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ABSTRACT

The UV radiation from high redshift quasars causes a local deficit in the neutral hydrogen absorption
(Lyman-« forest) in their spectra, known as the proximity effect. Measurements from small samples
of tens to hundreds of quasars have been used to constrain the global intensity of the UV background
radiation, but so far the power of large-scale surveys such as the Sloan Digital Sky Survey and
the Dark Energy Spectroscopic Instrument (DESI) survey has not been used to investigate the UV
background in more detail. We develop a CDM-based halo model of the quasar proximity effect, which
accounts by construction for the fact that quasars reside in overdense regions. We test this model on
quasar Lyman-« spectra from the Astrid cosmological hydrodynamic simulation, which includes self-
consistent formation of quasar black holes and the intergalactic medium surrounding them. Fitting
the model to individual quasar spectra, we constrain two parameters, roq (the radius at which the
local quasar radiation intensity equals the background), and the quasar bias by (related to host halo
mass). We find that req can be recovered in an unbiased fashion with a statistical uncertainty of
25 — 50% from a single quasar spectrum. Applying such fitting to samples of millions of spectra from
the DESI (for example) would allow measurement of the UV background intensity and its evolution
with redshift with high precision. We use another, larger-scale, lower resolution simulation (Uchuu)
to test how such a large sample of proximity effect measurements could be used to probe the spatial
fluctuations in the intergalactic radiation field. We find that the large-scale structure of the UV
radiation intensity could be mapped and its power spectrum measured on 100 ~ 1000 h~'Mpc scales.
This could allow the large-scale radiation field to join the density field as a dataset for constraining

cosmology and the sources of radiation.

Subject headings: Cosmology: observations — large-scale structure of Universe

1. INTRODUCTION

The proximity effect is the observed reduction of Lya
absorption in the intergalactic medium (IGM) close to
quasars, primarily driven by enhanced photoionization
from the quasar itself, which locally elevates the ioniza-
tion rate of neutral hydrogen (Carswell et al. 1982; Ba-
jtlik et al. 1988; Lu et al. 1991). Early studies of this
phenomenon were limited to small samples of quasars,
with significant statistical progress made in the 1990s
and 2000s using samples on the order of tens to hun-
dreds of quasars (e.g., Bechtold 1994; Scott et al. 2000).
However, modern large-scale spectroscopic surveys, such
as the Baryon Oscillation Spectroscopic Survey (BOSS;
Dawson et al. 2013), now provide samples of hundreds
of thousands of quasars, with the Dark Energy Spec-
troscopic Instrument (DESI; DESI Collaboration et al.
2016; Adame et al. 2025) delivering millions in the near
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future. This explosion in data enables us to revisit the
quasar proximity effect with unprecedented statistical
power, opening new avenues for analysis and discovery.
The proximity effect offers an indirect probe of quasar
luminosity, which can be used to estimate the photoion-
ization rate in the surrounding IGM. Ly« absorption in
the IGM depends sensitively on the neutral hydrogen
density (Gunn & Peterson 1965) and the overall ionizing
background, comprising contributions from the ultravio-
let background (UVBG) and the quasar’s own radiation
field. Historically, studies of the proximity effect have
been used to estimate the UVBG, by assuming the quasar
luminosity and subtracting its contribution to the local
ionization rate (e.g., Scott et al. 2000; Calverley et al.
2011; Dall’Aglio et al. 2008). Conversely, given assump-
tions about the UVBG, the proximity effect can provide
insights into the IGM density distribution (e.g., Jalan
et al. 2021), potentially allowing estimates of the mass
of dark matter halos hosting the quasars (e.g., Faucher-
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Gigueére et al. 2008; Kim & Croft 2008).

One possible application of large-scale surveys is using
the proximity effect as a cosmological tool. By compar-
ing the quasar luminosity inferred from proximity effect
measurements to its observed luminosity, one could, in
principle, determine the quasar’s luminosity distance and
thus probe cosmological parameters (e.g., Phillipps et al.
2002). While early work encountered challenges due to
uncertainties in quasar lifetimes and variability, the sub-
stantial increase in data from upcoming surveys, com-
bined with improved models of quasar fueling and light
curves, could allow for meaningful progress.

Large scale fluctuations (Zuo 1992; Meiksin & White
2003; Gontcho A Gontcho et al. 2014) in the intergalac-
tic radiation field are generated by the clustered sources
of radiation. These radiation fluctuations can modulate
observables such as the Ly« forest on large scales, of-
fering ways to study them. Recently, Long & Hirata
(2023) showed how bias and shot-noise parameters de-
scribing the sources can be constrained by observations
that cross-correlate galaxy surveys and the Ly« forest.
The proximity effect due to quasars can also have a role,
allowing us to map out the radiation field, albeit sparsely,
and we will explore this aspect also.

To explore these opportunities, we will leverage the
Astrid hydrodynamical simulation (Bird et al. 2022),
which provides not only a detailed model of the IGM
but also includes realistic quasar populations with self-
consistent light curves. Astrid’s large volume allows us
to model rare, massive quasars while simultaneously cap-
turing the smaller halos and their interactions with the
IGM. This makes it an excellent tool for testing theoret-
ical models of the quasar proximity effect, with the aim
of refining predictions for future observational measure-
ments.

Our plan for the paper is as follows: in Section 2 we
describe our model for the proximity effect, based on the
clustering of dark matter halos and matter in a CDM uni-
verse. We simulate the quasars and the proximity effect
using the Astrid cosmological hydrodynamic simulation
in Section 3. In Section 4 we bring the two together,
testing the halo model by analyzing the outputs of the
simulation. In Section 5 we use another larger simulation
to discover how the large scale cosmic radiation intensity
can be mapped out using the proximity effect, and in Sec-
tion 6, we summarize and discuss what we have learned
and outline directions for future work.

2. A HALO MODEL FOR THE QUASAR PROXIMITY
EFFECT

When modeling the proximity effect, we aim to pro-
duce a theoretical profile of the transmitted Ly« forest
flux in a quasar spectrum as a function of distance from
the quasar. We will use this model to analyse both the
mean Lya profile around many quasars and also the Lya
profile for individual objects. We restrict ourselves in this
paper to tests of the model at z = 3, but we expect that
the model should be applicable to the Lya forest from
redshifts z =2 ~ 4.

The environment around quasars is known to be over-
dense with respect to the cosmic mean (e.g., Jalan et al.
2021), and many previous papers have addressed how
this will bias measurements of the UVBG intensity made
from it. The work of Faucher-Giguére et al. (2008) (see

also Kim & Croft 2008) made this a central point of their
analysis, showing how the Ly« forest in the proximity
effect region could be analysed in order to constrain the
host halo mass of a quasar. In order to include this ef-
fect in our analysis, we will assume that quasars exist in
dark matter halos, which trace the large-scale structure
expected in CDM cosmological models. This combina-
tion of a dark matter halo density profile (e.g., NFW,
Navarro et al. 1997) and the linear theory CDM cluster-
ing makes up the so-called halo model (Cooray & Sheth
2002; Seljak 2000; Neyman & Scott 1952). It has been
applied successfully in many contexts, including galaxy
clustering (e.g., Zheng et al. 2007), Lyman-limit systems
(Theuns & Chan 2024), and weak lensing (Mandelbaum
et al. 2005).

In the case of the Ly« forest, we use the dark matter
halo profile and clustering as a starting point, assuming
that the neutral hydrogen traces the dark matter struc-
ture (Bi 1991), except for the local ionizing effect of the
quasar.

2.1. Dark matter profile

The fit to dark matter clustering is inspired by the fact
that the clustering of galaxies and of dark matter can be
described (Cooray & Sheth 2002) by terms which are a
combination of internal halo structure (the "one halo"
term) and large-scale, linear clustering (the "two halo"
term). The cross-correlation function of the quasar host
halo centers (where the quasars are assumed to reside)
and the dark matter density in this case is

A Oc
fqp(r) = % + bq&CDM (7"), (1)

where . = ((200/3)c3)/(In(1 + ¢) — (¢/(1 + ¢)). Here
we assume that the internal halo structure follows the
Navarro et al. (1997) relation (the concentration ¢ and
amplitude Axpw are free parameters) and cpy is the
linear theory Cold Dark Matter correlation function
(computed using Lewis & Challinor 2011). by is a lin-
ear bias parameter relating quasar and matter clustering
on large scales.

In Section 3 below we will use a cosmological hydrody-
namic simulation of quasars to investigate the terms in
Equation 1 and the parameters b, ¢ and Anpw.

2.2. From dark matter to Ly« optical depth

Equation 1 represents an averaged dark matter density
profile around a quasar. In order to predict the Ly«
forest due to neutral hydrogen around quasars, we use
the Fluctuating Gunn-Peterson Effect (Weinberg et al.
1997; Croft et al. 1997):

= Ap(2—0.7'y)T—O.7F—1 (2)

where 7 is Lya optical depth, and p is the dark matter
density in units of the cosmic mean. The temperature
T is related to the density by a power-law relationship
T x p? (Hui & Gunedin 1997). We assume v = 0, as fa-
vored by observations at redshift z ~ 3 (e.g., Bolton et al.
2008), but our results are not sensitive to the choice of
~. In Equation 2, I' is the photoionization rate of hydro-
gen, proportional to the intensity of the radiation field in
the optically thin approximation, so that 7 is inversely



1.0
0.8 - Real space, no one halo, no quasar rad.
----- Real space, no quasar rad
Real space, quasar rad.
—— Redshift space, no quasar rad
0.6 Redshift space, quasar rad.

0.4

0.2

0.0 4=

0 200 400 600 800 1000 1200 1400
r (kms™1)
Fic. 1.— The halo model of Ly« transmitted flux as a function

of separation from quasars. We show the model curves without the
effect of local ionizing radiation as blue lines and with the quasar
radiation as yellow lines. We show the model in real space and
redshift space, and also (in real space) without the one-halo term
(Equation 1).

proportional to it. The parameter A is an overall nor-
malizing parameter that we set by requiring the mean
transmitted flux F' = e~ " in the Ly« forest to be equal
to values measured in observational data. We use the
values of Kim et al. (2007), so that (F') = 0.696 at z = 3.

Because 7, and also the observed quantity, F' are non-
linear functions of p, if we want to predict for example
the mean profile of 7 or of F' around a quasar it is not
enough to use the mean p profile (from Equation 1) - we
also need the pdf of p at each point in space.

We follow the work of Bi & Davidsen (1997) in as-
suming that the pdf of the density on physical scales
relevant to the Ly« forest (pressure smoothing scale of
~ 100h~! kpc, Peeples et al. 2010) can be modelled using
a lognormal distribution (e.g., Coles & Jones 1991). In
the lognormal distribution, given a mean density p and
standard deviation o, the pdf (for a given radius r from
the quasar in our case) is given by

(np — p(r)’
oVamo(r) ] )

In the case of our halo model, the mean density p
varies as a function of distance from the quasar, so that
p(r) = 1+ &4p(r), and &, is computed from Equation
1. We assume that o(r) = fp where f is a constant,
i.e. the rms variation of the density about the mean is a
constant factor times the density. This is motivated by
simulation data (Section 3), from which we also take the
value f = 1.25 . Recent work by Ondro et al. (2024) has
shown that lognormal simulations can capture the ther-
mal properties of the intergalactic medium quite well and
be used for cosmological inference from the Ly« forest.
We use Equation 2 to convert the p values in Equation 3
into optical depths, 7, yielding the pdf of 7 at different

Plp|r) = 16Xpl_ 20(r)?

distances from the quasar, P(7 | r).

2.3. Quasar photoionization

At this point in construction of the proximity effect
model, we have a set of Lya optical depth pdfs, each
one corresponding to different distance from the quasar.
We now introduce the local ionizing radiation from the
quasar, using an inverse square law attentuated by an
exponential attenuation length:

7"2
©q —1/Tatt
7—Prox =T 7"2 € 7’/7“ t (4)

Here the attenuation length is taken to be r,¢ =
88 h~'pMpc at the redshift we concern ourselves with
in this paper, z = 3 (Theuns & Chan 2024). In the rest
of the paper we will use h~'pMpc to refer to proper
length units and h~'cMpc for comoving length units.
In the literature, the former are usually used for physical
quantities related to the proximity effect, and the latter
for large-scale structure measures, simulation box sizes
and so on.

The quantity req is the radial distance from the quasar
at which the local ionizing radiation from the quasar be-
comes equal to the overall ionizing background radiation:

/ N»yUHI
= —_— 5
Teq 47TFHI ’ ( )

where IV, is the rate of ionizing photon emission from
the quasar (in s™1), oy is the cross-section for photoion-
ization of hydrogen (equal to 6.3 x 1078 cm?), and I'yy is
the photoionization rate due to the background radiation
(in s~1). Following our convention above, we refer to req
in proper h~'Mpc ( h~!pMpc) throughout this paper.

2.4. Redshift space

The Lya optical depths in the model so far are in real
space, but observations include the effects of peculiar ve-
locities and thermal broadening, being in redshift space.
As in Croft et al. (1999), we model the former using a
spherical infall model for large scale inflow (Yahil 1985)
and a small scale random velocity dispersion (Davis &
Peebles 1983). The inflow model is

5(r)

106
Vinfall (1) = —ggo HOTW (6)

where §(r) is the matter overdensity averaged within ra-
dius r of the quasar:

3 T
1) = 5 [ €loriis 7)
It was found by Croft et al. (1999) that this velocity
field model is substantially better than linear theory for
the inflow pattern around massive halos. We expect this
to be true of quasar host galaxies, although as we see
in Figure 1 the effects of redshift distortions at z = 3
are relatively small. Because vingan(7) is not expected to
describe the virialized regions of large halos, we follow
Croft et al. (1999) and truncate viptan(r) on small scales
by multiplying by an exponential, exp —(5/50).
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The random velocity dispersion we use is an exponen-
tial model, so that the distribution function of velocities

_ ! _ V2]
) = — ﬁexp< - ) ®)

here o715 is the pairwise velocity dispersion of quasar-
neutral hydrogen atom pairs, which we assume to be in-
dependent of pair separation. Based on simulation re-
sults we take this value to be o192 = 100kms—!. The
thermal broadening contribution is also added at this
stage, using a Gaussian approximation to a Voigt pro-
file with o = \/kgT/mu. Because changing the value
of 012 and o only affect the inner one or two pixels at
DESI resolution, the results are insensitive to changes in
their values.

In order to convert our Ly« optical depth pdfs in each
pixel into redshift space, we convolve with the velocity
model

B(r | r) // P( | 1)

Here, W (r" — r) represents the kernel describing how
optical depths from real-space position ' map to the
observed coordinate r due to the velocity field model,
including infall and dispersion terms.

Once we have the velocity-shifted optical-depth distri-
bution (P(7 | r)), we compute the mean transmitted flux
as:

W(r" —r)dr’ dr’. (9)

(F)(r) = /0 T exp[—r] B(r|r)dr.  (10)

In Figure 1, we show the mean transmitted flux pro-
file around quasars for various steps in the model. The
blue curves are the results without the local quasar ion-
izing radiation, where we can see that the absorption
increases monotonically down to r = 0, the position of
the quasar. This effect of quasars inhabiting overdense
regions is expected, and we also see that the effect of the
one-halo term (in Equation 1) is relatively small by com-
paring the dotted blue (which excludes it) and solid blue
line. Those lines are both in real space, and the effect
of redshift space distortions can be seen in the solid blue
line- the infall squeezes the absorption profile compared
to that in real space.

The yellow lines in Figure 1 show the model once lo-
cal quasar radiation is included. In this example. the
parameter roq = 10 h~'pMpc, equal to what is expected
for a bright (Myy = —25) quasar. The z-axis of the
plot shows distances as far as 1400 kms~!, which is 3.2
h~'pMpc at z = 3. The proximity effect is dramatic
on the scales plotted, with flux in the quasar spectrum
rising to the unabsorbed level F = 1.

3. COSMOLOGICAL HYDRODYNAMIC SIMULATION OF
QUASARS AND THEIR PROXIMITY EFFECT
With cosmological simulations of structure formation
reaching the volumes required to include some bright
quasars (e.g., Di Matteo et al. 2017; Springel et al. 2018;
Dubois et al. 2016) we are able to test our halo model for
the proximity effect with some detailed simulated data.

3.1. The Astrid simulation

We use a redshift z = 3 snapshot from the Astrid
simulation for our study. Astrid is the largest (in terms
of particle number and total compute hours) hydrody-
namic simulation run to z = 0 so far (Bird et al. 2022;
Ni et al. 2024; Chen et al. 2025). It has sufficient mass
and spatial resolution to model the intergalactic medium
that causes the Ly« forest, as well as a large enough vol-
ume to sample the quasar luminosity function (Ni et al.
2022).

Astrid was run using an updated version of the
MP-Gadget code (Feng et al. 2018), a highly scalable
variant of the Gadget-3 cosmological structure formation
code (Springel et al. 2001; Springel 2005). It retains the
core algorithms from Feng et al. (2016) but has under-
gone substantial improvements in speed and scalability.

The simulation consists of 5500° cold dark matter
(DM) particles within a cubic volume of 250 h~!Mpc per
side, along with an equal number of SPH hydrodynamic
mass elements at the start. The initial conditions are
set at redshift z = 99, and the simulation snapshot we
use is from z = 3. The adopted cosmological parameters
follow (Planck Collaboration et al. 2020), with values of
Qo = 0.3089, Qx = 0.6911, ), = 0.0486, og = 0.82,
h = 0.6774, A, = 2.142 x 1079, and n, = 0.9667. The
initial mass resolution is Mpy = 6.74 X 106h’1M® for
dark matter and Mg,s = 1.27 x 106h_1M® for gas, with
a gravitational softening length of e, = 1.5h~!kpc for
both components.

Below, we summarize key aspects of the hydrodynam-
ical implementation and galaxy formation models of the
version of MP-Gadget used to run Astrid, with a more
detailed description available in Bird et al. (2022).

Gravitational interactions in Astrid are computed us-
ing the TreePM algorithm. The simulation employs the
pressure-entropy formulation of smoothed particle hydro-
dynamics (pSPH) (Hopkins 2013; Read et al. 2010) to
solve the Euler equations, while star formation and stel-
lar feedback models closely follow those in Feng et al.
(2016). Gas cooling occurs both radiatively, follow-
ing Katz et al. (1996), and through metal-line cool-
ing, where metallicity-dependent cooling rates are esti-
mated by scaling a solar metallicity template (Vogels-
berger et al. 2014).

To model patchy reionization, Astrid incorporates a
spatially varying ultraviolet background using a semi-
analytic approach informed by radiative transfer simu-
lations (Battaglia et al. 2013). Within ionized regions,
the ionizing background follows Faucher-Giguére (2020),
while self-shielding is implemented following Rahmati
et al. (2013), ensuring gas remains neutral above a den-
sity threshold of 0.01 atoms/cm~3. At the redshifts of
relevance here (z = 3), the IGM is fully ionized.

The star formation model is based on the multi-phase
prescription of Springel & Hernquist (2003), incorpo-
rating molecular hydrogen formation and its influence
on star formation at low metallicities, as described by
Krumholz & Gnedin (2011). Newly formed stars typ-
ically have a mass equal to one-quarter of the parent
gas particle, resulting in Mgy ~ 3 X 105h_1M@ in most
cases. Supernova feedback follows Okamoto et al. (2010),
with Type II supernova-driven winds having speeds pro-
portional to the local one-dimensional dark matter veloc-
ity dispersion. Wind particles remain hydrodynamically
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Fic. 2.— A slice through the Astrid simulation at z = 3. The brightest quasar is in the center of the volume. We plot the gas density
color-coded by neutral fraction and density (see color scale) in a slice of thickness 25 h~!'cMpc. The UV radiation field used to compute
the neutral fractions in this image is the uniform one from the simulation, without the localized effects of quasar radiation.

decoupled for a period, during which they do not con-
tribute to pressure forces or accrete onto black holes.
The simulation also includes models for helium reion-
ization and the impact of massive neutrinos. Metal
enrichment from AGB stars, Type II supernovae, and
Type Ia supernovae is incorporated following Vogels-
berger et al. (2013) and Pillepich et al. (2018), though
the implementation is distinct, using independently de-
veloped yield tables, as detailed in Bird et al. (2022).
Supermassive black hole (SMBH) physics in Astrid is
modeled similarly to Bluetides (Feng et al. 2016), based
on earlier work by Springel et al. (2005); Di Matteo et al.

(2005). However, in contrast to Bluetides, SMBH seed-
ing follows a power-law mass distribution rather than a
fixed universal seed mass. Additionally, black hole dy-
namics include a refined treatment of dynamical friction
(Chen et al. 2022), which allows for accurate tracking of
SMBH as they merge.

3.2. Quasars in the Astrid simulation

In Figure 2 we present an illustrative image of a slice
through the gas density of Astrid. The panel is centered
on the position of the most luminous quasar at z = 3,
which has a bolometric luminosity of 2.5x10%7 ergs~'and
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Fic. 3.— Properties of the black holes at redshift z = 3. We
show the top 1000 quasars by bolometric luminosity. In the top
left we show radiation equality radius req (Equation 5) vs black
hole mass, in the top right we show black hole mass vs halo mass,
and the bottom req vs halo mass.

is hosted by a halo of mass 7 x 10'3 M. The black hole
mass is 1.2 x 10'° M and the host is forming stars at
a rate of 7 x 103 Mg /yr. The quasar clearly sits in a
region of high overdensity, at the convergence of many
filaments. The dense gas surrounding the quasar has a
relatively high neutral fraction compared to the lower
density material in the IGM. This is because we have
not included the quasar local ionizing radiation (proxim-
ity effect) in this plot. The neutral fraction in Figure 2 is
the one computed as the simulation is run, using a uni-
form UVBG. In Section 3.3 we include the local quasar
radiation in the Astrid Ly« forest in post-processing.

The UV luminosity function of the quasar population
in Astrid is shown in Figure 5 of Ni et al. (2022), and
there is reasonable agreement with observational data.
Here we select quasars from Astrid for our tests of the
halo model. Because Astrid contains a model for black
hole seeding and tracks their growth through accretion
of gas and mergers with other black holes, it is useful
to examine the relationship between quasars and their
host halos. This includes the black hole accretion rate
(and therefore quasar luminosity ), which early influential
analyses (e.g., Martini & Weinberg 2001) assumed were
tightly coupled for ease of interpretation. Because of
this we select two populations of quasars from Astrid,
the first being the brightest 1000 in the simulation and
the second being those hosted by the most massive 1000
halos.

In Figure 3 we show some properties of the brightest
1000 quasars in Astrid by bolometric luminosity. We
have converted the quasar bolometric luminosity to req
values by first computing the rate of emission of hydrogen
ionizing photons (N) following Chen & Gnedin (2021):
We adopt a power-law spectral energy distribution (SED)
spanning 1450 A to 912 A, with L, «c v™® and o = 1.5,

40
— = Slope: 0.37,RMS: 0.17 1010
20 o o
0 %820 &
310 o oo 10°
=3 i
25 el oo °| = o
|
< 0%% é z 10
s 2 o° 8% yiod =
Py od()bo 107
g
%050 B0 ° ?
o oﬁEoo . = = Slope: 1.54, RMS: 0.55
0
106 107 108 10° 10%° 2 x10%? 1013 5x 1010
Mgy (M) Mhaio (M)
40
== Slope: 0.70, RMS: 0.25
20
910
o
=
o 5
7
<
g 2
o
2x10'2  10'* 5x101p™

Mhalo (Mo)

Fic. 4.— Properties of the black holes at redshift z = 3. We
show the top 1000 halos by mass. In the top left we show radiation
equality radius req (Equation 5) vs black hole mass, in the top
right we show black hole mass vs halo mass, and the bottom 7eq
vs halo mass.

where the normalization is determined by L. Apply-
ing the bolometric correction from Fontanot et al. (2012)
then yields Myv:

Lbol
BB

with fB =10.2, UB = 6.7x 104 HZ, and AB,UV = —0.48.
Following observations that suggest large escape frac-
tions (Eilers et al. 2021; Stevans et al. 2014), we set the
quasar’s escape fraction to fesc = 100%. The total ion-
izing photon rate is then obtained by integrating over
energies above 13.6 €V,

. o0 L,
N :/ — dv, (12)
13.6ev MV

which is equivalent to N = —0.4Myv + 46.366 in our
case. We then use Equation 5 to compute the radius
Teq, assuming a hydrogen photoionization rate from the
UVBG, Tur = 1072571, This value of I'yy is consistent
with the results of e.g., Dall’Aglio et al. (2008), Kulkarni
et al. (2019), and also the value used at z = 3 when run-
ning the Astrid simulation itself (taken from Faucher-
Giguére 2020).

We plot req (in proper h™'Mpc) against black hole
mass and halo mass, and as expected there is a sharp
cutoff for low values of r.y. There is a relationship be-
tween the quantities with a significant scatter. A power
law fit has a slope of n = 0.29. The values of rqq for
the faintest of the 1000 quasars are 7.q = 3 h™'pMpc.
This is relatively small compared to the ~ 10 h~'pMpc
seen in samples of quasars used to measure the proxim-
ity effect (e.g., Dall’Aglio et al. 2008). This is because
even though Astrid has a volume of (0.25h~'c¢Gpc)? the
mean space density of quasars with Myy < —25 at z =3

Myy = —2.51og;g + AB,UV +34.1, (11)
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Fia. 5.— The quasar-mass cross-correlation function in Astrid

together with halo model fits. The NFW and linear CDM parts
are shown separately as dotted and dashed lines. We show results
for two sets of quasars (the top 10 most luminous and the top
1000 most luminous) together with their mean halo mass and mean
bolometric luminosity.

is ~ 102 per h3poc_3(b0th in the simulation Ni et al.
2022 and observationally, Kulkarni et al. 2019). This
represents only 31 in the Astrid volume so the major-
ity of the 1000 represented in Figure 3 are comparatively
faint. Returning to Figure 3, we can see that there is a
correlation between black hole mass and halo mass, with
a scatter of about 0.4 dex.

In Figure 4 we show the population of quasars chosen
by taking the most massive 1000 host halos in Astrid.
We can see the correlations between properties, but these
have a different appearance, due to the cutoff in 7., not
being present in this sample. Although the populations
appear to be somewhat different for these two criteria,
we find in Section 3.2.1 below that the halo model pa-
rameters for them are very similar and our analysis is
insensitive to which population is used.

3.2.1. The quasar-mass density cross-correlation function in
Astrid

Because our halo model for the proximity effect starts
from the matter density profile around quasars (Equation
1), it is useful to see how well it can describe the density
around the Astrid quasars. This will also give us an idea
of the magnitude of the various halo model parameters.

We have sampled the gas particles in the simulation
at z=3, randomly picking 0.001 of the total. In Figure
5 we show the quasar-gas density cross-correlation func-
tion, &,, as a function of scale, for two samples of quasars
in Astrid. These samples are the most luminous 1000
objects and the most luminous 10 in the volume The
mean bolometric luminosity of the brighter sample is 13.3
times that of the other set of quasars, and the average
host halo mass is a factor of 3.2 times more. The sim-
ulation datapoints trace out a similar shape, with the
brighter quasars having a higher amplitude of clustering.
The transition between the one-halo and two-halo parts
of the curve are readily visible from the change in slope
on scales 7 ~ 1 h~'Mpc.

We carry out a fit of the halo model curve of Equa-
tion 1 to the simulation points. The fit is unweighted

—— Top by Lgol
—=— Top by Mhap

(b)

10

concentration, ¢

1.00x 10 1.50x10** 2.00x 103 2.50x 103
(Mhalo) (Mo)

Fic. 6.— Halo model parameters (see Equation 1) fit to the
quasar-mass cross-correlation function in Astrid

least-squares in log space using the Python function
curve_fit, and assumes identical errors for all data
points (for our actual proximity effect fits later in the
paper we will compute and use the full covariance ma-
trix). The best fit lines are shown in Figure 5, as well as
the individual components, the NF'W term and the linear
CDM term. The brighter sample (top 10 most luminous
quasars) has a best fit linear bias of b, = 4.0.

Both the NFW and linear CDM terms have a higher
amplitude for the brighter sample, and we quantify this
further by carrying out fits as a function of halo mass
for the top 1000 luminous quasars and the top 1000
massive host halo quasars. In this analysis we bin the
objects into 9 bins of halo mass and compute the fits
for objects in each bin. The fits use the standard Lev-
enberg-Marquardt nonlinear least-squares routine from
curve_fit, treating each point as having equal weight.
The resulting parameter covariance matrix used to com-
pute the one-o confidence regions is the approximate in-
verse of the Hessian at the best-fit point, as returned by
the fitting algorithm. The results are shown in Figure
6, where the parameters b;, Axrw and c are shown as
a function of mass. Both sets of quasars (luminous and
massive halos) behave very similarly, with error bars on
all parameters overlapping for nearly the entire range.
The plots are on a linear scale, and we can see that b,
is flat or rises slowly at first from b, ~ 2 for lower mass
halos and then faster. This is as expected from other
calculations in the context of the halo model (e.g., Seljak
& Warren 2004). The amplitude of the NFW portion
rises more linearly with halo mass, and the concentra-
tion ¢ falls at first and the remains roughly constant at
¢ ~ 5 — 10 for most of the range.
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3.2.2. Quasar luminosities compared to observational data

As mentioned previously, the volume of Astrid is such
that it contains a few quasars, but is not large enough to
cover a bright sample of the quasars selected by a survey
such as DESI (DESI Collaboration et al. 2016; Martini
et al. 2025). DESI covers a sky area of 13000 square
degrees, and so the volume between redshifts z = 2.5
and z = 3.5 is 56 h3cGpc~>. This is approximately
3600 times volume of Astrid. This means that if we
would like to model more than a handful of the bright
quasars in DESI using Astrid objects, we will need to
make an approximation, described below.

Using the z = 3 quasar bolometric luminosity function
Shen et al. (2020), we compute that the median Ly for
the brightest 1000 quasars in DESI between z = 2.5—3.5
will be Lp = 3.5 x 10*7 ergs™!. This translates to an
Teq value of 10 h~'pMpc (Equation 5). We also com-
pute the median Ly, for the brightest 1000 quasars in
Astrid, finding Ly = 7.0 x 10*® ergs~!. In our analy-
sis of the proximity effect in Astrid we therefore scale
up the individual Ly values of quasars in Astrid by a
uniform factor of Lp/La. The median value of re, for
the 1000 quasars in our scaled-up Astrid sample is then
Teq = 10 h~'pMpc. When carrying out our fits of the
proximity effect using this scaled-up sample we will now
be testing over a range relevant to observational data
from a large quasar survey such as DESI. Unfortunately
it isn’t easily possible to adjust the physical environment
of the quasars so that they lie in rarer, denser environ-
ments (and so have higher b, values). However, as we
shall see, the fits to r.q and b, have minimal degeneracy,
so that we can reasonably believe that the simulation
comparisons are still a fair test of the halo model.

We use scaled quasar luminosities in Section 4. In Sec-
tion 5 where we map out the ionizing background in-
ferred from the proximity effect on large scales, we use
a different, larger (dark matter) simulation. In this case
we use the actual luminosities associated with halos of a
given mass in Astrid to make a properly representative
radiation field.

3.3. Simulated Ly« forest spectra in Astrid

We make Ly« forest spectra that are parallel to one of
the axes of the simulation and start at the positions of
the 1000 quasars in our Astrid samples. The spectra are
generated following standard methods commonly used in
SPH simulations (e.g., Hernquist et al. 1996). Briefly, the
neutral hydrogen density is mapped onto spectral pixels
based on the contributions from SPH kernels of inter-
secting particles. This approach is similarly applied to
other physical properties, which are weighted according
to the neutral hydrogen density, directly correlated with
optical depth for absorption. For each line of sight, the
simulation spectra contain several key physical quanti-
ties relevant to the modeling: the optical depth of neu-
tral hydrogen absorption in real space,the peculiar veloc-
ity component along the sightline, the temperature, T,
and the normalized baryon density in units of the cosmic
mean density.

In order to include the effect of local quasar radia-
tion from the quasar itself, we modify the optical depth
7 along the Lya forest sightline according to Equation
4. Here for each spectrum we assume that the radiation

1.0
0.9
0.8
w 0.7
0.6 /
:' — Astrid
‘,’ req=20h"*Mpc
~ -~ req=10h"Mpc
0.5 - - - req=5h"Mpc
req=2.5h"*Mpc
—— req=1.25h"Mpc
0.4 -=-=-- no proximity effect
0 2000 4000 6000 8000 10000
r(kms™1)
Fic. 7.— The effect of quasar radiation, parametrized by req.

We show the halo model of Lya transmitted flux as a function
of separation r from the quasars. We also show results from the
Astrid simulation for the top 1000 quasars by halo mass, where
the req values have been set to different values given in the leg-
end. The simulation results are shown as solid lines, with a gray
band representing the standard deviation computed from the 1000
spectra. The best fit halo models are shown as dotted and dashed
lines. The results labelled "no proximity effect" are for the case
where we have not included the local radiation from the quasar,
only the UV background.

comes from either the UV background radiation or ra-
diation from the quasar itself. We do not compute the
contribution from other quasars in the volume, modeling
that instead using the uniform background (this assump-
tion is relaxed in Section 5 where we look specifically at
fluctuations in the UV background). The final observable
in the Astrid spectra, the transmitted flux F' = e~ 7 is
obtained after convolving 7 with peculiar velocities and
thermal broadening.

4. ANALYZING SIMULATED SPECTRA USING THE HALO
MODEL

4.1. Mean spectra

Our observable is the profile of Ly« forest transmit-
ted flux, F' on the blue side of the Lya line in quasar
spectra. When analyzing spectra from simulations or ob-
servations, we can look at individual spectra or we can
average many spectra (perhaps in different bins of quasar
luminosity). We choose to do the latter first, and in Fig-
ure 7 we show some example F' profiles. In this case
we have taken the entire sample of the top 1000 quasars
by host halo mass and given them the same luminos-
ity (parametrized by the req values given in the legend)
before computing the mean F' profile as a function of dis-
tance 7. We have repeated this for a range of r.q values,
from req = 1.25 h~!'pMpc to 7eq = 20 h~'pMpcWe have
also computed the F' profile for the case without the lo-
cal contribution to the ionizing radiation from the quasar
itself. This is the bottom-most line, and we can see that
it is the only one where the transmitted flux monotoni-
cally decreases as we approach 7 = 0kms™!. The curve
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Fia. 8.— The effect of linear bias, parametrized by bq. We show
the halo model of Ly« transmitted flux as a function of separation
from the quasars. We also show results from the Astrid simulation
for the top 1000 quasars by halo mass. For all models (and in the
simulation) the value of the ionizing radiation parameter req =

10 h~1pMpc

labelled roq = 10 h~'pMpc is approximately what we ex-
pect the averaged profile for the top 1000 most luminous
DESI quasars should look like.

We use the halo model to compute theoretical F(r)
profiles for the same 7., parameters that were used in
the simulation spectra. We use a value of b; = 2.0, which
is the relevant median bias parameter for the 1000 most
luminous quasars in Astrid as we have seen in the anal-
ysis in Section 3.2.1 (see Figure 6). In Figure 7 we can
see that these models describe the simulation data quite
well, both in shape and amplitude.

In Figure 8, we show the halo model F(r) curves
for different values of the b, parameters (all for roq =
10 A~ 'pMpec. As we would expect, the higher values of
b, diminish the proxmity effect, so that the monotonic
rise of F'(r) is halted for the most extreme values (b, = 7
and higher). The simulation curve for the top 1000 halos
by halo mass is also shown on the plot. We will now
see how well the differentiation between curves for dif-
ferent values of by and r.q translate into fits for those
parameters.

4.1.1. Model fits

We compute the covariance matrix C(r;, r;) of the F(r)
bins by computing F'(r) for each of the N = 1000 sight-
lines in Astrid:

30 6
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Fia. 9.— Confidence contours (1 and 2 o of model parameters,
by and req fit to the Lya forest proximity effect from sets of 200
quasars (ranked by halo mass) in Astrid. The top contours show
results for the most massive 200 host halos, the next contours down
the next 200 and so on. The values of the roq parameter used in
the simulation and the b; measured from the quasar-mass cross-
correlation (the "true values" of the parameters) are shown with
yellow dots.

N
F(ry) = % > Fu(ri). (14)

We use the halo model to compute theoretical F(r)
profiles and perform a chi-squared fit of the grid of mod-
els to simulation data. We order the simulation spectra
by host halo mass, and then split the sample of 1000
spectra into 5 sets of 200 halos. We multiply the covari-
ance matrix from Equation 13 by 5 to account for the
smaller sample. We compute the mean F(r) for each
set, and then carry out the chi-squared fit. The 1 and 2
o confidence contours on the fit parameters are plotted
in Figure 9. We also show the actual values of r.q and
by. We can see that fits are reasonable, lying within the
1 and 2 o contours in most of the samples.

It is interesting that even though increasing b, and
decreasing req have similar effects (Figures 7 and 8) there
is not much covariance between the parameters in the
contours in Figure 9. This means that it will be possible
to make measurements of 7.4 and constrain the proximity
effect even if the constraints on b, are weaker.

On the other hand, if we compute the 1o error on b,
from the confidence contours, we find it to be 0.50 aver-
aged over the two samples of 200 quasars with b, ~ 2.5
and b, ~ 3.5, or a fractional uncertainty of 0.17. We can
gauge how this converts into a constraint on the mean
host halo mass by making use of the halo mass-b, relation
plotted in Figure 6. In that plot we see that the slope

-1
of (Mpalo) VS by, (%) (%) = 2.0 for b, = 3.
This translates the fractional uncertainty of 0.17 in b,
from 200 quasars into a fractional uncertainty of 0.09 in
the host halo mass. We can compare this to Figure 14 of
Faucher-Giguére et al. (2008), where the proximity effect
was shown to recover the host halo mass from a sample
of 100 quasars at z = 3 with a fractional error of 0.19.
Of course, as in the initial analysis of Faucher-Giguére
et al. (2008) we assume perfect data with no noise and
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Fic. 10.— Halo model fits to individual quasar spectra. We show the transmitted flux, F' for 25 of the most luminous 1000 Astrid
quasars (every 40th spectrum is plotted, in order of quasar luminosity). The quasars are positioned on the left of each panel, at » = 0
kms~—! and the Lyc forest spectra are shown as black lines. The best fit halo model curve is shown as a blue line, with the plus and minus
one sigma best fit curves shown as shaded regions. The best fit value of req is given in each case.

perfectly fitted continuua. We discuss this further in Sec-
tion 6.2.

4.2. Individual spectra

The halo model fits of the proximity effect can also be
carried out on individual spectra. As Dall’Aglio et al.
(2008) have shown, the effect is noticeable even in this
case, and so we perform the same fits as in Section 4.1.1
except that we multiply the covariance matrix Cj; by
1000 as it was computed using that many sightlines.
In Figure 10 we show results for 25 of these spectra.
They are ordered in terms of luminosity, and span the
1000 quasars, starting with the most luminous and then
skipping through every 40 to end on the least luminous.
Comparing the fits to the spectra it is obvious that the
fluctuations due to the density inhomogeneities in Lya
forest gas are large and that the individual profiles are
nowhere as smooth as the averaged simulation profiles
in Figure 7. To the extent that this is encoded in the
covariance matrix, this shouldn’t be a problem, and has
the advantage that instrumental or observational noise
is unlikely to be an overwhelming factor in the fits. For
example, DESI spectra have a mean S/N of order unity
in the Ly« forest (DESI Collaboration et al. 2024), so
that the noise in fitting would be not very different from
that due to the real structure that we are simulating.

The fits themselves are shown as smooth lines in Figure
10, and the best fit value of r¢q is also shown. Among
the quasars plotted these range from an extreme value
of req = 74.71 h~'pMpe for the brighest quasar to req =

3.52 h~'pMpcfor one of the faintest. We also show as a
shaded region the curves which correspond to the best fit
Teq values plus or minus 1 ¢ confidence, computed from

the Ax? differences.

In order to check the recovery of rqq, in Figure 11 we
show the true values of roq and those from the proximity
effect fit. We carry out a chi-squared fit to the points,
finding that the fit is within 1o of the expected y = «
line. Because it will be useful later to use the expected
eITor On Teq in another analysis (Section 5) we quantify
the rms error on r.q from the fits in Figure 12. We can see
that the rms error vs 7¢q is a straight line showing that
the fractional error is a constant 25% plus a 2 h~'pMpc
offset). Over the relevant range this translates to a frac-
tional error from ~ 25% for the brightest quasars, to
~ 50% for the faintest.

While we are most interested in the determination of
Teq for each quasar (in order to comstrain the UVBG
intensity, as in e.g., Bajtlik et al. 1988; Scott et al. 2000;
Dall’Aglio et al. 2008), the halo model fit can in principle
constrain the by parameter on an object by object basis,
and hence the quasar host halo mass (Faucher-Giguére
et al. 2008; Kim & Croft 2008). As we have seen from
the elongated contours in Figure 9, the constraints on b,
are weaker than those on r.q. Because it is not simple
to determine the true by in the simulation for individual
objects it makes most sense to do this with samples of
quasars (as we have done in Section 4.1). Nevertheless, to
show the scatter involved, we plot in Figure 13 the fitted
by from the proximity effect against the true halo mass.
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Fic. 11.— Results of fits to individual quasar spectra. We show
the best fit req inferred from the halo model fit to the proximity
effect in Astrid against the true value for that quasar. (Results are
for the brightest 1000 quasars in Astrid with luminosities scaled so
that median 7eq is 10 A~ 'pMpc). The red line shows the best fit
straight line to the points and the green dashed line shows y = x.
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Fic. 12.— RMS error in req for fits to individual quasars as a

function of the true req values. We show the bootstrap error on
the error as a shaded region and the best fit straight line as a red
line.

We also show the best fit of a quadratic function to the
points. From the results in Section 4.1 (a 9% error in halo
mass from 200 quasars), we expect a fractional error per

quasar of about 1/(200) x 9% = 130%. It will therefore
only be practicable to use this method of constraining the
halo mass by averaging over large samples of quasars.

5. THE LARGE-SCALE RADIATION FIELD FROM
PROXIMITY EFFECT MEASUREMENTS
We have seen that the halo model can constrain 7., rea-
sonably well for individual quasars. The main use of the
proximity effect in the literature (e.g., Dall’Aglio et al.
2008) has been to determine the ionizing background in-
tensity, or equivalently the hydrogen photoionization rate
I given the quasar apparent luminosity. This can also be
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Fic. 13.— Results of fits to individual quasar spectra. We show
the best fit by inferred from the halo model fit to the proximity
effect in Astrid against the true host halo mass for that quasar.
(Results are for the brightest 1000 quasars in Astrid with lumi-
nosities scaled so that median req is 10 proper mpc/h ). The red
line shows the best fit second order polynomial to the points.

done using the halo model measurements (by inverting
Equation 5 to find I"). Rather than simply measuring
the mean value of I as a function of redshift, we could
take advantage of the high space density and number of
quasars in the surveys such as eBOSS (Dawson et al.
2016) and DESI (Martini et al. 2025) to measure spatial
variations in the value of I'. In this section we will test
how well this can be done using a large dark matter sim-
ulation. We use the results from Astrid to map quasar
luminosities onto halo masses, as well as to determine
the measurement errors in r.q from Lya forest proximity
effect fitting.

5.1. Simulating the large scale ionizing background
radiation field

The intergalactic hydrogen-ionizing radiation field at
redshifts z = 2 — 4 is believed to be dominated by emis-
sion from quasars (see e.g., works from Haardt & Madau
1996 to Madau et al. 2024). The quasar radiation travels
through space, gradually redshifting but also being even-
tually absorbed by neutral hydrogen. The highest overall
cross-section for this absorption comes from Lyman-limit
systems (Sargent et al. 1989), and the mean free path of
ionizing photons is related to the number density and
size of these systems. Both pure theoretical modeling
and more observationally derived estimates exist in the
literature for this mean free path, or attenuation length,
ratt For example. Theuns & Chan (2024) find an atten-
tuation length at z = 3 of 125 proper Mpc, (which is 88
h~1pMpc or 350 h~lcMpc, their Figure 5). D’Aloisio
et al. (2018) estimates a similar value and the observa-
tions of Fumagalli et al. (2013) point to 100 £ 29 proper
Mpc.

At any point in space, only a few bright quasar sources
will be visible inside the attenuation radius, and this will
mean that the radiation field will fluctuate on the rel-
atively large (tens of megaparsec) scales related to the
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mean separation of sources. These fluctuations in the
hydrogen-ionizing background are expected to lead to a
modulation of the clustering of the Ly« forest. This has
been studied theoretically at least since Zuo (1992) (see
also Croft 1997, 2004; McQuinn et al. 2011). Such fluc-
tuations can affect clustering of the Ly« forest on BAO
scales (Gontcho A Gontcho et al. 2014) and are their
potential effects are marginalized over in BAO analy-
ses alongside continuum fitting uncertainties. The large-
scale radiation field fluctuations have yet to be detected
directly, however, and the proximity effect offers a possi-
ble route that we shall investigate.

No cosmological hydrodynamic simulation of quasars
yet exists which is large-enough to cover the Gigaparsec
volumes we need to simulate the large-scale radiation
field. We therefore turn to a combination of a large
dark matter simulation (Uchuu, Ishiyama et al. 2021), to
model the large scale structure), and the Astrid simu-
lation (to model the halo-quasar luminosity relation and
the proximity effect fitting uncertainties).

There are a number of simulations in the Uchuu suite
! and we use the largest, Uchuu itself. This consists of
a cubic periodic volume of side-length 2000 h~!'cMpc,
containing 12800% dark matter particles. We work with
the z = 3 output exclusively, so our simulation will
not include any lightcone effects. The mass resolution
is 2.3 x 108~ M, per particle, and the Rockstar halo
finder (Behroozi et al. 2013) was used to produce a
dataset of 5.8 x 10% halos. In order to match the space
density of the top 1000 most luminous halos we have used
from Astrid, we restrict the Uchuu dataset to the top
512,000 halos by luminosity (see below for assignment of
luminosity). This is approximately equal to those above
a lower mass limit of 4.6 x 10*2 M, or 20,000 particles.

We use the relationship shown in Figure 4 to assign req
values to each halo in Uchuu:

10810 (Teq) = —8.6 + 0.70 logyo(Mpato) + 0.25¢€, (15)

where € ~ N(0, 1) is a standard normal deviate capturing
the intrinsic scatter. The r.q in each case is related to
the quasar luminosity according to Equation 5. We then
use the inverse square law attenuated by an attenuation
length to assign the quasar radiation to the positions of
all the other quasars:

Uj=fa)y 2+7"2 (16)

iz

Here the units of T' are 10712 s~!, which were the
units used to define req in Figure 11. The distance r;; in
Equation 16 is the separation between two quasars ¢ and
j. The quantity r, is a Plummer-like softening radius
(Plummer 1911) used to avoid the radiation intensity
blowing up at small radii. We use r, = 1.0 h~'Mpcbut
find that our final results are insensitive to variations of
7, over the range 0.1 to 10 h~!Mpc. We assume that
quasars have a lifetime at least as long as the light travel
time across half the box (1.2 Gyr), so that all quasars
within that distance contribute. This is an assumption
which could be varied (see e.g., Croft 2004) using the
actual quasar lifetimes from hydrodynamic simulations

I skiesanduniverses.org

(Zhou et al. 2024) but we leave this to future work. We
do however include a factor f; in Equation 16 which
is the mean fraction of the instantaneous quasar light
which reaches a point in the IGM. This factor is meant
to crudely model effects including the quasar duty cy-
cle, and the fraction of sightlines unobscured by the host
galaxy or gas close to the quasar. We set the value of
this parameter to f; = 0.01, which yields a mean value
of ' = 0.8 x107 2 s~ consistent with the observed value
at z = 3 (Faucher-Gigueére 2020).

Now that the radiation field is varying spatially, the
actual value of req [which was computed assuming I' =
1.0 (x10712 s71)] will be modified in response to the
local UVBG in this way:

Toqi = Teqi/ Vi, (17)

where 7(,, is the new value.

We then determine the accuracy of the halo model fit-
ting to the proximity effect to measure the local value
of I for each quasar. We do this using the results from
Astrid, specifically the rms error on r.q for fits to in-
dividual quasars as a function of the true roq values
shown in Figure 11. By plotting the pdf of fit values,
we find that the error in the measured r.q/ for each
quasar is Normally distributed. We therefore model the
effect of the fitting process by adding a random fitting

/ . _
error 7., ; S0 that ¢, \/fitted = Toq; + Terr;» LThe values

of rerri are Normally distributed with an rms given by
Oerr,i = 0.257 , + 2.03, derived from the results shown
in Figure 12.

The values of the UVBG intensity that result from

these proximity effect fits are

L;r?2 .

eq,i
I fitted = N (18)
Teq,i,ﬁtted + rp

eq,i

where we again use the Plummer-like softening 7,
(same values as in Equation 16) to avoid large errors
in the radiation field due to small uncertainties in the
quasar positions. These values of I'; and I'; fgtea rep-
resent the true and the proximity effect-fitted values of
the ionizing background radiation at the positions if the
quasars. These positions are quite sparse, and so it is
likely that the best way to analyse the spatial fluctua-
tions in I would be to compute the autocorrelation func-
tion of the I' values as a function of scale. Here though,
we are interested in visualizing and quantifying the con-
tinuous radiation field. We therefore leave analysis of
the autocorrelation function to future work and instead
assign the individual T" values to a cartesian grid. We do
this using a Triangular Shaped Clouds (Hockney & East-
wood 1988) assignment scheme, using the redshift-space
coordinates of the quasars. The grid we use to cover the
Uchuu volume has 1283 cells.

In Figure 14 we show slices through the radiation field,
showing the x — y plane at 3 different z positions. We
have smoothed the field with a Gaussian distribution of
o = 75 h~'cMpc because the unsmoothed fields are vi-
sually noisy (we analyze the unsmoothed fields using the
power spectrum below). In order to make the color scales
comparable to make visual comparisons easier, we scale
the fitted T'; field so that the rms fluctuations about the


skiesanduniverses.org

13

-
o
S
)

Y [cMpc/h]

~

ul

o
|

Y [cMpc/h]

0.82

0.80

e
N
©

o

g

()]
r(10712s71)

o
N
N

0.72

0.70

1750

1500

1250

1000 A

Y [cMpc/h]
N
w
o

[
o
o

N
U
o

o

(f) Tt

1000 1230 leO 17%0
X [cMpc/h]

o+

250 500 750

0

IObO 1230 ISbO 1730 2000
X [cMpc/h]

250 500 750

Fic. 14.— Slices through the ultraviolet background radiation field in the Uchuu simulation at redshift z = 3. The left panels show the
true field and the right panels show the field fitted from the proximity effect. The slices are in the x-y plane, at z-positions of z=333, 1000

and 1667 h~lcMpec.

mean are the same as the true field. Without this, the
noise fluctuations in the fitted field make it more difficult
to pick out structures, even with smoothing. We can see
from Figure 14 that the real and proximity effect-fitted
fields are broadly similar, as the true (left) and fitted
(right) field pairs can be matched. Individual structures
are not well reproduced, but overall it seems as though
the proximity effect can be used to produce a somewhat
noisy (we quantify this below) map of the intergalactic

radiation field. The rms fluctuations on ~ 100 A~ 'cMpc
scales are of order 10% of the mean, comparable to those
in the density field (as we see below).

To quantify the noise level in the reconstructed map,
we measured the correlation coefficient r(k) between in-
dividual Fourier modes of the true and reconstructed
fields. We show this as a function of wavenumber £ in
the bottom panel of Figure 15. The fields are corre-
lated at the r ~ 0.4 — 0.6 level for wavenumbers from the
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Fic. 15.— (a) Power spectrum of the UVBG radiation field in the
Uchuu simulation at redshift z = 3, as well as the power spectrum
of the UVBG in Uchuu estimated by fitting the proximity effect. A
position-randomized ("noise") field was subtracted from the prox-
imity effect derived field prior to plotting (see text). The shaded
region shows the error on the mean from subtraction of those 10
random realizations. We also show the linear power spectrum of
the matter density. (b) The correlation coefficient of individual
Fourier modes in the true radiation field and the one fitted from
the proximity effect. We also show the correlation coefficient for
the true field and the randomized field along with the standard
deviation among 10 random realizations as a shaded area.

fundamental mode of the volume (plotted) to k ~ 0.1
hcMpe™!. The Nyquist frequency of the grid is 0.2
hcMpe ™2, although the sparsity of the quasar sample
and the TSC assignment both combine to limit the small-
est scales that can be probed.

In the lower panel of Figure 15 we also show the cross-
correlation of Fourier modes between the true field and
a randomized field. We construct the randomized field
by replacing the cartesian coordinates of the quasars in
Uchuu with random coordinates drawn from a uniform
distribution. We then generate the radiation field using
the inverse square law as before and then the I' values
using Equation 16. This randomized field embodies the
shot noise component of the proximity effect fitting pro-
cedure but not the large-scale correlations. We generate
10 different realizations with different random seeds. The
mean correlation coefficient of these realizations with the
true field is shown in the figure, along with the 1 o stan-
dard deviation among the 10 realizations. We can see
that r(k) is much lower than the correlation with the
true field, being consistent with zero at the 1 o level for
most of the k range.

The clustering of the radiation field can be measured
using the power spectrum, and we show this in the top
panel of Figure 15, alongside the linear power spectrum
of the LCDM density field at z = 3. In the same manner
as is done for the density fluctuations (where the rela-
tive overdensity §, = (p/p) — 1 is calculated), we com-

pute the relative overintensity ér = (I'/T') — 1 (using the
photoionization rate I' to quantify the radiation inten-
sity). P(k) for the relative overintensity is shown for the
true field, but because the reconstructed field from the
proximity effect is noisy, we need to subtract the noise
contribution to P(k) in order to compare to P(k) for the
true radiation field. Although the shot noise comes from
Poisson-like component, it does not have a power spec-
trum which is strictly a constant, because of the inverse
square profile of radiation around sources and the fact
that they are of widely different luminosities. We there-
fore use the randomized realizations that we already used
in our null test of the cross-correlation of Fourier modes
above for the noise subtraction. We compute P(k) for
the 10 realizations of the randomized field and subtract
their mean from P(k) for the proximity-fitted field. We
plot the noise-corrected proximity field power spectrum
and the error on the mean P(k) from the 10 different
realizations. We can see that the noise-corrected power
spectrum agrees quite well with the power spectrum of
the true radiation field.

The power spectrum of the intergalactic radiation field
fluctuations in Figure 15 is similar in amplitude to that
of the matter power spectrum. There is a rapid dropoff
on small scales k& > 0.05 h cMpc™~!, which is likely due to
the sparsity of sources and the resolution of the radiation
field grid. On large scales, P(k) has an approximately
power-law shape, with a power-law slope n ~ —0.7. The
radiation power spectrum has a larger amplitude than
the matter power spectrum on scales k < 0.01 h cMpc™!.
In detail though this may depend on aspects of the simu-
lated radiation field and sources that have not been var-
ied, including quasar lifetime, beaming and obscuration,
and radiative transfer through the intergalactic medium.
These proximity effect measurements may be useful to
probe these and perhaps the cosmological model. We
leave this for future work.

6. SUMMARY AND DISCUSSION
6.1. Summary

We have carried out modeling of the quasar proximity
effect using a cosmological hydrodynamic simulation and
an analytic model based on the clustering and structure
of dark matter halos in a CDM-dominated universe. Our
emphasis is on developing modeling techniques and anal-
ysis methods that could be applied to large samples of
quasars from current and future spectroscopic surveys.
The main findings from our study can be summarized as
follows.

(a) Our halo model for the proximity effect is related
to the halo model used to study galaxy clustering (e.g.,
Cooray & Sheth (2002)). As such it takes into account
the increased overdensity near quasars and so provides
an unbiased estimate of the effect of ionizing radiation
on that material. The model includes redshift distor-
tions and local ionizing radiation from the quasar and
the ultra-violet background, both in the optically thin



approximation.

(b) We have extracted a sample of quasars from the
Astrid simulation at z = 3 with bolometric luminosities
from 10%° ergs™! to 10*" ergs—!. We find relationships
between host halo mass and quasar luminosity as well
as host halo mass and black hole mass, with both hav-
ing substantial scatter (0.1-0.4 dex). The quasar-matter
cross-correlation can be fit well using the halo model,
with brightest quasars in Astrid (L ~ 10*7 ergs™!) hav-
ing a linear bias of by = 4.

(¢) We have tested our proximity effect halo model us-
ing the Ly« forest from Astrid, finding that we can fit
for the bq and r.q parameters. The radius of equality
between local and background ionizing radiation, 7¢q, is
a measure which is directly related to the observable, the
radial variation of transmitted flux in Ly« forest spec-
tra. The confidence contours of the fit are surprisingly
independent between the two parameters. We can fit 7¢q
with 25-50% accuracy for individual quasars, depending
on their luminosity. We also find that we could constrain
the host halo mass from the fitted b, parameter at the ~
10% level for averages over samples of 200 quasars.

(d) Although quasars are sparse, we have seen that
with the space density of current and upcoming surveys
we should be able to use the proximity effect to map out
the cosmic radiation field spatially. From a large dark
matter simulation and measurements from the hydrody-
namic run, we simulated recovery of the radiation field
on 3D grid covering 2 h~!cGpc in diameter. We find
that the P(k) of the radiation is measurable on scales
from k ~ 0.001 to ~ 0.1 hcMpe™t. It has similar am-
plitude to the matter P(k), although future work will
be needed to predict its dependence on source lifetime,
beaming, and lightcone effects.

6.2. Discussion

The fact that the halo model (at least in simulation
tests) is unbiased with respect to the quasar radiation
and density fluctuations is a positive aspect. The effect
of overdense regions close to quasars partially cancelling
effect of local ionizing radiation is something that has
been studied extensively (e.g., Guimaraes et al. (2007)).
We hope that the halo model can give some extra clarity
so that the proximity effect can be used more widely
as a probe of the high redshift Universe. At the very
least new large surveys of quasars will be able to use
the effect to yield corroborating information about the
current model of structure formation and also quasars
and their luminosity output. Mapping the intergalactic
radiation field is a new aspect which will require many
sources. The preliminary test in this paper uses a space
density of quasars which is similar to but still higher
than that of the current DESI survey. Further work is
needed to investigate the signal to noise of the map as
a function of source space density. We anticipate that
using fainter quasars than in DESI (see e.g., Martini et al.
2025) should not change the map drastically because the
most luminous sources that are in DESI will have well-
measured proximity effects and will dominate the map.

There are many complications and uncertainties that
have not been included in our analysis so far. One of the
most important is that the model can measure the radius
Teq quite well, but in order to determine the photoion-
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ization rate I' we also need to know the quasar ionizing
radiation output. Basing this on the observed quasar
magnitude will lead to errors due to quasar luminosities
varying with time. For example, the equilibration time of
the photoionized medium is ~ 10* yrs, but quasars can
vary significantly on timescales less than this (see e.g.,
Wagner & Witzel 1995 for observations or Zhou et al.
2024 for simulations). In our modelling we have also used
the optically thin approximation (albeit attentuated by
a uniform mean free path). The presence of dense gas
close to quasars could change how appropriate this is, at
least for some sightlines (Ni et al. 2020).

In addition to these uncertainties, future work could
also usefully investigate the following:

(a) how the S/N of the reconstructed radiation field
depends on the number density of quasars used, and also
on realistic levels of noise in the observed quasar lumi-
nosities and in the Ly« forest spectra themselves.

(b) How the background radiation and its recovery
through the proximity effect depend on models for source
emission and evolution: e.g., beaming and light cone ef-
fects.

(¢) The photon mean free path could be varied to see
how this affects the large-scale clustering of the radiation
field.

(d) Redshifts beyond the z = 3 we have used could be
studied, including those earlier times when the optically
thin approximation may no longer be appropriate.

(e) Observations of quasar spectra also have their own
systematic sources of uncertainty. These include redshift
uncertainties on the position of the quasar itself, which
can be severe enough to erase all evidence of the prox-
imity effect (e.g., Kirkman & Tytler 2008). Fitting the
quasar unabsorbed continuum close to the Ly« line is
also potentially difficult (Liu & Bordoloi 2021).

The Lya forest itself can tell us about the UVBG be-
cause it affects both the mean transmitted flux and clus-
tering in the forest. Early work such as Rauch et al.
(1997) showed how the flux pdf could constrain the mean
intensity, assuming accurate modeling of the IGM on the
~ 100h~! kpc scales relevant to the pressure smoothing
in the forest. Comparison with proximity effect measure-
ments can help to constrain the small scale gas physics as
well as the sources. In terms of the forest clustering (Mc-
Quinn et al. 2011; Pontzen et al. 2014), there could be
role that proximity effect measurements could play when
constraining the radiation fluctuations in the context of
nuisance parameters for BAO measurements (Gontcho A
Gontcho et al. 2014; Pontzen et al. 2014). In addition,
absorption by different species of metal lines is sensitive
to UV background spatial fluctuations (Morrison et al.
2021) and could in principle be used to trace them out
and compare to inferences from the proximity effect.

Competitive constraints on the cosmological model are
not likely with the proximity effect measurements on
their own. It could in principle be interesting, because it
allows one to compare a direct measurement of quasar lu-
minosity (from observed magnitude) with an indirect one
(proximity effect), and so constrain the distance scale.
This was first pointed out by Phillipps et al. (2002), but
even then the many likely uncertainties seemed to make
this very difficult. Now the precision required for a com-
petitive measurement is even higher. We can see this by
imagining that we have a very large sample of proximity
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effect measurements at different redshifts, say at z = 2
and z = 3. If so, we would be measuring the r., distance
at different redshifts and so effectively determining the
difference in the Hubble parameter H(z) between z = 2
and z = 3. Using the relation appropriate for a flat cos-
mology, H(2) = Ho\/(Qm(142)3 +Q4) we find that the
H(z = 3)/H(z = 2) changes by -0.074 % for every in-
crease in Q5 by 1%. Assuming we have 40% error on req
from each quasar we would need 30 million quasars just
to measure Q4 to 10%. Not only is this not feasible, but
the systematic uncertainties detailed above would likely
outweigh the statistical errors (not to mention the fact
that for a useful measurement we would need an indepen-
dent measurement of the ionizing background intensity
as a function of redshift).

Rather than constraining the distance scale, it is prob-
ably better to think of large proximity effect surveys as
giving information on the sources of radiation. The large
scales seen in the radiation field power spectrum (for ex-
ample the high amplitude beyond the matter-radiation
equality peak in the matter P(k)) are certainly interest-
ing and may be useful cosmologically. We first need to
see how they are affected by finite lifetime effects and
beaming, which are likely to "chop up" the field (see
e.g., Figure 5 of Croft 2004). There are also likely to
be better ways to analyse the radiation fluctuations, as
assigning the individual I" values to a grid is not really
appropriate for such sparse sources. Well-specified tech-
niques for interpolating sparse data into a volume-filling
map could be borrowed from other areas (e.g., Cisewski
et al. 2014, Pichon et al. 2001, Ozbek et al. 2016, Malicke
& Schneider 2019). These could also be used to inves-
tigate biases in the field reconstruction associated with
the fact that the proximity effect probes (the quasars)

are also the sources and so are clustered in regions of
space with a high radiation intensity.

The proximity effect is the result of a fascinating in-
teraction between the brightest sources of radiation in
the Universe and the diffuse, low density intergalactic
medium. It is directly detectable in individual spectra
over length scales of ten or more (proper) Megaparsecs,
much further than any other non-gravitational effect such
as galactic winds or feedback. Huge quasars surveys pro-
duce data that has not yet been analyzed with this effect
in mind, and the statistical power that will be available
should allow us to uncover new science in the intergalac-
tic radiation field.
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