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ABSTRACT

Recent observations have shown that the intergalactic medium (IGM) is more transparent to
Lya photons close to Lyman break galaxies (LBGs) than at large distance from them, i.e.
there is a proximity effect. Cosmological simulations including winds from LBGs have been
so far unable to explain this trend. By coupling such simulations with the radiative transfer
code CRASH, we investigate whether the addition of the ionizing radiation emitted by LBGs
can increase the transmissivity by decreasing the neutral hydrogen fraction in the inner Mpc
of the galaxy halo. The transmissivity as a function of distance is roughly reproduced only if
LBGs are identified with dwarf galaxies (with masses < 10° M) which are undergoing a
vigorous (50 Mg yr~!) burst of star formation. Similar star formation rates in larger galaxies
are not sufficient to overwhelm the large recombination rates associated with their denser
environment. If so, photoionization partly reconciles theory with observations, although we
discuss a number of uncertainties affecting both approaches.

Key words: radiative transfer — methods: numerical — galaxies: high-redshift — intergalactic
medium — cosmology: theory.

1 INTRODUCTION

In arecent study, Adelberger et al. (2003, hereafter A03) have anal-
ysed a sample composed of eight high-resolution quasi-stellar object
(QSO) spectra at redshift 3.1 < z < 4.1 and spectroscopic redshifts
for 431 Lyman break galaxies (LBGs) at slightly lower z, to study
the intergalactic medium (IGM) close to high-z galaxies and to de-
tect imprints of galaxy—IGM interplay. Comparing the location of
galaxies to the absorption lines in QSOs spectra, the authors found
that the mean Ly« transmitted flux generally increases with the line-
of-sight impact parameter between the foreground galaxies and the
background QSOs (Ar), reaching the mean transmissivity of 0.67
at Ar 2 6 h~! comoving Mpc; however, the trend is reversed within
about ~1 2~! comoving Mpc of the galaxy. This result indicates that
the IGM contains less neutral hydrogen close to LBGs, and hence is
more transparent to Ly« photons, than at large distances from them.

Similar observations at lower redshift show an opposite be-
haviour. Lanzetta et al. (1995), Chen et al. (1998) and Pascarelle
et al. (2001) find that galaxies, at z < 1, with an impact parame-
ter Ar < 180 A~ comoving kpc are much more often associated
with Ly absorption lines than those at larger impact parameters.
Furthermore, the result of Very Large Telescope/ UV-Visual Echelle
Spectrograph (VLT/UVES) study of the Ly« forest in the vicinity of
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the LBG MS1521-cB58 at z =2.724 (Savaglio, Panagia & Padovani
2002) shows an absorption excess close to the galaxy.

Croft (2003) has recently looked at similar correlation of mean
absorption versus impact parameter using a sample of QSOs from
the Sloan Digital Sky Survey First Data Release. From the analysis
of the data, he found an increased absorption close to QSOs. On the
contrary, his own numerical simulations predict that the ionizing
radiation from the QSOs outweights the excess absorption due to
the dense QSOs environments.

AO03 suggest that the relative lack of neutral hydrogen at small
distances from LBGs is possibly due to the dynamical feedback
from supernova-driven winds, which may be able to accelerate the
surrounding gas up to velocities exceeding the escape velocity of
the galaxy potential well, driving plausibly the intergalactic material
out to a distance > 0.5 A~ comoving Mpc.

This scenario has been investigated with numerical simulations
by different groups: Croft et al. (2002), Bruscoli et al. (2003), and
Kollmeier et al. (2003). Despite the completely independent pre-
scriptions adopted to model supernova-driven winds in these stud-
ies, none of them were able to reproduce AO3 results on the en-
tire distance range. Unless feedback schemes are still far too crude
in Smoothed Particle Hydrodynamics (SPH) simulations, the dis-
crepancy indicates that the energy injection from supernova explo-
sions is not able to displace the IGM around galaxies to distances
>0.5 h~! comoving Mpc. The most likely explanation is that the ram
pressure of the accreting/infalling gas slows down and effectively
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confines winds to relatively modest distances from the explosion
sites (Bruscoli et al. 2002).

Local photoionization by galaxies themselves provides the only
known alternative mechanism able to decrease the neutral hydrogen
fraction in the LBG environment. The first attempts to account for
local photoionization in numerical simulations have been performed
using simplified analytical techniques and/or ad hoc prescriptions
(A03, Croft et al. 2002; Kollmeier et al. 2003); these studies have
lead to conclude that local photoionization cannot account for the
observed IGM transparency. However, fully self-consistent and de-
tailed radiative transfer (RT) calculations are required before a final
conclusion is drawn.

In this Letter, we investigate the role of local photoionization
using high-resolution numerical simulations performed with the RT
code CrASH; the full description of the code and of the tests made
are given in Maselli, Ferrara & Ciardi (2003).

2 SIMULATIONS

We have performed RT simulations in order to evaluate self-
consistently the proximity effect due to the ionizing radiation emit-
ted by high-redshift galaxies on the surrounding IGM. We use the
numerical code cRAsH (Maselli et al. 2003), which allows us to cal-
culate the effects of ionizing radiation on a pre-computed cosmo-
logical density field, specifically obtained from the SPH simulations
and already used by Bruscoli et al. (2003). In the following, we give
the details of the two simulations.

2.1 Hydrodynamics

The simulation has been carried out with an improved version of
the SPH code GADGET?2 (Springel, Yoshida & White 2001), designed
for the detailed study of galaxy formation (Marri & White 2003).
Such multiphase SPH (MSPH) scheme is based on an explicit sep-
aration of protogalactic gas into diffuse and dense (star-forming)
components and includes new prescriptions for a realistic treatment
of stellar feedbacks. With respect to the standard GADGET2 version,
this new implementation is able to suppress star formation, to reheat
cold gas and to drive outflows from galactic discs. The presence of
a UV background (UVB) produced by QSOs and filtered through
the IGM is also included. The shape and amplitude of the UVB are
taken from Haardt & Madau (1996, HM96) and its impact on the
IGM temperature and ionization structure is calculated as in Katz
et al. (1996).

The simulation uses 1283 particles in a 10.5 A~! comoving Mpc
box and assumes a A-cold dark matter (ACDM) cosmological
model with Q¢ = 0.3, Q, = 0.7, @, = 0.04 and & = 0.7; the
initial density perturbations power spectrum is cluster-normalized
(0g = 0.9) and periodic boundary conditions are assumed. Galax-
ies are identified by applying the HOP group-finding algorithm
(Eisenstein & Hut 1998) to the baryonic components of the simula-
tion. Each galaxy is assigned a star formation rate (SFR) calculated
by considering the properties of all particles within the group. For
each of them, we first check if the conditions under which a gas par-
ticle can form stars are satisfied and we calculate the rate at which
its gas is converted into stars. For more details, we refer the reader
to Marri & White (2003).

For the sake of consistency, we use the same output as in
Bruscoli et al. (2003). There we showed that, although on large
scales the simulation reproduces a number of statistical properties
of the IGM, it does not match the transmitted Ly« flux inside 1 A~
comoving Mpc as measured by A03. Such an output has now been

post-processed using CRASH to include self-consistently the effects
of local photoionization produced by the galaxies identified in the
computational volume.

2.2 Radiative transfer

The RT simulation has been performed on the outputs at z = 3.27
of the MSPH simulation above, to allow a direct comparison to the
observational data available around this redshift (A03).

The RT is simulated running the 3-D RT code CRASH, whose
description is fully reported in Maselli et al. (2003). The code works
on pre-computed H/He density fields assigned in a 3-D Cartesian
grid, and calculates the time evolution of the temperature and of the
ionization structure.

To include the effect of local photoionization on the cosmological
configuration obtained from the MSPH simulation, it is necessary
to map the particle data on a 3-D Cartesian grid. We choose a grid
composed of 1283, which corresponds to a spatial resolution of Ax
~ 82 kpc h~! comoving. At each grid point, we assign a value for
the mass density, temperature, neutral hydrogen fraction and free
electrons fraction, performing a standard SPH smoothing using the
32 neighbour SPH particles closer to the grid point. We next locate
the 398 galaxies identified inside the simulation box on the Cartesian
grid, converting the Lagrangian spatial coordinates into Cartesian
coordinates.

The emission properties of the galaxies have been derived using
the STARBURST99 code (Leitherer et al. 1999), a web-based software
and data package designed to model spectrophotometric and related
properties of star-forming galaxies. We have assumed a continuous
star formation law and a Salpeter IMF with @ = 2.35, normalized
in a mass range [1, 100] M); we also take Z() /5 as a characteristic
metallicity for all the sample. These values are suggested by the
analysis of the LBG UV continuum and the H, and Hg emission
lines by Pettini et al. (2001) and are assumed for all galaxies in
the box whose SFR is assumed as derived from the analysis of the
MSPH output. We finally assume a value for the ionizing photon
escape fraction of 50 per cent. This value represents the upper limit
of the allowed range (see discussion in Ciardi, Bianchi & Ferrara
2002) from a set of observational data.

The computed grid data are assigned as initial conditions for the
CRASH run. The number densities of hydrogen and helium nuclei
are calculated assuming mass fractional abundances fy = 0.76 and
fre = 0.24, respectively.

First, a simulation run has been performed with its physical du-
ration set to t, = 6 x 107 yr, i.e. several times the estimated box-
crossing time for the ionization front produced by a typical source
in the volume. We found that the simulated cosmological volume
reaches its equilibrium configuration after some 10° yr. This means
that the expansion of the Stromgren spheres around each source is
soon halted because of the high recombination rate of the surround-
ing gas. This has allowed us to run all the simulations, whose results
are presented in this work, for #;, = 6 x 10° yr, in order to reduce the
computational cost of the present study without loss of information.

In nearby galaxies, the mean gas temperature is above 105 K,
due to the energy injection into the IGM produced by outflows. The
cooling time of such gas in the simulation is longer than ¢, with a
minimum value equal to 1.5 x 108 yr. As the temperature does not
change significantly during the RT simulations, its evolution has not
been solved to reduce the computational time.

Two different RT simulations have been run. In the first one, only
the UVB radiation is included (run A), while in the second one,
the radiation from all galaxies in the simulation volume is added
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Figure 1. Neutral hydrogen fraction maps in a slice of about 4 ! comoving Mpc by side, centred on the most massive and most luminous galaxy in the
computational volume. The three slices represent, in a logarithmic scale, the final outputs of run A (left-hand panel), run B with the galaxy SFR derived from
the MSPH simulation (central panel) and run B with the SFR boosted by a factor of 10 (right-hand panel).

to the UVB (run B). In this way, itis possible to compare consistently
the two simulations to infer the role of galaxies and to distinguish
the contribution to the proximity effect due to local photoionization.
Because considerable uncertainty is present in the determination of
SFRs for the identified galaxies, we also studied a case similar to run
B in which SFRs are boosted ad hoc to match the observed values.
The total ionizing energy, injected in the computational volume,
is discretized in N, =2 x 108 photon packets forrun A andin N, =
6 x 10® packets for run B; roughly, this corresponds to 10° photon
packets per galaxy and 2 x 10® photon packets for the UVB.

3 RESULTS

As an example, Fig. 1 shows a comparison among the final outputs
of run A (left-hand panel) and run B (central and right-hand panels).
The slices represent the logarithm of the neutral hydrogen fraction
on a slice of a zoomed region of about 4 2~! comoving Mpc by side,
centred on the most massive galaxy in the computational volume.
The two maps from run B have been derived by assigning to such
a galaxy different SFR: in the central panel, the SFR is about 30
Mg yr~' as derived from the MSPH simulation, whereas in the
right-hand panel, it has been boosted by a factor of 10. The effect of
the local photoionization produced by the galaxy is clearly visible
in both cases and depends strongly on its luminosity, as expected.
In the central panel, the imprint of the galaxy on the surrounding
gas is feeble and the content of neutral hydrogen in a surrounding
region of 0.5 1~! comoving Mpc by side is reduced on average by
factor of 2. The luminosity associated with a SFR of 30 M yr™!
is too low to affect significantly the high-density environment of
such a massive galaxy (M = 1.5 x 10" M A™"). When the SFR is
boosted by a factor of 10 (right-hand panel), the region affected by
the galaxy UV flux extends up to a distance of about 1 2! comoving
Mpc. In the inner region, the neutral hydrogen fraction is depleted
at least by an order of magnitude. In the outer regions, the effect
of the local photoionization is progressively reduced and vanishes
at distances >1 h~! Mpc, where the UVB dominates the local UV
flux. The decrease in the neutral hydrogen fraction visible in other
regions far from the centre is produced by other galaxies, included
in run B as ionizing sources.

To estimate the radius of the ‘sphere of influence’ produced by
the local emission from a typical galaxy, we study the distribution
of the ratio between the UV flux produced by the galaxies and the
UVB flux, R = Fgu/Fuyg, in the box. The solid curve in Fig. 2
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Figure 2. Solid line: distribution of the ratio between galactic and back-
ground ionizing flux, R = Fga/Fpkg, as derived from the final output of
run B; dotted and dashed lines: ionizing flux distribution F gy and Fikg,
respectively, in units of the mean total flux in the computational volume.

shows the R histogram derived from the final output of run B. The
distribution has a mean value R = 1.55 x 102 and a median value
Ry = 1.5 x 1072, These values are to be considered as lower limits
to the contribution of galaxies to the UVB, as larger boxes would be
required to properly estimate such quantity. The volume in which
R > 1, i.e. where the local emission by galaxies dominates the
foreground UVB, is about 0.5 per cent of the total computational
volume. This fraction corresponds to a mean radius of influence for
a typical galaxy R;, given by

R ERCEDEIAN

= ~ 0.05h~! Mpc, 1
" N, pc ¢))

where N. is the number of cells where R > 1, V. is the volume
of a single cell and N, = 398 is the number of galaxies in the
simulation box. This analysis shows that the influence of ionizing
radiation emitted by galaxies on the IGM ionization structure is
almost negligible on average, although in the vicinity of luminous
galaxies the situation could be significantly different, as can be seen
in Fig. 1.

The dotted and dashed curves in Fig. 2 represent the ionizing flux
distribution F g, and Fyg, respectively, in units of the mean total

GZ0Z Jaquieoa(] Z0 Uo Jasn eoa)oljqig alouadng sjewloN Bjonds Aq 096121 L/1Z21/2/0SE/e/onie/seiuw/woo dnoolwepese//:sdiy woll papeojumod



L24  A. Maselli et al.

1.2
1.1

0.9
0.8
0.7

éo.e

Vo.6
0.4
0.3
0.2
0.1

....I....I....I....I....I....I;...I....I....I....I....I....I

run A

----- run B
——-— run B, boosted SFR

A03

run A

run B

run B, boosted SFR

;|||||||||||||||||||||||||||||

© [T IO T e e I e e e

O rrrT

2 Ar [Mpe/h] 4

2 Ar [Mpe/h] 4

© [T A e e e

]

2 Ar [Mpe/h] 4

Figure 3. Mean Ly« flux at different impact parameters Ar, computed as the average values among all the pixels at a distance from a galaxy in a given interval
centred on Ar. The curves in the three panels are derived using different samples of galaxies: all the 398 galaxies (left-hand panel), galaxies with mass above
2 x 1010 M (central panel) and those with mass below 9.3 x 108 Mg (right-hand panel).

flux in the computational volume. In contrast to the distribution of
F 451, which shows a rms fluctuation around the mean of o ~ 0.89,
the fluctuations of F, are less prominent (o ~ 0.04). Obviously,
this is simply a different way to look at the proximity effect we are
studying.

To allow a direct comparison of the simulation results with the
observational data, we construct synthetic Ly« spectra, as described
in Bruscoli et al. (2002), by tracing random line of sight (LOS)
through the box. We then estimate the mean Ly« transmitted flux as
a function of the impact parameter Ar, computing the average on
all the pixels at a distance from a galaxy in a given interval centred
on Ar. The results are plotted in Fig. 3 and compared with the data,
represented by the black points.

As already mentioned, the simulations adopt the UVB spectrum
from HM96. To match properly the AO3 data at large separations, we
have found necessary to set the mean total flux in the RT calculation
to J,; = 1.2. This value is higher (by about a factor 3) than the
one derived by HM96, but still consistent with the Lyman limit UV
background estimated from the proximity effect (Cooke, Espey &
Carswell 1997; Scott et al. 2000) and, moreover, with the value
derived by Steidel, Pettini & Adelberger (2001) from a composite
spectrum of LBGs. Such intensity difference could be explained by
RT effects, i.e. shadowing by high-density clumps, and filaments
which act as sinks for the UVB radiation. All the transmitted fluxes
plotted in Fig. 3 have been consistently derived with this value of J »;.

The nature of LBGs is still strongly debated. Due to their high
luminosity and clustering properties, several works argue that LBGs
are associated with the most massive galaxies at z ~ 3. This scenario
is consistent with many semi-analytical and numerical studies. Con-
versely, LBGs have been suggested to be starbursting dwarf galaxies
(Somerville, Primack & Faber 2001), and a number of studies give
independent evidence of this alternative scenario (Weatherley &
Warren 2003; Desjacques et al. 2004).

In order to further investigate the two competitive models, we
have computed the mean Ly« flux on different samples of galaxies.
Fig. 3 shows the trend obtained using all the 398 galaxies (left-hand
panel), galaxies with mass above 2 x 10' M) (central panel) and
those with mass below 9.3 x 108 M (right-hand panel).

Solid, dotted and dot—dashed lines are derived from the outputs
of run A, run B and from a simulation analogous to run B, but with

SFRs boosted ad hoc. The difference between run A and run B in
the left-hand panel is marginal; we conclude that the mean effect of
the local photoionization on the Lyo transmitted flux is negligible
when all galaxies are included in the analysis.

The SFR derived for the most massive galaxies in the MSPH
simulation are in the range 10-30 Mg yr~!, the highest values
in the simulation. Due to their high luminosity, one would ex-
pect them to produce a strong impact on the ionization of the sur-
rounding gas. However, this is not the case. Looking at the solid
line in the central panel, obtained by neglecting the local emis-
sion, we note that the high-density characterizing the environment
of massive galaxies suppresses the mean transmitted flux with re-
spect to the mean trend obtained for all the galaxies in the simu-
lation (solid line in the left-hand panel). The UV radiation emit-
ted by these galaxies, using the SFR derived from the MSPH
simulation (dotted line in central panel), is not strong enough to
enhance significantly the transparency of the surrounding IGM,
because of the high recombination rate in the denser environment.
Higher values of SFR are necessary to produce a significant in-
crease of the transmitted flux nearby massive galaxies. This can
be seen from the boosted case, i.e. with SFR in the range 100—
300M yr~'. Although on the high side, the values are still plausible
according to observations (Shapley et al. 2001). Despite the sharp
increase in the mean Lyo transmitted flux, this simulation does
not match the A03 data. This result suggests that the mean trans-
missivity strongly depends on the galactic environment. The right-
hand panel shows the trend for the Ly transmitted flux obtained
selecting galaxies with mass <9.3 x 10® M. In this case, the
transmissivity of the gas at Ar < 0.7 ~~! Mpc has an opposite
trend with respect to the mean (left-hand panel), and seems to
follow the one observed by A03. The increasing flux at smaller
distance from the galaxy reflects the lower density in these re-
gions. Here, the UVB flux can counteract the recombinations which
occur on longer time-scales. Nevertheless, the SFRs associated
with these galaxies are too small (of order 0.1 Mg yr™!) to in-
crease the transmitted flux further. Boosting the SFR up to val-
ues around 50 M yr~' (dot-dashed line), the increase in (F) is
significant and closely approches the observed value in the inner-
most region. However, by no means can the flux around 1 Mpc be
matched.
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4 CONCLUSIONS

A recent study on the statistics of the Lya forest in the vicinity of
foreground galaxies has revealed an unexpected relative lack of neu-
tral hydrogen in the inner Mpc 2~! comoving from LBGs at z ~ 3.
High-energy supernova-driven winds able to displace the surround-
ing gas out to distances greater than 0.5 2~! have been proposed
as a viable explanation. However, several numerical studies failed
in reproducing the observed effect of such superwinds via (M)SPH
cosmological simulations. According to the simulations, the veloc-
ity of the gas closest to galaxies varies around a characteristic value
of 40 km s~! for small objects, and around 150 km s~' for the
biggest ones. These values seem to underestimate the high velocity
gas, at 600 km s~!, measured by A03 at a scale of a few kpc from
the galaxy centre (Pettini, private comunication). Nevertheless, the
possibility for the wind to break through the galactic halo, and into
the IGM up to distances greater than 1 2~! comoving Mpc (even at
such high velocity) seems quite unphysical if one takes into account
the kinetic energy used to counteract the pressure of the accretion
flow.

Motivated by these reasons, we have studied the role of local pho-
toionization in determining the Lyo absorbers statistics in the vicin-
ity of galaxies, via numerical RT simulations. We post-processed
an output at z = 3.27 of a multiphase SPH simulation, in which a
consistent treatment of supernova feedback is implemented, running
the code CRASH to account for the impact of the UV flux emitted by
galaxies on the simulated IGM. We have derived the synthetic mean
Lyo transmitted flux, as a function of the distance from a typical
galaxy, for different samples of galaxies. We found that, on aver-
age, local photoionization has a negligible impact, i.e. when all the
galaxies present in the box are considered in the flux distribution
derivation.

Local photoionization can affect significantly the transparency of
the surrounding IGM only for particular conditions of the galactic
environment. We find that in order to reproduce the trend inferred
by A03, the gas around LBGs should be less dense than that sur-
rounding massive galaxies seen in the simulation. The transmissiv-
ity as a function of distance is roughly reproduced only if LBGs
are identified with dwarf galaxies (with masses <10° M@) which
are undergoing a vigorous (50 M yr™') burst of star formation.
Similar and higher star formation rates in larger galaxies are not
sufficient to overwhelm the large recombination rates that are oc-
curring in their denser environment. This conclusion is somewhat at
odds with the common wisdom that LBGs are predominantly mas-
sive systems, although different and equally valid arguments tend
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to identify them with the bursting population of dwarfs that we find
necessary to explain the observed gas transparency. LBGs can be
interpreted as outbursting dwarf galaxies (Somerville et al. 2001)
if their abundance is due to an increased collision rate at high red-
shift; although many of the simulated collisions have relatively small
masses (510" M), they tend to cluster about large-mass haloes.
They therefore exhibit strong clustering, similar to that observed.

To solve the puzzle, more data are needed. The poor statistics of
the AO3 sample at small impact parameters and errors in both mea-
sured redshifts and galaxy positions make the derived transmitted
flux quite uncertain.

REFERENCES

Adelberger K. L., Steidel C., Shapley A. E., Pettini M., 2003, ApJ, 584, 45

Bianchi S., Cristiani S., Kim T. S., 2001, A&A, 376, 1

Bruscoli M., Ferrara A., Marri S., Schneider R., Maselli A., Rollinde E.,
Aracil B., 2003, MNRAS, 343, L41

Chen H. W, Lanzetta K. M., Webb J. R., Barcons X., 1998, ApJ, 498, 77

Ciardi B., Bianchi S., Ferrara A., 2002, MNRAS, 331, 463

Cooke A.J., Espey B., Carswell R. F., 1997, MNRAS, 284, 552

Croft R. A. C., 2003, ApJ, submitted (astro-ph/0310890)

Croft R. A. C., Hernquist L., Springel V., Westover M., White M., 2002,
ApJ, 570, 634

Desjacques V., Nusser A., Haehnelt M. G., Stoher F., 2004, MNRAS, in
press (astro-ph/0311209)

Eisenstein D. J., Hut P., 1998, ApJ, 498, 137

Haardt F., Madau P., 1996, ApJ, 461, 20 (HM96)

Kats N., Weinberg D. H., Hernquist L., 1996, ApJS, 105, 19

Kollmeier J. A., Weinberg D. H., Dave R., Katz N., 2003, ApJ, 594, 75

Lanzetta K. M., Bowen T., Tytler D., Webb J. K., 1995, ApJ, 442, 538

Leitherer C. et al., 1999, ApJ, 123, 3

Marri S., White S. D. M., 2003, MNRAS, 345, 561

Maselli A., Ferrara A., Ciardi B., 2003, 345, 379

Pascarelle S. M., Lanzetta K. M., Chen H. W., Webb J. K., 2001, ApJ, 560,
101

Pettini M., Shapley A. E., Steidel C. C., Cuby J., Dickinson M., Moorwood
A.F. M., Adelberger K. L., Giavalisco M., 2001, ApJ, 554, 981

Savaglio S., Panagia N., Padovani P., 2002, ApJ, 574, 590

Scott J., Bechtold J., Dobrzycki A., Kulkarni V. P., 2000, ApJS, 130, 67

Somerville R. S., Primack J. R., Faber S. M., 2001, MNRAS, 320, 504

Springel V., Yoshida N., White S. D. M., 2001, New Astronomy, 6, 79

Shapley A. E., Steidel C. C., Adelberger K. L., Dickinson M., Giavalisco
M., Pettini M., 2001, ApJ, 562, 95

Steidel C. C., Pettini M., Adelberger K., 2001, ApJ, 546, 665

Weatherley S. J., Warren S. J., 2003, MNRAS, 345, L29

This paper has been typeset from a TRX/IATEX file prepared by the author.

GZ0Z Jaquieoa(] Z0 Uo Jasn eoa)oljqig alouadng sjewloN Bjonds Aq 096121 L/1Z21/2/0SE/e/onie/seiuw/woo dnoolwepese//:sdiy woll papeojumod



