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ABSTRACT

Strong observational evidence for a fluctuating ultraviolet background (UVB) has been ac-
cumulating through a number of studies of the H1 and He 11 Ly« forest as well as accurate
intergalactic medium (IGM) metallicity measurements. UVB fluctuations could arise both
from the inhomogeneous distribution of the ionizing sources and/or from radiative transfer
(RT) through the filamentary IGM. In this study we investigate, via numerical simulations, the
role of RT effects, such as shadowing, self-shielding and filtering of the ionizing radiation, in
giving rise to a fluctuating UVB. We focus on possible detectable signatures of these effects on
quantities derived from Ly« forest spectra, as photoionization rate fluctuations, n(=Nyey/Nu1)
parameter distributions and the IGM temperature at z & 3. We find that RT induces fluctua-
tions up to 60 per cent in the UVB, which are tightly correlated to the density field. The UVB
mean intensity is progressively suppressed toward higher densities and photon energies above
4 Ryd, due to the high He 11 opacity. Shielding of overdense regions (A 2 5) from cosmic He 11
ionizing radiation produces a decreasing trend of 1 with overdensity. Furthermore, we find
that the mean 7 value inferred from H 1-He 11 Ly« forest observations can be explained only by
properly accounting for the actual IGM opacity. We outline and discuss several implications
of our findings.

Key words: radiative transfer — methods: numerical — cosmology: theory — diffuse radiation —
large-scale structure of Universe.

1 INTRODUCTION

The lack of the Gunn—Peterson trough in the spectra of quasars at
redshift z < 5 indicates that the intergalactic medium (IGM) after
that epoch is photoionized by the ubiquitous presence of a meta-
galactic ionizing radiation, also known as the ultraviolet background
(UVB).

Usually, studies of the so-called Ly« forest (the highly ionized
absorbers that give rise to the absorption lines in quasar spectra)
assume the UVB to be spatially uniform, with the same intensity
and spectral shape everywhere in the Universe at a given redshift.
This is a good approximation if the sources of the UVB radiation
are uniformly distributed in space, as long as the attenuation volume
is large enough to contain a fair sample of both the sources and the
attenuating structures (Zuo 1992a). This last condition would imply
a low cosmic optical depth, 7, to ionizing photons after reionization
(z < z;). The cosmic optical depth should be low enough in fact,
to ensure the attenuation length is larger than the typical separation
between sources producing the UVB, which is A, ~ 100 h~! Mpc
(comoving) for quasars and more than an order of magnitude less
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for galaxies. The relative contribution of these two populations to
the UVB is unclear. Different independent studies have found that
the contribution from galaxies should be at least comparable to that
of quasars (Giallongo, Fontana & Madau 1997; Shull et al. 1999;
Bianchi, Cristiani & Kim 2001; Kim, Cristiani & D’Odorico 2001;
Steidel, Pettini & Adelberger 2001; Sokasian, Abel & Hernquist
2003) in the redshift range 2-3. As a caveat, we recall that Meiksin
(2005) has pointed out that quasi-stellar objects (QSOs) might dom-
inate the UVB in the redshift range 2 < z < 3; according to his study
QSO counts are highly uncertain near z = 3 and seem to be suffi-
cient to account for the UVB at z = 2. The expected signature of a
significant contribution from galaxies is a considerable softening of
the UVB spectrum compared to previous models assuming quasars
as the sole sources of ionizing radiation (Haardt & Madau 1996,
hereafter HM96).

Although the IGM at z < z; is highly ionized, cosmic mildly
overdense regions, which give rise to the Ly« forest, contain enough
neutral hydrogen and singly ionized helium to significantly attenu-
ate the Lyman continuum flux from the sources of the UVB. As
a result, the condition A, > A might not be fulfilled. For this
reason, the metagalactic ionizing flux has been modelled starting
from the intrinsic spectra of the ionizing sources, subsequently fil-
tered through the IGM (HM96; Fardal, Giroux & Shull 1998). In
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brief, these calculations consist of reprocessing the UVB photons
in a clumpy photoionized universe, by solving the radiative transfer
(RT) equation in one dimension. The space density along the photon
propagation direction and the physical properties of the sources (as
well as of those of the absorbing clouds) are assumed as the average
of the observed values, and the spectral redshift evolution of the
UVB, assumed to be uniform in space, is derived.

Clustering of the ionizing sources and scattering in their emis-
sion properties, together with inhomogeneities in the IGM density
field, can introduce significant fluctuations in both the intensity and
spectral shape of the UVB.

Indeed, increasingly strong observational evidence for a signif-
icantly variable metagalactic ionizing radiation has been accumu-
lating through a number of studies of the H1 and He i1 Ly« forest.
In a highly photoionized gas, the ratio of He 11 to H1 column den-
sity, defined as the n parameter, is proportional to the ratio of H1
to He 11 photoionization rates (Fardal et al. 1998): n = Nyey /Ny, &
IﬁH[/ l—‘Hen-

Kriss et al. (2001) and Shull et al. (2004) analysed the Far-
Ultraviolet Spectroscopic Explorer (FUSE) observations of the fluc-
tuating He 11 absorption toward the bright quasar HE 2347—4342 at
z = 2.885. Using H1 Ly« data from Keck and the High-Resolution
Echelle Spectrograph (HIRES), they found an H1 counterpart for
more than 50 per cent of the He 11 absorption lines. The measured
n values cover a wide range from 1 to 1000 (with an average
(n) ~ 80). Analogous observations of the He Il Ly« forest towards
HS 1700+6416, by Reimers et al. (2004), reveal a similar » vari-
ation. The large scatter is a clear signature from an ionizing back-
ground which is significantly fluctuating throughout the IGM. Shull
et al. (2004) pointed out two important points: (i) a small-scale 7
variability (on typical scales of Az ~ 1073, corresponding to about
1 A~ Mpc comoving at z ~ 3); (ii) an observed correlation of high-1
(i.e. softionizing spectra) absorbers with low-density regions (voids
in the H1Lyo distribution). The authors further suggest that these ef-
fects, confirmed by the Reimers et al. (2004) observations, might be
caused either by spatial/spectral fluctuations of the ionizing sources
on scales of 1 Mpc, or by RT effects through a filamentary IGM
whose opacity variations control the penetration of 1-5 Ryd radi-
ation over 30—40 Mpc distances (a combination of the two is also
possible).

Although recent Hubble Space Telescope (HST) observations
(Telfer etal. 2002) show a broad distribution of QSO spectral indices
from o >~ 0 to 3 (J, o v™* representing the quasar spectrum) this
spread could hardly be advocated to explain the small-scale 1 fluc-
tuations. The reason is that the QSO mean separation (=100 Mpc
comoving at z ~ 3) exceeds by far the characteristic scale of about
1 2~! Mpc on which the 5 variations are observed. RT through an
inhomogeneous medium appears to be the most natural origin for
such fluctuations. In turn, these might result from a number of ef-
fects, such as shadowing, self-shielding and filtering of the radiation.
All these effects act on the same scales of the inhomogeneities in
the IGM, thus on scales smaller than 1 Mpc. It is then important
to study the correlation function of both J, and n with the density
fluctuations.

Nakamoto, Umemura & Susa (2001) were the first to attempt to
account for the RT effects of a background ionizing radiation. They
focused on the reionization of an inhomogeneous universe, looking
at the evolving configuration of the neutral hydrogen distribution,
but not directly at the fluctuations in the radiation field. None the
less, emphasizing the deviations of the neutral hydrogen distribution
obtained in their simulation from the case of a perfectly transparent
medium embedded in a uniform ionizing background, they indi-

rectly stressed the importance of RT effects such as self-shielding
and shadowing by translucent regions, which indeed have been well
reproduced by their simulations.

RT is furthermore expected to have some effect on the IGM tem-
perature. Previous studies (Abel & Haehnelt 1999; Bolton, Meiksin
& White 2004) focused on the effects of RT on the temperature evo-
lution during reionization, i.e. behind an ionization-front (I-front)
expanding in a neutral or mildly ionized IGM. These analyses have
shown that RT can boost the mean gas temperature with respect to
the case in which an instantaneous, uniform reionization occurs [i.e.
its optically thin (OT) counterpart], as a consequence of filtering ef-
fects. In fact, the ionizing spectrum across the I-front becomes harder
as it expands further from the ionizing source, because most of the
low-energy photons (having higher cross-sections) are absorbed by
recombining atoms inside the H 11 region, and its photoheating power
increases accordingly. The overall predicted RT effects are: (i) an
enhancement of the IGM temperature by a factor of ~2 after reion-
ization; (ii) increased scattering in the temperature—density relation;
(iii) a strong hardening of the metagalactic ionizing flux after the
He 11 reionization. Here we consider the more stationary situation in
which the mean ionization level in the simulation volume remains
roughly constant; hence, strong RT signatures on the IGM tem-
perature are not expected. Nevertheless, we look for a systematic
dependence of the photoheating rates on the density.

So far, much of the work in studying UVB fluctuations has been
done to assess the effects produced by the inhomogeneous dis-
tribution of ionizing sources, almost neglecting or just approxi-
mately including the effects of RT through the filamentary IGM.
Zuo (1992a,b) first developed a theory to deal with the fluctua-
tions produced by randomly distributed ionizing sources, in terms
of the probability distribution of the ionizing UV radiation field
(Zuo 1992a) and of its two-point correlation function (Zuo 1992b).
Meiksin & White (2003) made a step forward by applying Zuo’s
formalism to the ionizing source distribution derived via numeri-
cal simulations of structure formation. A few groups have studied,
through numerical simulations, the effects on the statistical proper-
ties of the Lya forest of UVB fluctuations induced by source cluster-
ing or non-uniform emissivity properties as light-cone effects, QSO
time variability, lifetime and spectral index scattering. Gnedin &
Hamilton (2002) first investigated via RT simulations the effects
of UVB fluctuations induced by the quasar inhomogeneous dis-
tribution, on the matter power spectrum inferred from the ob-
served/simulated transmissivity of the Ly« forest (Croft et al. 1999).
By comparing the mock spectra from RT simulations and from simu-
lations assuming photoionization equilibrium with a uniform UVB,
they found the effects of RT to be negligible for the power spec-
trum; nevertheless, it is interesting to notice that, in order to match
the observed transparency of the IGM, the mean photoionization rate
required when including properly RT, has to exceed by 20 per cent
that required in the OT approximation. Meiksin & White (2004) at-
tempted to quantify the UVB fluctuations and examined the possible
effects on the power spectrum and autocorrelation function of the
Lya forest. They calculated the UVB intensity smearing out the ra-
diation emitted from a discrete distribution of QSOs in the simulated
volume, within an attenuation length whose evolution with redshift
is evaluated modelling the gas density distribution with a particle
mesh (PM) simulation. Their calculation separately adds the con-
tribution of the Lyman limit system (LLS), which is not resolved in
numerical simulations, on the basis of their observed statistical prop-
erties. Croft (2004) uses a time-independent ray tracing algorithm
to model the space density of ionizing radiation produced by QSOs
at z &~ 3, neglecting its feedback on the ionization state of the IGM.
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The study is based on N-body simulations and prescriptions must
be used to relate the dark matter density and the H1 optical depth.
McDonald et al. (2005) use a rough self-shielding approximation,
in which the background radiation in each cell is attenuated by the
column density of that cell; shadowing and filtering effects are ne-
glected altogether. The most relevant outcome of these studies for
the present study is that UVB fluctuations induced by the discrete-
ness of the UVB sources could be only relevant at high redshifts and
on large scales. Below z = 4, the importance of such fluctuations
rapidly decreases, as a consequence of the increase of A, which
smoothes the flux at a given position over a larger ensemble of
sources.

For this reason, we take here a complementary, and still unex-
plored, approach which consists of the investigation of UVB fluctu-
ations introduced by the RT effects mentioned above. We focus on
possible detectable signatures of these effects on quantities derived
from Lyo forest spectra, as photoionization rate fluctuations, the
temperature—density relation and 7 parameter distributions. To this
aim we have performed RT simulations, applying CRASH (Maselli,
Ferrara & Ciardi 2003, hereafter MFCO3) to a cosmological density
field exposed to an ionizing background radiation characterized by
a spatially constant emissivity. Such a radiation field, by interacting
with the filaments of the cosmic web, is rapidly turned into a fluc-
tuating one. The rest of the paper is devoted to study and quantify
this effect.

2 NUMERICAL SIMULATIONS

The aim of the present study is to estimate the effects of RT on the
metagalactic ionizing radiation and the resulting effects induced
in the physical properties of the IGM. The present study is fo-
cused at z &~ 3. We have exposed a snapshot at a fixed redshift
of a cosmological density field to an (initially) uniform ionizing
radiation field. The density field has been derived with the numer-
ical code described in Marri & White (2003), a modified, multi-
phase version of the entropy-conserving smoothed particle hydro-
dynamics (SPH) code GADGET2 (Springel, Yoshida & White 2001).
Several algorithms have been designed to reduce artefacts which
occur in cold, dense gas clouds embedded in a hot diffuse halo;
the code includes a new implementation of feedback which allows
supernova energy to be channelled effectively into the heating of
diffuse gas and the evaporation of cold clouds. A multiphase de-
scription of the interstellar medium is adopted, based on an ex-
plicit separation of protogalactic gas into diffuse and dense (star-
forming) components, which is able to suppress star formation,
reheat cold gas and drive outflows from galactic discs. The pres-
ence of a UV background produced by QSOs is included in the
OT approximation following HM96 from which the IGM temper-
ature and ionization state are calculated assuming photoionization
equilibrium.

We use here a snapshot at z = 3.27 from a simulation which has
been used and analysed in previous works of our group (Bruscoli
et al. 2003; MFCO03; Fangano, Ferrara & Richter, in preparation).
These studies have shown that the statistical properties of the IGM,
e.g. the probability distribution function (PDF) of the transmitted
Lya flux, are correctly reproduced. The simulation uses 1283 par-
ticles in a 10.5 2! comoving Mpc box (corresponding to a mass
resolution of 8.5 x 10 M in gas) and assumes a A cold dark
matter (CDM) cosmological model with 29 =0.3, 2, =0.7, 2, =
0.04, h = 0.7 and o g = 0.9; periodic boundary conditions are as-
sumed.
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2.1 Radiative transfer

We have performed the RT calculation using the code CRASH. A
detailed description of the code, its performances and several test
problems can be found in MFCO03, to which we refer the interested
reader. In the present study we neglect the effects of cosmological
expansion; this choice is motivated by the fact that the light crossing
time of an attenuation length (~100 Mpc) is roughly one-tenth of
the Hubble time at the redshift of interest. We have exposed the den-
sity field obtained from the SPH simulation to a UVB radiation with
spatially constant emissivity. The UVB is subsequently modified as
it propagates in the filamentary density field by self-shielding, shad-
owing and spectral filtering effects, finally resulting in a fluctuating
field. The RT simulation has been evolved for a physical time, s =
0.7 x 107 yr. This choice has been made, after some experiments, to
guarantee that numerical convergence of the solution is achieved. It
has to be noticed that here the simulation time does not correspond
to a physical evolution of the background, but it is the time required
for the gas ionization and temperature to reach equilibrium in the
self-consistently radiation field shaped by RT. In the following we
discuss two crucial, albeit somewhat technical, points concerning
a new implementation of a uniform radiation background in CRASH
and its flux calibration within the simulation.

2.1.1 Simulating a uniform ultraviolet background

The algorithm described in MFCO3 for the implementation of the
presence of a uniform background radiation in the simulation box
has been improved in several ways. In the original implementa-
tion, background radiation was modelled by allowing box boundary
cells to emit photons packets with the prescribed UVB spectral en-
ergy distribution. Although this choice is suitable for some types of
problems, it cannot match the high accuracy required by the present
study. To better fulfil such a requirement we have devised a new
implementation in which all cells in the box, but those with over-
density A = p/{p) < A., behave as UVB radiation sources, in the
sense that they emit photon packets.! The threshold on the overden-
sity is meant to preserve the effect of self-shielding in high-density
regions and galactic haloes. For definiteness, we take the value cor-
responding to the typical overdensity of collapsed haloes at the virial
radius. The exact value of A, depends on the density profile of the
halo; it can be shown that it is 259.2 for a isothermal profile and
it is 263.7 for the NFW profile (Navarro, Frenk & White 1996). In
this paper, A. = 60 has been assumed. We adopt periodic bound-
ary conditions, so that packets can travel trough the simulation box
for a number of cycles, Ny, given by the ratio between the mean
free path of ionizing photons, A,, and the physical size, L, of the
simulated volume. We have derived an estimate for A, running a
benchmark simulation aimed at evaluating the statistical distribution
of the mean free paths of photons — whose frequencies are distributed
according to the HM96 spectrum — in the assigned density field. For
this purpose, in the benchmark simulation we just follow the prop-
agation of photons packets, i.e. not considering their effect on the
gas properties; due to the statistical treatment of the packet energy
deposition inherent to the Monte Carlo scheme (see Maselli et al.
2004), we define as ‘absorbed’ a packet whose initial energy has

1Tt is important to notice that here the cells emitting photons are not meant
to reproduce physical sources of UV radiation; the adopted method aims at
reproducing a uniform UVB in the simulated volume, within a Monte Carlo
ray tracing scheme.
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Figure 1. Distribution of the comoving mean free path of ionizing photons
at z = 3.27 as derived from the SPH simulation. The solid curve includes
opacity of both H1 and He 11; the dotted curve is for H1 only.

been depleted by >95 per cent. In Fig. 1 we show the mean free
path distribution obtained from such a numerical experiment. The
solid curve corresponds to the mean free path obtained by including
the opacity of both hydrogen and helium absorbers, whereas the
dotted curve corresponds to H1 opacity only. The mean (median)
values of the two distributions are 300 and 495 h~! Mpc (199 and
306 2! Mpc) comoving. This shows that the He 11 contribution to
the diffuse IGM opacity is significant. The above value of A, for H1
opacity, is consistent with that inferred from Fan et al. (2002), A, ~
100 2~! Mpc at z & 3, by comparing observations of high-resolution
quasar spectra with semi-analytical models of the Ly« forest with a
simple schematic model of the IGM opacity based on a peak statis-
tics approach.

Guided by this finding, and given our box size, we fix N¢y. = 10.
The agreement of the simulated and observed mean values of A, fur-
ther supports the Ny choice above. Periodic boundary conditions
allow us to simulate volumes smaller than the mean free path of
neutral hydrogen ionizing photons, having thus a higher spatial res-
olution, without much information loss. However, we make clear
that the main aim of the present study is RT effects on scales of
~1 Mpc, the characteristic scale of IGM filaments; no attempt is
made to describe large-scale fluctuations induced by non-uniform
distribution of the UVB sources.

According to the CRASH Monte Carlo algorithm tracking photon
packet propagation, the mean number of crossing events per cell is
given by
Neye N,
N o) = et
< Ci (LS) NCZ

ey

where N, is the total number of photon packets in a single run and N
is the number of grid cells in the computational volume.? The new
background implementation has been tested by running a simulation
in which we force the condition T = 0. Although, when not includ-
ing cosmological expansion, the T = 0 assumption would imply an
infinite radiation field (i.e. the Olber paradox), we get around this
problem by fixing N,y to a finite value. All the parameters are then

21In the OT case, a single packet crosses typically NeyeNe cells, and thus
the total number of crossings in a simulation is Np Neye N for Ng cells (for
more details, see MFCO03).

Table 1. Parameters of the simulation test runs used to check uniformity
and calibration of the radiation field.

A Np Ncyc Ne ts (yr) ON
Uniformity tests
- 3 x 10° 10 128 - 20 per cent
— 3 x 100 10 128 - 10 per cent
- 3 x 107 10 128 - 4 per cent
- 3% 108 10 128 - 1 per cent
Calibration tests
095 x 102 10° 10 32 10° 1 per cent
0.95 x 102 10° 5 32 100 10 per cent
0.95 x 102 107 10 64 107 3 per cent
0.95 x 102 3 x 108 10 128 107 2 per cent

set in order to reproduce the required UVB intensity, as described
in Section 2.1.1 Ideally, in this case the intensity of the UVB should
be perfectly uniform, as fluctuations caused by photon—matter in-
teractions (absorption and scattering), redistributing the ionizing
radiation in space and frequency, are suppressed. In practice, uni-
formity can be achieved only up to a certain accuracy level, due to
finite number packet statistics, which produces noise fluctuations in
the emission pattern. The amplitude of such fluctuations decreases
with increasing N,,, which is however constrained by computational
expense. We have performed different test runs increasing N, to ac-
curately quantify the amplitude of such fluctuations. Table 1 shows
the computed rms of the fluctuations, o y, around the mean value of
the UVB intensity as a function of the numerical parameters of the
run. The values for N and Ny, are the same adopted for the actual
cosmological simulations.? These fluctuations are due to the photon
shot noise intrinsic to the adopted numerical algorithm.

From Table 1, we see that runs at higher resolution (i.e. higher
values of N,) are characterized by a small intrinsic scatter of the
radiation intensity: o y decreases from 20 per cent for N, = 3 x
10, to less than 1 per cent for N, = 3 x 10%. At the same time,
we have also checked that during these test runs (Neqs) closely
matches the theoretical value (as expressed in equation 1). As a
good compromise between accuracy and computational time we
adopt N, =3 x 107 for the cosmological RT simulations. This value,
according to the above tests, guarantees that the ionizing radiation
field fluctuations are uniformly distributed within a precision level of
4 per cent. Hence, larger fluctuations seen in the simulation outputs
can be safely attributed to RT effects.

2.1.2 Ultraviolet background intensity calibration

Particular attention must be devoted to the ionizing flux calibration.
The problem arises when the emissivity has to be related to the
photon content of packets originating from a cell, as it is not obvious
how to convert the latter into the specific flux units in which J,
is usually assigned (erg s~' cm™2 Hz™! sr™!' ). To overcome the
problem we have devised a calibration technique, which turns out
to be highly precise and straightforward.

Given a set of simulation parameters, Np, Ny, N and ¢, the
intensity of the radiation field can be tuned by varying the number

3 The intrinsic scatter o y, associated with the numerical resolution of a given
run, does not depend on the physical time of the simulation, 75, and on the
intensity of the UVB, which, as discussed later, depends on the normalization
factor A.
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of (monochromatic) photons contained in a packet, N, , at emission.
We express this quantity as follows
J(v Nt J(v
N, = anrtW) _ y Net JO)
1912 Nchyc J912

@

where A is the calibration factor to be determined and At is the mean
time interval between two subsequent crossings of a cell by photon
packets (for the second equality, see MFCO03). A nice feature of the
previous expression is its scaling with the simulation parameters.
Once the intensity and the UVB spectral shape are fixed, the factor
A is the same for any combination of the numerical parameters. An
order of magnitude for A can be derived by equating the theoretical
and numerical estimates of the ionization fraction increment, Ax gy,
for a cell during the time interval Az. We consider here, for the sake
of clarity, the case of a pure hydrogen gas and a monochromatic
spectrum [J(v)/Jo1o = 1]. The theoretical value is given by

Axlt—lll = I'umi At (3)
similarly, the numerical value can be expressed as
Axfy = Ny(1 —€e7°)/Nuy = AAtT./ Ny 4)

where 7. is the cell optical depth, and Ny, = ny,Ax?, with Ax3
being the cell volume, is the total number of H atoms in the cell; the
last equality holds for the OT case (t. < 1). By equating the two
expressions, we can write A as

Ty
0o

A= —Ax% (5)
where we have used . ~ ny,00Ax, with o ¢ being the H 1 photoion-
ization cross-section at the Lyman limit. For the RT simulations used
in this study, Ax ~ 27 kpc; hence, for a typical 'y, = 10712 571,
A~ 107" 571,

The determination of the exact value of A for the general case of
a H/He gas and of a non-monochromatic spectrum is not as straight-
forward. The adopted strategy has been to select a cell at the centre
of the simulation box, to assign it physical properties characteristic
of the hydrodynamic simulation (we choose n = 107> cm™3, T =
10* K, xy;, the value at the photoionization equilibrium with the
assigned I'y, value). We assume t = O for all remaining cells in the
box; this guarantees that the ionizing radiation field impinging on the
target cell has not been modified in either intensity or spectral shape
by RT effects. In the above configuration, we run CRASH to compute
the H1 fraction in the central cell and the average photoionization
rate, ['y,, by counting the cumulative number of ionizing photons
absorbed in a given simulation time. We then tune the value of A by
requiring that the xy, and 'y, estimated values match the assigned
values within an accuracy of 1 per cent. We find that 'y, = 1.2 x
10712 57! (HM96) corresponds to A = 1.55 x 1032 s~

As discussed above, the same value of A reproduces correctly
the assigned ionization rate (for a given UVB spectral shape) inde-
pendently of the values of N, Ny, N, and t,, provided that N,
is evaluated according to equation (2). The degree of accuracy is
shown in the bottom part of Table 1 where the rms deviation, o y, of
the distribution of Axjy, with respect to the theoretical value Ax};,
is shown for different combinations of the numerical parameters.
The scatter is always less than 10 per cent, depending on the reso-
lution of the run. The calibration method adopted results thus to be
accurate and stable.

4Note that the calibration factor A has physical dimensions s~!, i.e. a

photoionization rate.
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In actual RT simulations, we should further account for the opac-
ity of the IGM in order to reproduce at each cell the correct ion-
izing flux;’ the photon content of packets is in fact depleted while
it propagates through the box, due to non-zero opacity of the IGM
distribution. To counteract this effect, we boost the normalization
parameter A by 2.3; the exact value of this factor has been deter-
mined empirically, requiring that the mean opacity of the simulated
volume is the same for the OT (zero-opacity) and RT cases. If the
calibration factors for the RT and OT cases are related according to
the equation A9T = ARTe~"f it corresponds to an effective optical
depth 7. ~ 0.8.

Extracting the correct physical values of the photoionization and
photoheating rates (at each cell) from the RT simulation is also not
straightforward. Again, we need a reference OT simulation (with
the same numerical parameters) in order to calibrate correctly these
values. The OT and RT simulations differ (i) in the normalization
factor, AT and AXT related as above, and (ii) in the fact that for
the OT we do not allow for absorption to occur. In both RT and OT
cases, summing up the contribution given at each crossing event,
the following relations hold:

Li=C Y Nywpoiv)), ©

JjEcross

Hi=Cl Y Ny)oi()(v; = vin)-

jecross

Here j is the index counting the crossing events in a given cell and
v; is the frequency of the packet at the jth crossing; C; and C; are
scaling factors which depend only on the numerical parameters and
are the same for both the OT and RT cases. The other symbols follow
the conventional notation. Having determined AOT as seen above,
we can safely impose that (T?T) =T'" (e.g. T'JT = 1.2 x 10712 s71)
and accordingly derive C, which in turn is used to derive the correct
I'XT physical values at each cell in the box.

Finally, we mention that in the RT simulation the emission of
diffuse radiation from recombining gas (estimated to account for
about 30 per cent of the ionizing background at z = 3) has been
turned off inside CRASH. This is done to prevent double-counting of
such radiation, which is already included in the HM96 computation
of the adopted UVB.

3 RESULTS

In this section we present the results of the RT simulations. We first
analyse the amplitude of RT-induced fluctuations as traced by UVB
photoionization and photoheating rates of the three absorbers H1,
He1and He11. These are defined as
5T, — I - <Fi)’ M, = H: — (Hi>; o
(')
the index i € {H1,He1,Heu} denotes the absorbing species and
the averages are performed over all the cells at the end of the RT
simulation. We then focus on the effects of such fluctuations on
the IGM 1 = Nyey/ Ny, distribution, the n—density relation and on
the IGM temperature—density relation, with the aim of identifying
possible detectable signatures.

3 By ‘correct’ we mean the ionizing flux which reproduces the assigned mean
opacity.
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3.1 Ultraviolet background fluctuations

Spatial fluctuations of the H1 and He i1 photoionization rates are
shown in Fig. 2 on a slice across the RT simulation box of (physi-
cal) depth Ax = 27 kpc, corresponding to one grid cell (6I"y, and
8T yey in the left and right panels, respectively). RT effects result
in significantly fluctuating photoionization rates on scales of few
comoving Mpc, whose structure is closely linked to the underlying
density fluctuations. As shown in the following, typically regions
of low overdensity (say A < 1, often referred to as voids) have
8T > 0, whereas overdense regions tend to have negative fluctua-
tions. Comparing the two maps we can also notice that I" g, fluctu-
ations are much stronger than those of I'y,. In general, though, RT
induces fluctuations of several tens of per cent of the mean ionizing
flux in both species. Such deviations from a homogeneous radiation
field are produced by the combined action of shielding and shadow-
ing effects. Although these features can be qualitatively understood
from simple physical arguments, their quantitative evaluation can
only be carried out through full three-dimensional RT simulations.

In order to make the above statements more quantitative, we show
in Fig. 3 the 8"y, and 6T ., distributions as a function of the lo-

0.08

0.03

-0.03

—-0.09

—-0.15

-0.21

-0.27

0.72
0.46
0.20
-0.06
-0.32
-0.57
-0.83

cal overdensity, A. Each point in the plots corresponds to a cell of
the simulated grid. The plot in the left panel shows clearly how the
mean amplitude of H 1 photoionization rate fluctuations varies with
overdensity, passing from positive values (of the order of a few per
cent) in the voids to negative values, larger than 10 per cent, to-
wards higher densities. 61" .y, shown in the right panel, exhibits
an analogous trend, although with larger excursion, with values
~ +25 per cent (& —50 per cent) at the lowest (highest) density
boundaries of the density range. Deviations from the mean value
can be as high as 20 and 60 per cent, for I'y, and I"y., respectively,
in structures corresponding to overdensities with A 2 50, where
therefore the UVB intensity appears to be significantly suppressed.
The steeper dependence and larger scatter of the "y, ,—A relation
reflect the fact that the Universe is more opaque in He Il than in H1.
Note also that in underdense regions I" e, can exceed by more than
40 per cent the volume averaged mean value, (I"gey).

We focus now on mildly overdense regions, such as filaments,
which give rise to absorption lines in the Ly« forest. These regions
are exposed to roughly the mean photoionization rates for H 1, but the
photoionization of He 11 is here suppressed by about 20 per cent with
respect to the mean value. This fact suggests that the He 111 fraction,

Figure 2. Spatial fluctuations of H1 (left panel) and He 11 (right panel) photoionization rates in a slice across the RT simulation of (physical) depth Ax ~ 27

kpc. The curves denote the mean values.
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Figure 3. Spatial fluctuations of H1 (left panel) and He 11 (right panel) photoionization rates, as a function of the local overdensity, A. Each point in the figures
corresponds to a cell of the simulated grid; the solid lines show the mean éI" value as a function of A.
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Figure 4. PDF of the fluctuations for three selected values of the overdensity, A = 0.3 (solid line), A = 1 (dashed line) and A = 3 (dot-dashed line). The left
and right panels refer to 6I"y;(A) and 8" e n(A), respectively. The dotted curves are the analogous distributions at A = 0.3 for the OT case.

which in both numerical simulations and data interpretation of Ly«
forest is usually derived assuming photoionization equilibrium with
a uniform UVB, is probably seriously overestimated. The ultimate
physical nature of the decreasing trend of 8T';, with i € {H1,He1},
with density is a mixture of self-shielding and shadowing effects.
It is very instructive to inspect the PDF of the fluctuations at fixed
overdensities. Fig. 4 shows such a distribution at A € {0.3, 1, 3}
(solid, dashed and dot-dashed curves, respectively), for §I'y,(A)
(left panel) and 6Ty (A) (right panel). The distributions resem-
ble Gaussian curves whose mean value decreases with A. The shift
of the mean is caused by the increasing importance of the shield-
ing and it is about five times larger for Henl (= —0.25) than for
H1 (= —0.05): as explained above, the attenuation of the flux due
to the structure shielding is more prominent above 4 Ryd due to
the larger opacity at those energies. In the case of H1, a signifi-
cant increase of the distribution width is observed towards larger
overdensities; in contrast, the three distributions obtained for 6Ty
show a similar dispersion. This results from the fact that, while the
H1 optical depth of the IGM is dominated by rare, overdense re-
gions, the He 11 optical depth is non-negligible even in voids. This
fact is confirmed if we look at the probability distribution for the

Q.04 T T
- -4 Ryd ]

F — 1 Ryd 1
0.03F Y ]
< ]
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2 F 1
0.01F ]
: g
000U 77 e =
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Figure 5. Probability distribution of the mean free path of photons at 1 Ryd
(solid curve) and 4 Ryd (dot-dashed curve).

mean free path of photons at 1 and 4 Ryd, shown in Fig. 5 (solid and
dot-dashed curves, respectively). For 1-Ryd photons, the mean free
path distribution is highly peaked at roughly 60 2~! Mpc,® showing
that these photons are preferentially absorbed in high-density peaks.
The 4-Ryd photon mean free path distribution is wider and has a
mean value of about 7 2~! Mpc, which is a clear indication for a
significant contribution of voids to the He 11 opacity.

We have checked that the dispersion of the flux distribution shown
in Fig. 4 does not result from spurious effects introduced by the emis-
sion algorithm, comparing the distributions above with the anal-
ogous distributions derived in the OT simulation.” The latter are
shown in the panels of Fig. 4 by the dotted curves for A = 0.3 (as
the OT distribution does not depend on overdensity, we only plot this
case). For visualization purposes, these curves have been normalized
so that their peaks match the peaks of the corresponding RT distribu-
tions. The dispersion of these distributions is obviously unphysical
as it represents the intrinsic error of the numerical algorithm, which
is of the order of 4 per cent for H1, as already pointed out in Table 1,
and more than twice for He 11 (~10 per cent); the higher numerical
dispersion for He 11 is due to the worse spectral sampling of energies
above 4 Ryd.? For both H1 and He 11, the dispersion induced by RT
in the photoionization rate values is significantly larger than that
originating purely from numerical noise and, in the case of H1, it is
increasingly so at larger values of A. Hence, this confirms that the
effects we are finding are of physical origin and the corresponding
fluctuations are a truly genuine byproduct of UVB filtering through
cosmic density structures.

We have found so far that RT effects induce significant fluctua-
tions in the metagalactic ionizing radiation; these could be effective
in deviating the actual IGM ionization state from that inferred as-
suming a uniform ubiquitous UVB and hence should be accounted
for in high-precision studies of the Ly« forest. However, perform-
ing full RT simulations is extremely expensive and prohibitive
in maximum-likelihood analysis. The tight correlation between

6 Note that these values are lower than those in Fig. 1, because here we
consider only photons at the H1 and He 11 ionization threshold.

7 We use the OT simulation we have run to test the accuracy of the unifor-
mity of the emission algorithm, with Ny = 3 x 107, having thus the same
numerical resolution of the RT simulation.

8 The number of photon packets emitted with energy above the He 11 threshold
is roughly one order of magnitude smaller than Nj,.
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Figure 6. Photoionization rate correction factors (see equation 8) for H1
(upper panel), He1 (central panel) and He 1l (bottom panel), applicable at
z & 3. The three panels show both the mean value (solid line) and the lo
statistical error in each density bin.

fluctuations in the photoionization rate and overdensity can be
used to correct the commonly adopted mean values derived in cal-
culations (e.g. HM96; Fardal et al. 1998) carried out with one-
dimensional RT calculations, under the assumption of photoion-
ization equilibrium with a uniform UVB.

In order to cast our results in a form which could be useful for
future studies, we have computed the photoionization rate correction
factors from our RT simulations. These are defined as
FF(A) = fr, (AT (A); @®)
their mean values are plotted in Fig. 6 for H1, He1and He 11 (upper,
central and bottom panels, respectively) along with the associated
1o errors. These results are valid for z ~ 3. In a companion paper we
will study the evolution with redshift of the UVB fluctuations. RT
effects are generally more important in overdense regions, although
the correction factors derived in the present study can be reliably
used for A < 100, a limit dictated by both mass resolution of the
SPH simulation and shot noise associated with the limited number of
photon packets. Differently from the case of H1, for which ( fr,,) ~
0.98 is close to unity, the mean values of the correction factors
for He1 and He 1 are (fr,,,) ~ 1.56 and (fr,.,) ~ 0.2 (averages
are evaluated over the overdensity range 0.03 < A < 100). This
reflects mean opacity differences among the three absorbers. In the
OT approximation, the IGM opacity is higher in H1than in He 1 and,
as a consequence, the UVB increase necessary to match the IGM H1
Lyw opacity in RT simulations results in a higher mean I'ge,. For the
same reason, as the IGM OT opacity is by far higher in He 11 than in
H1, (I"gey) is highly suppressed with respect to the OT value when
RT effects are properly treated. Again, our results demonstrate that
the contribution to the He 11 opacity of the diffuse IGM (as opposed to
discrete absorbing systems) is relevant. The same arguments explain
the steeper dependence of the He 11 correction factor from density
and its larger dispersion.

It is worth making a few remarks concerning the correction fac-
tors. First, we remind that the adopted flux calibration (see Sec-
tion 2) guarantees that the mean H1 opacity in the RT simulation
box corresponds to that at the photoionization equilibrium with the
uniform UVB in the OT case. We have found that the mean values
of I'y, in the two cases (RT and OT) are the same within a few
per cent. Gnedin & Hamilton (2002) found a different result: in or-
der to reproduce the same H1 Lyo IGM transmissivity in their RT
calculation, they required a 20 per cent higher volume-averaged H1
photoionization rate with respect to the OT case. The reasons for the
discrepancy are not clear, but it is probably due to the fact that while
Gnedin & Hamilton (2002) account for RT during the reionization
process (i.e. ionizing a neutral gas), here we redistribute the ionizing
radiation accounting for RT effects in a pre-ionized gas. Meiksin &
White (2003) also found that fluctuations required a boost in the
radiation field, comparable to Gnedin & Hamilton; however, in a
more recent investigation, they found that the boost is reduced to a
few per cent at z < 4 when correlations in the radiation field due to
RT were included (Meiksin & White 2004). This seems to suggest
that the boost depends on the magnitude of the correlations in the
radiation field.

It is furthermore interesting to note that 'y, can be fitted with
a power law of the form I'y,(A) = FEHA_‘” with a; >~ 0.022. In
the calculation of optical depth to the Ly« scattering given by (e.g.
Weinberg 1999; McDonald & Miralda-Escudé 2001)

(1+2° (Qh?)”
=Ty
TOTH ()T 1m(2)

it is thus possible to account for UVB spatial fluctuations adopting
a corrected index ' = g + a;,ie. T oc AP/T° , ., in a variation
of the apparent IGM equation of state. Even though at z &~ 3 we
found a negligible variation of 8 (only a few per cent), we expect
the above effect to be important at higher redshifts.

Fig. 7 shows the PDF of the hydrogen photoionization rates re-
sulting from our simulations (normalized to the volume-averaged
mean value (I"y,)): the solid curve refers to the full RT simulation,
whereas the dashed curve has been obtained from the OT simula-
tion. The RT distribution is much wider than the OT distribution,
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Figure 7. Comparison between the PDFs of the hydrogen photoionization
rates, normalized with respect to the mean value, from full RT simulations
(solid line) and OT simulations (dashed line).
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showing an extended tail towards lower values of I'y,/(I"y,), which
is caused by shadowing and shielding due to gaseous structures.
There is also a slight increase of cells seeing an ionizing flux above
the mean, occurring as a result of the flux amplitude redistribution.
Further interesting aspects can be inferred comparing the UVB fluc-
tuations produced by RT effects and those induced by the inhomo-
geneous distribution of rare quasars, assumed to be the dominant
UVB sources, derived by Croft (2004) and shown in fig. 5 of that
paper. Even in that case, the PDF of the ionizing flux appears to be
asymmetric; however, the asymmetry is in the opposite direction. A
similar result is obtained by Meiksin & White (2003), as shown in
fig. 4 of that paper, where the effects of the source stochastic dis-
tribution in space are studied. In fact, fluctuations originating from
the source inhomogeneous distribution are characterized by con-
siderable power in the high flux tail (1.5 times the mean value),
corresponding to the enhanced ionizing flux in the vicinity of the
luminous ionizing sources. Hence, both RT and inhomogeneous dis-
tribution of ionizing sources contribute to broaden the radiation field
distribution, basically increasing the power on opposite sides of the
flux mean value. It is important to realize though that the spatial
character of these fluctuations is very different. The signature of
source inhomogeneities is seen on scales comparable to the typical
separation of the sources, i.e. >100 Mpc for quasars. RT-induced
fluctuations are instead found on a few (comoving) Mpc scales. To
clarify this point, we have studied the spatial correlation of RT-
induced UVB fluctuations, computing the §I"; correlation function
by using the following formula:

Ne Ne
ST (j)ST;(k
Ci(h) = g E % (10)
=1 k2j

Here, the indices j and k span all the cells in the simulation grid, A
is the comoving separation between the jth and kth cells and N, is
the number of pair cells whose distance is the range [A, A + AA].
We have similarly calculated a second correlation function, C/(}),
obtained from a random realization of 8I";, in the same volume
and with the same mean as C;(A). The difference, C;(1) = C; (L) —
CI(2) is plotted in Fig. 8 for H1 and He 11. The zero-point of these
functions gives the characteristic correlation comoving length of
the RT-induced fluctuations, which is found to be roughly 5.5 and
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Figure 8. Correlation function (comoving scale) of photoionization rates
for H1 (solid line) and He 11 (dot-dashed line).
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3.5 Mpc comoving for H1 and He 11, respectively. Although these
results should be checked for convergency, by performing analogous
simulations in larger volumes with the same resolution (Meiksin &
White 2004), they seem to be plausible. The correlation scales we
have found could be associated with the typical size/separation of
filaments (i.e. mildly overdense regions) of the IGM, which are
clearly identified in the maps presented in Fig. 2. These structures
have optical depths 2 0.1 in both hydrogen and helium, and therefore
can leave their imprint in the fluctuation field.

Meiksin & White (2003, 2004) have shown that the distribu-
tion of inhomogeneous sources (assumed to be QSOs) can produce
correlations which are significant even on small scales. Both the
RT-induced fluctuations and those originating from inhomogeneous
source distribution should then be treated at once, in order to derive
a correlation function which is reliable for the study of the pixel flux
statistic in high-z QSO spectra.

3.2 He1/H1 ratio fluctuations

The n parameter, defined as the ratio of He 11 to H1 column density
of an absorber in the Ly forest, gives information on the intensity
and on the spectral properties of the metagalactic ionizing radiation.
Assuming photoionization equilibrium in highly ionized H/He gas,
the following expression can be derived (Fardal et al. 1998):

A

_ Nyen _ ‘X;{e)n Ngem THi (11)
Nui a}(fl) nun Chen

Here, o = 251 x 10737;9cm’s™" and oy, = 1.36 x

10727;9cm3s™! are the case A recombination rate coefficients,
appropriate in the low-density regime. We have derived the n pa-
rameter, for each cell of the numerical grid, from equation (11) with
Nyen/Nuy and Iy, /T gey taken from the RT simulation. The results
are plotted in Fig. 9: the solid (dotted) line represents the mean 7
value derived in the RT (OT) simulation and the dashed curves are
the 1o rms deviations of the distribution.
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Figure 9. The parameter 7 is shown as a function of the overdensity A: the
solid (dotted) line represents the mean 7 value from the RT (OT) simulation
and the dashed curves correspond to 1o rms deviation of the RT distribution.
The long-dashed line shows the mean 7 value from Reimers et al. (2004) in
the range of the observed densities (we exclude data points with A > 7, as at
higher densities the uncertainties on the 1 values inferred from observations
become very high and metal line contamination is a problem).

© 2005 The Authors. Journal compilation © 2005 RAS, MNRAS 364, 1429-1440

G20z Jaquieoaq €0 UO Jasn IuLIa- esin Aq 699970 L/621 L /v/¥9E/elo1Ie/seluw/woo dno olwspese//:sdny wol) papeojumoq



1438  A. Maselli and A. Ferrara

In the OT case, as expected, n shows little dependence on A as
a result of the fact that the three ratios in equation (11) are roughly
constant. The ratio between the recombination coefficients slowly
evolves with temperature, o< T9%; the 'y, /T e s ratio does not vary
by construction if the UVB is spatially uniform; finally, for A < 10,
the gas is fully ionized and thus nye,/nuy & nye/ny = 0.785 is
roughly constant. At higher densities nye,/nyy at the photoioniza-
tion equilibrium starts to decrease because He Il recombines faster
than Hu and I'gey/nye is roughly one order of magnitude lower
than 'y, /ny. The mean n value from our OT simulation is n =~ 50,
consistent with the expected (from equation 11) value, n ~ 0.43 x
IﬁH[/l—‘Hen ~ 52.

RT effects are crucial to determine the actual values of 7 in the
IGM. This can be seen by comparing the previous results for the OT
case with those from full RT calculations, shown in the same figure;
the two cases differ from each other both in the mean value and in
shape. The RT mean 7 value is larger than the OT value by about a
factor of 4 because of the different amount of attenuation suffered
by H1 and He 11 ionizing radiation. As we have seen in Section 3,
the He 11 ionizing flux is strongly suppressed with respect to the OT
case, because even the most underdense voids in photoionization
equilibrium with the UVB contain enough He1l to remove pho-
tons with energies above 4 Ryd from the background radiation; the
higher values we find for n in the RT simulation can be interpreted
in terms of the ratios between the correction factors discussed in
Section 3. The 1 parameter shows furthermore a strong dependence
on overdensity: n slowly grows with density, reaches a maximum
around A &~ 7 and then rapidly declines to values which are still
well in excess of the OT values. In fact, at low density nyey/npy is
roughly constant, and density dependence is governed by I'y, /T pe -
This ratio increases with density as the Universe is more opaque
in Heu than in Hi, as already discussed. When the density is
high enough, nye,/nu, decreases more rapidly than the growth
of 'y, /T geu», due both to the latter effect and to He 111 recombining
faster than H 11. This results in the inverted trend of the 1 dependence
on A.

‘We compare our results from RT simulations with observational
data by Reimers et al. (2004) in Fig. 9, using the relation A =
0.8 N%7,; (Madau, Ferrara & Rees 2001). As the data released
are still preliminary and could suffer from errors associated with
the analysis technique (Fechner et al., private communication), we
here consider the mean 7 value for A < 7, as at higher densities
the uncertainties on the 1 values inferred from observations be-
come very high and metal line contamination is a problem. Al-
though, it is important to point out that the dispersion in the data is
substantial.

The comparison in Fig. 9 clearly shows that the mean n value
from observations is inconsistent with the OT results, i.e. the ex-
pected value for the case of a spatially uniform UVB. The higher
n measured value can be explained when accounting for the RT of
the metagalactic ionizing radiation. Furthermore, at A > 7, the RT
simulation output predicts an n—A anticorrelation. This suggests
that RT effects, such as shielding and shadowing, can explain the
systematically lower n values observed in mildly/highly overdense
absorption systems. According to our results, the lower values of
n associated with high-density absorption systems do not arise, as
previously thought, from the hardening of the UVB spectrum pro-
duced by the presence of local hard-spectrum sources. Instead, we
find that the metagalactic ionizing flux is softer in filaments than in
voids. Our preferred interpretation of the n trend seen in Fig. 9 is
that the n—A anticorrelation is a direct consequence of the fact that
in high-density regions 7y, increases much faster than ny;.
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Figure 10. Upper panel: ratio between the temperature in the RT simula-
tions, Trr, and the temperature estimated from the SPH simulation in the
OT limit, T or, along a typical light of sight. Lower panel: the overdensity,
A, along the same line of sight.

3.3 Effects on the intergalactic medium temperature

Fluctuations in the photoionization rates could in principle affect the
IGM temperature. In this subsection we attempt to quantify such an
effect. The upper panel in Fig. 10 shows the ratio between the tem-
perature in the RT simulations, T'gr, and the initial temperature, T ot
(estimated in the SPH simulation in the OT limit), along a random
line of sight; the lower panel shows the overdensity, A, along the
same line of sight. The temperature ratio T'ry/T or is significantly
different from unity only in regions corresponding to high-density
peaks, where the temperature shows deviations of the order of
1-2 per cent. The temperature in low-density regions is basically un-
changed. This is not at odds with previous studies (Abel & Haehnelt
1999; Bolton et al. 2004) on the effect of RT on the temperature of
the ionized gas, which indeed suggested that RT can be effective
in boosting the IGM temperature by at least factor of 2 during the
reionization process or in general when considering the photoion-
ization of a neutral gas, with respect to the case in which the gas is
instantaneously photoionized and photoheated by a uniform UVB.
As discussed in Section 1, such a boost in temperature is due to the
filtering of the ionizing radiation. The latter is significantly harder at
the edge of the I-front, becoming harder as the I-front moves further
from the source; this is due to the fact that the large cross-section,
low-energy photons are selectively absorbed inside the H 11 region
where they compensate for recombinations. The harder spectrum at
the I-front yields a higher heating power with respect to analogous
one provided by the unfiltered spectrum and, due to the long char-
acteristic cooling times, the low-density IGM retains memory of the
initial higher temperature phase. In the present study we focus on
the transfer of ionizing radiation in an ionized IGM, and thus the
above filtering process is not efficient due to the low IGM opacity. In
order to account properly for RT effects on the IGM temperature, a
full and consistent simulation of the reionization process including
RT is necessary.

4 CONCLUSIONS

In this study we have analysed the effects of RT on the spatial
and spectral properties of the ionizing metagalactic radiation at a
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fixed redshift, z = 3.27. So far, this is the first attempt to study the
properties of the UVB radiation including full three-dimensional RT
calculations. Such an investigation is motivated by the increasing of
observational evidence for a fluctuating UVB (Reimers et al. 2004;
Shull et al. 2004). These observations reveal significant fluctuations
on scales of a few comoving Mpc, which could hardly be originated
from the inhomogeneous spatial distribution of ionizing sources,
whose mean separation is 100 h~! Mpc for QSOs at z ~ 3.

We here neglect the UVB inhomogeneities arising from source
clustering or non-uniform emissivity properties (which have been
shown to be relevant only on large scales and at high redshift, i.e.
z > 4), and focus on smaller scales. Our approach consists of per-
forming RT simulations, applying CRASH to a cosmological density
field exposed to an ionizing background characterized by a spatially
constant emissivity. Such a radiation field, by interacting with the
filaments of the cosmic web, is rapidly turned into a fluctuating one.

We have found that RT effects result in relevant fluctuations in the
photoionization rates, whose structure is closely linked to the un-
derlying density fluctuations. The UVB mean intensity, and thus its
ionizing power, is progressively suppressed moving towards higher
densities; such an effect is found to be more important for radiation
above 4 Ryd, due the high He 11 opacity of the Universe. The ultimate
physical nature of the decreasing trend of photoionization rates with
density is a mixture of self-shielding and shadowing effects.

Interestingly, we found that the 61"y, dispersion increases towards
higher A (from 8 per cent at A = (0.3 to roughly 15 per cent at
A = 3), which is not the case for §T" .. The differences in H1 and
He 11 photoionization rates originate from the fact that while the H1
optical depth of the IGM is dominated by rare, overdense regions,
the He 11 optical depth is non-negligible even in voids.

We further found that shielding in overdense regions (A 2 7)
from He 1l ionizing radiation produces a decreasing trend of the n
parameter with overdensity; this trend has already emerged from
observational data (Reimers et al. 2004; Shull et al. 2004). Accord-
ing to our results, the lower values of 7 associated with high-density
absorption systems do not arise, as previously thought, from the
hardening of the UVB spectrum produced by the presence of lo-
cal hard-spectrum sources. Instead, RT simulations suggest that the
n—A anticorrelation is a direct consequence of the fact that in high-
density regions ny., increases much faster than ny,. A stronger sup-
port for the presence of RT-induced UVB fluctuations comes from
the comparison of the mean 7 value from Reimers et al. (2004) ob-
servations and our numerical results. We find in fact that the mean
observed n value is too high to be consistent with a uniform UVB
and that, accounting properly for the filtering of the ionizing radi-
ation through the translucent IGM, it is possible to reconcile the
observational data with theoretical expectations.

The results of the present study have several implications. In fact,
the wealth of information derived from the Lya forest has been so
far extracted under the assumption of a uniform UVB, from both
real and simulated data; the current results should thus be revised
in order to account for the more realistic scenario of a fluctuating
UVB. We give some examples. The matter power spectrum inferred
from the observed/simulated transmissivity of the Ly« forest (Croft
et al. 1999) provides direct information on the primordial Universe.
UVB fluctuations could affect the power-spectrum shape derived in
previous studies. Gnedin & Hamilton (2002) used RT simulations
to study the effects of UVB fluctuations induced by the quasar in-
homogeneous distribution on the matter power spectrum (however,
they did not look directly at the RT effects on the spatial UVB fluc-
tuations), not finding a significant variation. However, the question
of whether small-scale fluctuations in the UVB could be relevant in
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determining the shape of the matter power spectrum needs further
study.

The UVB fluctuations we have found could provide an alternative
explanation, other than He 11 reionization occurring at z =~ 3, for the
observed fluctuations in the n parameter as well as for those in
the abundance ratio C 1v/Si1v. As discussed in Section 1, it has been
shown that current data are not inconsistent with a scenario in which
He 11 is completely re-ionized as early as z ~ 6 by thermal radiation
produced in collapsing structures (Miniati et al. 2004); the observed
fluctuating C1v/Si1v abundance ratio and the He 11 patchy opacity
could be then explained as direct consequences of UVB fluctuations
arising from RT of the metagalactic ionizing radiation through the
filamentary IGM.

Although in the present study we have carried out our analysis at
7z~ 3, we can infer that the UVB fluctuations become more important
towards higher redshift due to the increasing mean opacity of the
IGM. In a future work we plan to investigate accurately the redshift
evolution of UVB fluctuations.

Finally, it is worth reminding that we have neglected the possi-
ble contribution of local sources embedded in high-density regions
to the ionizing radiation. The relative contribution of local sources
embedded in quasar absorption-line systems, which are commonly
identified as high-density peaks in the IGM, has been the subject
of recent debate. Schaye (2004) argued that the contribution from
local sources dominates the UV metagalactic radiation in these ab-
sorption systems, while Miralda-Escudé (2004) has come to the
opposite conclusion, deriving an upper limit to the importance of
local sources by a consequence of the surface brightness conserva-
tion. The problem seems still unsettled and it would be desirable to
further investigate it via numerical RT simulations including both
the UVB and the local source radiation.
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