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Are there more galaxies than we see around high-z quasars?

2 1

, Stefano Carniani!, David Prelogovié], Fabio Vito®, Viola Allevato!*, Andrea Ferraral,
Simona Gallerani!, and Eleonora Parlanti'

Tommaso Zanal:

! Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy

2 Dipartimento di Fisica, Sapienza, Universita di Roma, Piazzale Aldo Moro 5, 00185 Roma, Italy
e-mail: tommaso.zana@uniromal.it

3 INAF - Osservatorio Astronomico di Bologna, Via Piero Gobetti 93/3, 40129 Bologna, Italy

4 INAF — Osservatorio Astronomico di Capodimonte, Via Moiariello 16, 30131 Napoli, Italy

Received 13 June 2023 / Accepted 6 September 2023

ABSTRACT

Context. It is still debated whether z > 6 quasars lie in the most massive dark matter haloes of the Universe. While most theoretical
studies support this scenario, current observations yield discordant results when they probe the halo mass through the detection rate
of quasar companion galaxies. Feedback processes from supermassive black holes and dust obscuration have been blamed for this
discrepancy, but these effects are complex and far from being clearly understood.

Aim. This paper aims to improve the interpretation of current far-infrared observations by taking the cosmological volume probed by
the Atacama Large Millimeter/submillimeter Array Telescope into account and to explain the observational discrepancies.

Methods. We statistically investigated the detection rate of quasar companions in current observations and verified whether they
match the expected distribution from various theoretical models when they are convolved with the ALMA field of view through the
use of Monte Carlo simulations.

Results. We demonstrate that the telescope geometrical bias is fundamental and can alone explain the scatter in the number of
detected satellite galaxies in different observations. We conclude that the resulting companion densities depend on the chosen galaxy
distributions. According to our fiducial models, current data favour a density scenario in which quasars lie in dark matter haloes with
a viral mass of My, 2 10'2 M, in agreement with most theoretical studies. According to our analysis, each quasar has about two

companion galaxies, with a [CII] luminosity Licy 2 108 Lo, within a distance of about 1 Mpc from the quasar.

Key words. methods: statistical — methods: numerical — galaxies: high-redshift — galaxies: halos — infrared: galaxies —

quasars: general

1. Introduction

Most luminous (Lypo; > 10% erg s™!) quasars at redshift z > 6 are
powered by the accretion process of gas onto the most massive
supermassive black holes (103-10'" My; Ferrarese & Ford
2005; Meyeretal. 2022; Wangetal. 2018). According to theo-
retical models, including numerical simulations (Sijacki et al.
2009; Di Matteo et al. 2012; Costaet al. 2014; Weinberger et al.
2018; Baraietal. 2018; Habouzitetal. 2019; Nietal. 2020;
Valentini et al. 2021) and clustering studies (Hickox et al. 2009;
Rossetal. 2009; Cappellutietal. 2010; Allevatoetal. 2011,
2012), supermassive black holes reside in the densest regions
of the Universe, such as the centre of most massive dark matter
haloes, with virial masses ranging from 10' to 10'3 My at z ~ 6.
However, observations do not always agree with these stud-
ies at nearly any redshift. Numerous observational works have
exploited current astronomical facilities to investigate the prop-
erties of the environments in which quasars reside and yielded
differing results. On the one hand, some studies suggested that
quasars are located in regions that are characterized by high densi-
ties of galaxies, such as Steidel et al. (2005) at z = 2.3, Hall et al.
(2018) at 0.5 < z < 3.5, Swinbanketal. (2012) at 2.2 <
7z $ 4.5, Garcfa-Vergaraetal. (2019), Uchiyama et al. (2020) at
z ~ 4, Husband et al. (2013) and Capak etal. (2011)atz ~ 5, and
Kim et al. (2009), Morselli et al. (2014), Balmaverde et al. (2017),
Decarli etal. (2017, 2018), Mignoli et al. (2020), Venemans et al.

(2020) at z = 6. On the other hand, some works, such as
Francis & Bland-Hawthorn (2004) and Simpsonetal. (2014) at
z 2 2, Uchiyamaetal. (2018) at z ~ 4, Kashikawa et al. (2007)
and Kikutaetal. (2017) at z ~ 5, and Bafnadosetal. (2013),
Mazzucchelli et al. (2017), Champagne et al. (2018), Meyer et al.
(2022) at z > 6, reported that the number of companion galaxies
is at most similar to the galaxy density estimated in blank fields.
Overall, the question of whether quasars tend to live in over-dense
regions of the Universe remains an active area of research.

The detection of Lyman-break galaxies (LBGs) and
Lyman-alpha emitting galaxies (LAEs) in the neighbour-
hoods of quasars and active galactic nuclei is often used in
the literature to probe the underlying dark matter distribu-
tion of high-redshift structures (see e.g., Intema et al. 2006;
Venemans et al. 2007; Baifiados et al. 2013; Hennawi et al. 2015;
Mazzucchelli et al. 2017, investigating the satellite number
counts, or Garcia-Vergara et al. 2019, studying the cross corre-
lation between galaxies and quasars). The contradictory conclu-
sions of these studies may also stem from the intrinsic challenges
in constraining the redshift of LBGs and the significant influence
of dust extinction and obscuration on both LBGs and LAEs. For
this reason, the best strategy for detecting high-z quasar com-
panions relies on the observation of their [CII]158 um emis-
sion as this gas tracer is not affected by dust attenuation and
absorption from the intergalactic medium (e.g., Maiolino et al.
2005; Walter et al. 2009). In this context, the Atacama Large
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Millimeter Array (ALMA) has provided the most numerous
spectroscopically confirmed detections of z > 6 quasar compan-
ions (Decarli et al. 2017, 2018; Venemans et al. 2020). In partic-
ular, Venemans et al. (2020, hereafter V20) found 27 line-emitter
candidates within 27 quasar fields. Out of this initial pool,
10 line emitters were already recognised as quasar compan-
ions in previous works (Decarli et al. 2017; Willott et al. 2017,
Neeleman et al. 2019; Venemans et al. 2019). The remaining
candidates have been identified as companions by assuming that
the detected line does correspond to the carbon [CII] transition,
which is emitted within +Av from the quasar. In this work, we
assume that the hypothesis of V20 is valid and therefore con-
sider all the additional 17 line emitters as proper quasar com-
panions. Two thresholds were adopted in V20 leading to slightly
different results: Seven additional satellites are detected with
Av = 1000kms~!, and nine satellites with Av = 2000kms~!.
The V20 sample currently is the largest and most complete cata-
logue of high-z quasar companions with constrained redshifts.

One debated possibility to explain the differences among
these observational results is associated with the quench-
ing effect of star formation in galactic satellites driven by
quasar feedback (Efstathiou 1992; Thoul & Weinberg 1996;
Okamoto et al. 2008; Dashyan et al. 2019; Martin-Navarro et al.
2019). According to this scenario, quasars would still reside in
the most massive haloes, as predicted by theoretical models, but
their companions would be gas poor and would exhibit low star
formation activity, making them impossible to detect with cur-
rent observational facilities. This argument has been put forth to
account for the absence of galaxy over-densities within ~1 Mpc
from certain high-z quasar objects.

Nevertheless, this alleged negative feedback effect is cur-
rently far from established. Some works even proposed a possible
positive interaction between quasar feedback and star formation
in companion galaxies (Fragile et al. 2017; Martin-Navarro et al.
2021; Zanaetal. 2022; Ferraraetal. 2023). In particular,
Zanaetal. (2022), based on cosmological simulations, and
Ferrara et al. (2023), using semi-analytic models, claimed that
quasar feedback always enhances the process of star formation
in satellites if the satellites are not disrupted by the strong
quasar outflows. These recent works suggested that the differing
observational results for the environments of high-z quasars
might not be due to feedback, and that additional effects and
possible observational biases might be in place.

Zana et al. (2022) analysed the cosmological simulation by
Barai et al. (2018) and focussed on the environment of a mas-
sive quasar at z 2 6, finding two to three satellites with a [CII]
luminosity Licmy 2 108 Lo. They suggested that their findings
only match the most densely populated field in V20 because of
the geometrical effects introduced by the ALMA telescope. In
fact, the relatively narrow ALMA field of view (FoV) compared
with the much broader spatial range probed by the line of sight
(LoS) where satellites can be identified, might inherently hinder
the detection of a potentially significant fraction of the actual
population of satellites, even if they are above the instrumen-
tal sensitivity threshold. Other studies, such as Champagne et al.
(2018) and Meyer et al. (2022), agreed with this hypothesis and
concluded that observational campaigns adopting a large FoV
are fundamental for recovering the missing satellite populations.

In this work, we investigate the geometrical bias introduced
by ALMA on the satellite detection rate. In particular, we use dif-
ferent mock distributions of galactic satellite populations based
on theoretically motivated models to measure the geometrical
response of the ALMA-limited observational volume. Our ulti-
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Fig. 1. Distribution of the number of satellites detected as [CII] emit-
ters from V20 during an ALMA survey of 27 z > 6 quasars. All these
sources reside within 1000 kms™, i.e., about +1.3 Mpc at z = 6.5 from
the central quasar.

mate goal is to derive a rigorous statistical framework to interpret
the most recent observational survey.

We assume a flat ACDM model, with the cosmological
parameters Qyo = 0.3089, Q9 = 1 — Qpp = 0.6911, and
Hy = 67.74Mpc s~! (Planck Collaboration XIIT 2016, results
XII). All lengths and volumes in the text are assumed to be
physical unless otherwise specified.

The paper is structured as follows: We describe the method
we adopted to statistically investigate the geometrical bias in
Sect. 2. In Sect. 3 we present the outcomes, and in Sect. 4 we
discuss the results in the context of the current literature. We
finally summarise our findings in Sect. 5.

2. Method

Figure 1 shows the incidence of [CII]-emitting companions in
the sample of 27 quasars reported by V20 in the range Av =
1000kms~!. Approximately half of the quasars do not exhibit
any detected companions, whereas in other cases, up to three
galaxies are observed. Since all datasets analysed by V20 have
comparable exposure times, the frequency of detections in this
sample cannot solely be attributed to possible different sensi-
tivities of the observations. Under the assumption that all the
observed quasars live in environments with similar properties
and that the quasar feedback has the same effect on all the com-
panions, our objective is to assess whether the limited cosmic
volume probed by ALMA can explain the broad detection range
shown in Fig. 1.

ALMA observations of z ~ 6.5 quasars are characterised by
a circular FoV with a radius of ~90 kpc and cover a wavelength
range of Av = 1000-2000km s~! with respect to the systematic
redshift of each quasar (V20). The explored cosmological vol-
ume is thus a cylinder with a base of about 2.6 x 10*kpc? and a
height of about 2.5-5.0 Mpc at z = 6.5, depending on the spectral
setting of the observations, as shown in Fig. 2. Here, we focus
on the fixed LoS range Av = 1000kms~! to be more conser-
vative because of the large distances involved, and we compare
our results with the equivalent sample of V20. Additionally, we
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Fig. 2. Schematic representation of an ALMA observation of a quasar
(yellow star). Here, two galaxy satellites (red stars) are detected,
whereas a third satellite remains outside the observer’s cylinder and
would be detected only through a different LoS.

consider the median redshift z = 6.5 as representative of the
range 6 < z < 7 for the whole sample of V20'.

Based on the geometry of the probed volume, the detection
rate of companions would depend on both the distribution of
galaxies in the quasar environment and on the orientation of the
cylinder axis. Therefore, a fair comparison between theoretical
studies and observations must take this effect into account.

We created different mock distributions of quasar satellites
and studied the frequency of detection when the companions
lay within a random observational cylinder. Ideally, we would
run numerous, cosmologically motivated, N-body simulations
of high-z quasar companions and select a single observational
cylinder in each simulation. This approach would be prohibitive
in terms of time and computational costs. Alternatively, we ran
various sets of Monte Carlo simulations for which we spawned
for each set an increasing number of satellites N in the quasar-
centred sphere with radius D,_¢s, where D,—¢5 is the distance
corresponding to the recession velocity Av = 1000kms™! at
z = 6.5, thatis, about 1.3 Mpc. The N satellites represent massive
galaxies that are bright enough to be detected by ALMA as [CII]
emitters if they fall within the volume probed by the telescope.
They indeed represent only the detectable fraction of the whole
satellite population, and might in principle be connected to the
total dark matter density in which the quasar resides. For each
set of simulations (at fixed N), we intersected the quasar-centred
sphere with the ALMA cylinder with a random orientation, as
exemplified in Fig. 2. In particular, for each given N, we per-
formed 10° simulations for which we varied the position of the
satellites, along with the orientation of the observational cylin-
der. Hence, we computed the probability P(N,|N) that N, satel-
lites are included in the cylinder, and thus detectable by ALMA,
as a function of N. We adopted nine different dark matter distri-
butions to generate the satellite populations, as described below.

— Homogeneous distribution. Satellites were generated by fol-
lowing a homogeneous distribution within the spherical volume,
with a fixed radius D,—¢ 5. At z = 6.5, the volume measures about

! The ratios amongst the comoving quantities (the position of the satel-

lites and the ALMA observational range) are conserved in redshift. We
nonetheless ran our analysis also at different mean redshifts, but found
no significant variation.

9 Mpc?. This model is called Homogeneous and represents the
simplest case, with no assumptions on the radial distribution.

— Plummer model: Satellite galaxies were spawned by following
a Plummer density profile (Plummer 1911), with a cumulative
distribution function (CDF),

P

P(r) = m,

ey

where r is the radius from the central quasar, and a is the scale
radius. We adopted two instances for this distribution by choos-
ing a = 25 and 100kpc. These models are called Plummer25
and Plummer100.

— Hernquist model. Analogously to the Plummer model case,
here satellites were generated by mimicking a Hernquist density
profile (Hernquist 1990) through the CDF

72

P(r) = m

2
This model, for which we fixed the scale radius a = Skpc, is
called Hernquist5.

— NFW model. We sampled two Navarro—Frenk—White density
profiles (Navarro et al. 1996), called NFW25 and NFW100, via
the CDF

P(r) = N(a) [1n(a;:’) . ]

a+r
N(a) = [ln (a +ar°“‘ ) _

-1
Feut

a+ eyt

3

with scale radii a equal to 25 kpc and 100 kpc, respectively. N(a)
is a normalization constant with r¢y = D,—¢ 5.

— CC function. Companion galaxies were randomly spawned
by following the cross-correlation function quasar galaxies

&) = (g)y, with @ = 4.1 comovingMpc and y = 1.8 from
Garcia-Vergara et al. (2019). In particular, we adopted the CDF

l+ 1 (a)7
3 3-y\r

s ]
3 3- Y \Tecut ’
where N is a normalization constant. This model, called CCF,
is only intended to mimic the shape of the galaxy distribution

function around quasars. The density was not fixed and varied
with N in the Monte Carlo simulations.

P(r) = NP

N=r

cut

“

— Cosmological simulations. Finally, satellite galaxies were
spawned by following the dark matter distribution of cos-
mological zoom-in simulations of high-redshift quasars. We
employed two different cosmological simulations, called Cos-
moSim1 (Barai et al. 2018) and CosmoSim2 (Valentini et al.
2021). In particular, satellite locations were selected randomly
amongst the dark matter potential wells in a z = 6.5 snapshot
of each simulation after running the AMIGA halo-finder code
(Knollmann & Knebe 2009) with a minimum of 20 bound par-
ticles to define a halo. The dark matter haloes were only con-
sidered if their distance from the centre of the main halo was
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D.—¢ 5 at most. CosmoSim1 and CosmoSim?2 represent our fidu-
cial models because they were derived from a complex frame-
work that was especially designed to describe the environment
of high-z quasars”.

— Although both CosmoSim1 and CosmoSim?2 describe the evo-
lution of two very massive dark matter haloes, their virial masses
and radii are quite diverse, being Myi; = 3.3 X 10'2 M and
Ry = 66kpc, and M,;; = 1.2 X 10'2 Mg and R, = 47 kpc at
z = 6 for CosmoSim1 and CosmoSim2, respectively® and this
increases the generality of the investigation.

— We also note that the feedback prescriptions for the active
galactic nuclei are significantly different in the two simulations,
and this has a non-negligible impact on the dark-matter distribu-
tion (see the effect on the merger history in Zana et al. 2022).

— The models based on the Plummer, Hernquist, and NFW pro-
files adopt a set of parameters (a and N) to force their CDFs to
have P(r) = 0.99 for r = D,_¢5. In the rare occasion when a
galaxy was spawned at » > D,_¢s, the extraction process was
repeated. Because of this expedient measure, the number den-
sity of companion galaxies within the spherical volume of radius
D._¢5 is directly comparable amongst all the models.

We do not claim that these models completely cover all
the possible satellite distributions. They rather aim to probe the
implications of highly diverse environments.

3. Results

Figure 3 shows the outcome of the Monte Carlo simulations
for the nine satellite distributions. In most cases, the number of
detected companions is significantly smaller than N. For exam-
ple, in the fiducial distribution model CosmoSim1, with three
seeded satellites, we estimate P(N, = O[N = 3) = 0.29.
This indicates that the probability of no detection due to the
ALMA FoV is ~30%, despite the presence of three satellites in
the nearby environment. We also observe that satellite distribu-
tions based on simulations CosmoSiml and CosmoSim2 pro-
duce almost identical results, although they refer to two distinct
quasar hosts. This indicates that a major bias is produced by the
observational volume of the telescope that might explain why
observations of quasar satellites return so different numbers for
detections of serendipitous [CII] emitter.

The trace produced by the spherical geometry of NFW25
is very similar to that of the simulation-oriented distributions
and might therefore describe a similar distribution of galaxies on
average. On the other hand, the distributions in which satellites
are almost always spawned in close proximity to the quasar (i.e.,
Plummer25 or Hernquist5) result in a nearly one-to-one corre-
spondence between seeded and detected satellites. Interestingly,
when we distribute a variable number of companion galaxies by
following an empirical cross-correlation function quasar-LAEs
(CCF), galaxies are generated farther from the quasar, and the
detection efficiency drops at higher N. Finally, the outcomes of
Homogeneous and NFW100 are similar, even though they are
based on very different distribution laws in principle. It is worth
mentioning that Homogeneous represents a control scenario that
contains no additional conjecture on the galaxy distribution.

2 We also note that only the cosmological simulations, amongst our
models, succeeded to reproduce the complex filamentary structures that
are expected to form during the collapse of primordial dark matter fluc-
tuations.

3 We define the virial mass as My, = Mgy = %£200p:Ry, where p, is
the critical density of the Universe, and Ry is the radius enclosing 200
times p..
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The left panel of Fig. 4 shows P(N, = N) for all the
probed satellite populations. As the seeded population grows, it
becomes increasingly challenging to detect all the quasar satel-
lites. P(N, = N) is always lower than 1 for N > 0, and it
decreases more rapidly the less compact the distribution is. In
Sect. 4 we discuss the possibility of sampling a cylinder with a
three times larger radius using ALMA. The right panel of Fig. 4
presents the result for this case. It indicates a much higher detec-
tion rate.

A general quasar environment is better quantified with a
mean companion number than with their precise count given the
natural variance of a realistic system. Therefore, we introduced
a further step to consider the scatter in the number of satellites
that can be seeded. In particular, we connected the number N
of seeded satellites to the average number (N) of a Poissonian
distribution®,

N N

POVIVY) = e, )
N!

Hence, we can build the conditional probability

P(No, NKN)) = P(NoIN) - P(NKN)), (6)

and the likelihood function for the average seeded number (N),
given a single observation N,, P(N,|{N)),

P(N,(N)) = Z P(No, NKN)). )
N

Finally, we computed the distribution P({N)) by including all the
detections from V20 and considering them to be equiprobable.
Operatively, we multiplied the likelihood associated with every
detection and assumed a flat prior over (N),

[T, P(No[(N ) )
2N, [HNO P(M,I(N))f(No)]’

where f(N,) is the frequency of detection reported in Fig. 1.
The final likelihood functions, reproduced in Fig. 5 for all the
distribution models, show that each model has a characteristic
peak. As mentioned before, the CCF model predicts the high-
est number of average intrinsic satellites in order to justify cur-
rent observations. On the other hand, compact distributions can
describe observations with the smallest possible number of satel-
lites. In the specific cases of Plummer20 and Hernquist20, which
both sharply peak around (N) = 1, the observations of V20 with
N, = 2 or 3 would be explained entirely through Poissonian
fluctuations.

PUN)) =

®)

4. Discussion

Currently, we lack enough observational data to constrain the
spatial distribution of galactic companions around high-redshift
quasars. For this reason, we have explored various possibili-
ties, each with different degrees of realism and assumptions.
While numerical simulations describe the most realistic scenar-
ios, the other radial profiles also offer a reasonable representa-
tion of reality, especially due to the limited number of objects
involved. Except for the CCF model, which nevertheless has
its roots in dedicated observational campaigns, all the spheri-
cally symmetric distributions adopted in this work are the radial

* The use of a Poissonian distribution in this context is a commonly
made choice. We note that other scatter laws could be adopted with
very similar results.
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laws that are most commonly used in astrophysics to model a
gravitationally bound system, even if they are not directly con-
nected to the scales and masses studied here. Homogeneous has
the fewest assumptions, where galaxies are randomly seeded
in the surrounding volume. The other spherically symmetrical
models tend to refine the guess and preferentially distribute the
galaxies closer to the central quasar. Plummer25, Plummer100,
Hernquist5, NFW25, and NFW25 use different radial laws, with
different scale radii. Most of the compact distributions, such as
Plummer25, Plummer100, and Hernquist5, are less observation-
ally motivated, especially at high N, where numerous compan-
ions are spawned within the virial radius of the quasar host,
whereas the vast majority of V20 satellites are detected at r >
100 kpc. On the other hand, the relation described by the spheri-
cal model CCF is observed to hold for scales larger than D,¢ s,
beyond the limit of 1000 km s~!

More consistent models, such as CosmoSim1, CosmoSim2,
NFW25, and NFW100, predict (N) = 2 on the basis of current

A\

1 1 1
0 2 46 81012141618 0 2 4 6 8 1012141618 0 2 4 6 8 10121416 18
Detected satellites

Fig. 3. Monte Carlo simulations for all the matter distribution models we adopted, i.e., Homogeneous, Plummer25, Plummer100, HernquistS5,
NFW25, NFW100, CCF, CosmoSim1, and CosmoSim2. Each panel shows the probability P(N,|N) that N, satellites are detected when N satellites
are spawned.

observations. This finding has numerous fundamental implica-
tions: The geometrical bias of ALMA can explain the scatter
in recent observations’. In other words, we support the scenario
in which high-z quasars have two massive companions on aver-
age, with [CII] luminosities Liciy 2 108 Lo, but their detection
depends on the volume probed by the telescope and thus on the
specific LoS of the observation.

This result suggests that for quasar fields in which no satel-
lite has been observed, mosaic observations with ALMA would
result in the detection of two new galactic companions per quasar
field on average (in the cases described by our fiducial models,
(N) = 2). In the right panel of Fig. 4, we report the probability
P(N, = N) as a function of the number of seeded satellites if the
FoV is expanded to Rpoy =~ 270 kpc, mimicking an observation
with an additional layer of nine adjacent standard FoVs around
the original one. For CosmoSim1 and CosmoSim2, in particular,

> This is valid even before the addition of the Poissonian scatter.

A77,page Sof 7



Zana, T., et al.: A&A 679, A77 (2023)

RFoV =90 kpC

RFoV =270 kpC

100

CCF

—
= NFW5
"

1072

== CosmoSim1l
CosmoSim2

Homogenous
Plummer25
Plummer100
Hernquist5

NFW15

6 8 10 12 14 16

1I8 0 2 4 6 8 10 12 14 16 18

Number of satellites

Fig. 4. Probability of total detection, P(N, = N), for all the density profiles. Left: standard case of Fig. 3, where Rroy =~ 90kpc. Right: mosaic case

with Rpov = 270 kpe.
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Fig. 5. Posterior functions for the different galaxy distributions. The
curves show the probability that an average number of massive satellites
(N) orbits a z 2 6 quasar based on the observed data from V20. The
colour-coding is the same as in Fig. 4.

the probability of detecting the whole population of two seeded
satellites is 0.72, which is almost six times higher than the prob-
ability estimated for a single ALMA pointing (Rg,v = 90 kpc). If
the intrinsic number of satellites N were instead larger, P(N, =
N) 2 0.5, up to N ~ 6. Accordingly, follow-up priority should
be given to quasar fields that so far have shown the lowest num-
ber of companions, based on the high probability of detecting
the whole missing population with an individual mosaic obser-
vation.

A further consideration can be drawn when we examine our
fiducial model, which predicts (N) =~ 2, which agrees very well
with the twin model CosmoSim2. Zana et al. (2022) found that
a total of two to three satellites were detectable because their
[CII] luminosity was higher than the current sensitivity threshold
of about 10% L. These results were based on a post-processing
study of a suite of cosmological zoom-in simulations, including
the evolution of baryons and numerous state-of-the-art sub-grid
prescriptions. In the current investigation, we have generalized
the dark matter distribution of satellites of such simulations (with
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no assumptions on the mass of the halo) and demonstrated that
current observations (V20) agree remarkably well with our pre-
vious prediction. As a consequence, the dense quasar-host envi-
ronment studied in Zana et al. (2022), which is now confirmed by
observations via our geometrical interpretation, likely describes
real quasar systems, and this implies that most powerful high-z
quasars would live in the densest regions of the Universe.

Finally, we provide an additional interpretation by com-
paring our predicted number of satellites in the most realis-
tic cases, with recent number-density measurements in a field
galaxy population. In the context of the large program ASPECS,
Decarli et al. (2020) and Uzgil et al. (2021) have reported no
detection of [CII] emitters with Licy > 1.89 X 108 Ly, in the
redshift range z ~ 6—8 within a comoving volume of about
12500 Mpc?, resulting in an upper limit on the galaxy den-
sity of 3.4 x 10™*Mpc~3. When we consider our predictions to
take place within the quasar-centred sphere with radius D,—¢ 5
(the volume enclosing an ALMA cylinder with every possible
orientation), our fiducial models lead to a density >0.2 Mpc‘3,
which is higher by almost a factor 600 than the field environ-
ment probed by ASPECS. Because no [CII] emitters have been
found in the Hubble Ultra Deep Field via ASPECS, this result
still holds true even if we computed our detected companions
within a larger sphere, where the density might be lower. We
conclude by observing that, the analysis we conducted and its
findings extend beyond ALMA because they can be applied to
any instrument with a limited FoV, due to the straightforward
geometric nature of our study.

5. Summary and conclusions

Through various Monte Carlo simulations, we evaluated the geo-
metrical bias of the ALMA telescope for the detection rate of
high-z quasar satellites (see Fig. 3). We convolved the resulting
probability with a set of Poissonian distributions in order to esti-
mate the intrinsic number of detectable companions that orbit
a given quasar potential well. We remark that each detectable
satellite represents a galaxy that is massive enough to be detected
as a [CII] emitter if it lies within the telescope geometry (see
Fig. 2). We produced different likelihood functions for the aver-
age number of orbiting satellites in order to explain the most
recent ALMA observations (see Fig. 1). Our results are listed
below.
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— The telescope bias can entirely explain the differences
amongst the number of detected high-z quasar companions.
Hence, every quasar could conceivably reside within almost
the same environment, but we would detect only a part of the
orbiting galaxies, depending on our line of sight.

— When we consider the most physically motivated distribu-
tion profiles, e.g., CosmoSim1 and CosmoSim?2, we can infer
an intrinsic number of about two satellites that are mas-
sive enough to be detected by ALMA as [CII] emitters with
Licm 2 108 Ly and that orbit within ~1.3 Mpc from the
quasar.

— Interestingly, we expect to discover more satellites in the
case of CosmoSiml and CosmoSim2 through a simple
mosaic observing campaign that targets the quasars for
which no companion galaxies have been observed so far.
We predict that a single additional layer of ALMA FoVs
around these objects would be enough to observe the total
population of N ~ 2 satellites with a probability of 0.72,
compared to 0.13 in the single-observation case. In general,
we expect such a campaign to detect the total population
of companions half of the time, up to six satellites, that is,
P(N, = N|N) 2 0.5 for N < 6.

— Our predicted number of satellites (ii) in the case Cos-
moSiml is compatible with the analysis performed in
Zana et al. (2022). In other words, ALMA observations are
consistent with cosmological hydrodynamical simulations
evolving z ~ 6 quasars in the most massive dark matter
haloes with M,;; > 10'2-10'3 M, corresponding to fluctua-
tions of about 3—4¢ in the density field.

— We compared our fiducial predictions with a recent survey
from the ASPECS program, where no [CII] emitters have
been confirmed in the field above Licyy = 1.89 X 108 L in
the same redshift range as we used. This shows once more
the over-dense nature of high-z quasar environments.

Future additional ALMA detections of quasar companions will
increase our current sample, allowing us to tune this model fur-
ther and to constrain our predictions better. A contribution may
also come from the AtLAST telescope (Klaassen et al. 2020),
which, despite its low angular resolution, can detect high-z satel-
lites at a greater distance than ALMA. Follow-up observations of
V20 galaxies and the possible detection of supplementary lines
could confirm the status of a companion or update the catalogues
of quasar satellites. We note, however, that the Poissonian scatter
included in our analysis takes these potentially small variations
into account. Moreover, the next deep observational campaigns
of quasar environments with the James Webb Space Telescope
(Gardner et al. 2023) may also help to shed light on the spatial
distribution of satellite galaxies because the FoV is much larger.
However, the galactic tracers that are probed will be completely
different from those of ALMA and will be subject to dust extinc-
tion. For this reason, a new and appropriate set of predictions is
required.
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