large number of such objects at this flux limit:
around 70-400 per arcmin? (see the final column of Table
m) Observations with MUSE will be able to reject some
of the models we have considered and therefore remove
some of the uncertainties in our modelling of Ly-a emis-
sion. Such an observational advance is clearly needed to
motivate more complete models of the emission and escape
of Ly-a photons by galaxies at high redshift.
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