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Abstract

We expect luminous (M1450−26.5) high-redshift quasars to trace the highest-density peaks in the early
Universe. Here, we present observations of four z 6 quasar fields using JWST/NIRCam in the imaging and
wide-field slitless spectroscopy mode and report a wide range in the number of detected [O III]-emitting galaxies in
the quasars’ environments, ranging between a density enhancement of δ≈ 65 within a 2 cMpc radius—one of the
largest protoclusters during the Epoch of Reionization discovered to date—to a density contrast consistent with
zero, indicating the presence of a UV-luminous quasar in a region comparable to the average density of the
Universe. By measuring the two-point cross-correlation function of quasars and their surrounding galaxies, as well
as the galaxy autocorrelation function, we infer a correlation length of quasars at 〈z〉= 6.25 of
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-h0.3 cMpc 1. By comparing the correlation functions to dark-matter-only simulations we estimate the minimum
mass of the quasars’ host dark matter halos to be ( ) = -
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0.05 for the [O III] emitters), indicating that (a) luminous quasars do not necessarily reside within the most
overdense regions in the early Universe, and that (b) the UV-luminous duty cycle of quasar activity at these
redshifts is fduty= 1. Such short quasar activity timescales challenge our understanding of early supermassive
black hole growth and provide evidence for highly dust-obscured growth phases or episodic, radiatively inefficient
accretion rates.

Unified Astronomy Thesaurus concepts: Quasars (1319); Supermassive black holes (1663); Clustering (1908);
Astrostatistics techniques (1886); Galaxy dark matter halos (1880); High-redshift galaxy clusters (2007); Large-
scale structure of the universe (902)

1. Introduction

The existence of supermassive black holes (SMBHs) with
∼109−1010Me harbored in the center of luminous quasars at
redshifts z 6 when the Universe was less than a billion years
old, poses significant challenges to our understanding of black
hole growth (e.g., C. Mazzucchelli et al. 2017b; E. Bañados
et al. 2018; J. Yang et al. 2020; F. Wang et al. 2021; M. Yue
et al. 2024; L. Bigwood et al. 2024). In the standard picture of
SMBH growth, the rest mass energy of the accreted matter is
divided between radiation and black hole growth via the so-
called radiative efficiency ò, implying that the emission of
quasar light is concurrent with the growth of the black hole.

Every massive galaxy is thought to have undergone a luminous
quasar phase, and thus high-redshift quasars represent the
progenitors of the dormant SMBH population found in the
centers of nearly all local bulge-dominated galaxies
(T. A. Small & R. D. Blandford 1992; Q. Yu & S. Trema-
ine 2002). This fundamental link between high-redshift quasars
and local galaxies is supported by the tight correlations
between the masses of SMBHs and various galaxy properties,
such as the stellar velocity dispersion or bulge mass (e.g.,
J. Magorrian et al. 1998; K. Gebhardt et al. 2000; L. Ferrarese
& D. Merritt 2000; N. Häring & H.-W. Rix 2004).
In the current paradigm, black holes grow exponentially

starting from an initial black hole seed Mseed during the lifetime
tQ of the quasar, which is the time that galaxies spent in the
luminous quasar state, i.e.,

( ) ( ) ( )=M t M t texp . 1BH Q seed Q S

The growth occurs on a characteristic timescale tS known as the
e− folding time, or “Salpeter” time (E. E. Salpeter 1964),
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where L and LEdd denote the bolometric and Eddington
luminosity of the quasar, respectively. Assuming a thin
accretion disk around the black hole, the radiative efficiency
ò ranges between ∼6% and 34%, the exact value depending on
the spin of the black hole (N. I. Shakura & R. A. Suny-
aev 1973; K. S. Thorne 1974).

Thus, long timescales of quasar activity—comparable to the
Hubble time tH—are required with nearly continuous Edding-
ton-limited accretion, in order to explain the growth of the
observed SMBHs at high redshift (e.g., T. Tanaka &
Z. Haiman 2009; M. C. Begelman & M. Volonteri 2017). It
follows that the fraction of cosmic time that galaxies shine as
luminous quasars, known as the duty cycle fduty= tQ/tH(z), is
expected to be approximately unity for quasars in the early
Universe.

This theoretical picture of SMBH formation predicts that
early SMBHs form and grow in the centers of rare and massive
dark matter halos, which constitute the highest-density peaks of
the cosmological density field (G. Efstathiou &
M. J. Rees 1988; S. Cole & N. Kaiser 1989; A. Nusser &
J. Silk 1993; S. G. Djorgovski et al. 2003; M. Volonteri &
M. J. Rees 2006; D. Sijacki et al. 2009; T. Costa et al. 2014;
M. Trebitsch et al. 2019; T. Costa 2024). Thus, luminous
quasars are expected to reside in massive overdensities at early
cosmic times, which implies that one should find a high
number of companion galaxies in their vicinity according to
our ΛCDM cosmological model (e.g., J. A. Munoz &
A. Loeb 2008; J. L. Tinker et al. 2010). The regions around
some high-redshift quasars are predicted to constitute proto-
clusters, progenitors of the galaxy clusters that populate the
local Universe, albeit the growth of these structures across
cosmic time sensitively depends on a variety of environmental
factors (e.g., R. E. Angulo et al. 2012).

However, to date, the search for the expected abundance of
companion galaxies around z 6 quasars has led to incon-
clusive results. While some studies find strong galaxy
enhancements in quasar fields using mostly narrowband filters
to capture the Ly α emission of galaxies in the quasars’
environments (e.g., S. Kim et al. 2009; L. Morselli et al. 2014),
others do not (e.g., E. Bañados et al. 2013; C. Simpson et al.
2014; C. Mazzucchelli et al. 2017a). The first, recently
published observations with JWST/NIRCam WFSS of two
high-redshift quasar fields revealed an abundance of [O III]-
emitting galaxies in the quasars’ environment, indicating that
these particular quasars lie indeed in highly overdense regions
in the Universe (D. Kashino et al. 2023; F. Wang et al. 2023). It
is unclear whether the conflicting results arise from the limited
sensitivity, velocity offsets between the narrowband filter and
the quasars’ redshifts, or a too small field of view of some of
the observations (e.g., R. A. Overzier 2016), or alternatively, at
least some quasars may inhabit less massive hosts at z 6 than
expected.

The mass of the dark matter halos hosting these luminous
quasars can be inferred by means of their clustering properties.
The two-point correlation function is a powerful tool to probe
the connection between the observed light and host dark matter
halos (e.g., P. S. Osmer 1981; T. Shanks & B. J. Boyle 1994;

S. M. Croom et al. 2001, 2005; Y. Shen et al. 2007). At low
and intermediate redshifts of 1 z 4 the two-point auto-
correlation function has been studied using several thousands
of quasars distributed over large areas on the sky. Across this
wide redshift range, most quasar clustering studies find similar
masses of the dark matter halos that host luminous quasars of a
few times 1012Me (e.g., C. Porciani et al. 2004; S. M. Croom
et al. 2005; A. L. Coil et al. 2007; A. D. Myers et al. 2007;
Y. Shen et al. 2007; N. Padmanabhan et al. 2009; N. P. Ross
et al. 2009; R. Trainor & C. C. Steidel 2013; S. Eftekharzadeh
et al. 2015; W. He et al. 2018). This implies that quasars at
intermediate redshifts are highly biased tracers of the under-
lying density field and reside within some of the most massive
dark matter halos at these cosmic times. At z∼ 1, however, the
dark matter halo mass is close to the characteristic mass in the
Press–Schechter mass function (W. H. Press & P. Schech-
ter 1974), indicating that quasars in the local Universe are
largely unbiased (S. M. Croom et al. 2005). Thus, we observe
an overall increase in the quasars’ bias factor with redshift, i.e.,
the ratio of the host halo mass for a typical quasar to the mean
halo mass at the same epoch rises with increasing redshift.
In turn, this implies an increase in the quasars’ duty cycle

from 1% at low redshifts, i.e., z 1 (S. M. Croom et al. 2005;
N. Padmanabhan et al. 2009; P. Laurent et al. 2017), to a few
tens of percent at z∼ 4 (Y. Shen et al. 2007; E. Pizzati et al.
2024; but see S. Eftekharzadeh et al. (2015) who report a lower
duty cycle at similar redshifts). Thus, the quasar activity
timescales at these redshifts are expected to be relatively long,
i.e., tQ> 108 yr, therefore providing sufficient time to grow the
observed SMBHs.
At redshifts z> 6, however, this approach to determine the

host dark matter halo masses by measuring the quasars’
autocorrelation function becomes unfeasible as the space
density of luminous (M1450<−27) quasars drops dramatically
to less than 1 Gpc−3 (F. Wang et al. 2019; J.-T. Schindler et al.
2023). Using a much fainter (M1450−25), but more
numerous population of quasars, a first attempt of the
autocorrelation measurement at z∼ 6 has recently been
reported by the Subaru High-z Exploration of Low-luminosity
Quasars (SHELLQs) Collaboration (J. Arita et al. 2023),
indicating host dark matter halo masses similar or slightly
higher than those found at lower redshifts, but uncertainties are
large. However, while autocorrelation measurements of quasars
at these high redshifts remain challenging, the complementary
quasar–galaxy cross-correlation measurement is still viable.
Assuming that both quasars and galaxies trace the same
underlying dark matter density distribution, their respective
autocorrelation functions determine the cross-correlation func-
tion between these two classes of objects.
During the last year, JWST has revolutionized our ability to

study the early Universe, enabling us to reveal and spectro-
scopically confirm faint galaxies down to mAB∼ 29 mag within
the environment of high-redshift quasars. Using NIRCam in
imaging and WFSS mode, JWST recently obtained large
mosaic observations in five quasar fields at 6 z 7 as part of
the Emission line galaxies and Intergalactic Gas in the Epoch of
Reionization (EIGER) Collaboration (D. Kashino et al. 2023).
The filter for the grism spectra was tuned to spectroscopically
identify galaxies in the quasar fields by means of their [O III]
emission line doublet λλ4960, 5008. Using this data set, we
present in this paper for the first time the quasar–galaxy cross-
correlation measurement at z 6. Combined with the
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autocorrelation of the [O III]-emitting galaxies, we infer the
clustering properties of these high-redshift luminous quasars,
and determine their host dark matter halo mass as well as their
duty cycle.

In Section 2, we will first describe the JWST/NIRCam
observations of the high-redshift quasar fields analyzed in this
study. We will briefly comment in Section 3 on the large
diversity in the observed abundance of galaxies that we observe
in the environments of the quasars, before measuring the two-
point cross-correlation function of the quasars and their
surrounding galaxies, as well as the galaxy–galaxy autocorrela-
tion function in Section 4. In Section 5, we infer the
characteristic mass of the quasars’ host dark matter halos
based on their clustering properties and estimate their duty
cycle in Section 6. We discuss the implications of our results in
Section 7 before summarizing in Section 8.

Throughout this work, we adapt a flat ΛCDM cosmology
with H0= 67.66 km s−1 Mpc−1, ΩM= 0.3097, and ΩΛ=
0.6889 (Planck Collaboration et al. 2020).

2. JWST/NIRCam Observations of High-redshift Quasar
Fields

The EIGER Collaboration is observing a total of six z 6
quasar fields utilizing NIRCam in WFSS and the imaging mode
(ID:#1243). Of these six fields, the observations of five quasar
fields were completed at the time of writing, and their analysis
is presented in this work. Four out of five fields are used to
study the quasar–galaxy clustering (as in one field our setup
does not cover the [O III] emission at the quasar’s redshift),
while all five quasar fields are used when measuring the galaxy
autocorrelation (see Section 4).

2.1. Data Reduction

An overview of the observing program as well as a detailed
description of the data reduction can be found in D. Kashino
et al. (2023) and J. Matthee et al. (2023). We will briefly
summarize the setup of the program and the main steps of the
data reduction here.

The NIRCam imaging and WFSS observations of the five
quasar fields were conducted between 2022 August 22 and
2023 June 2. The observations consist of four visits per quasar
field forming a 2× 2 overlapping mosaic pattern, which
provides an area of approximately ¢ ´ ¢3 6 per field centered
on the quasar. The central 40″× 40″ region around the quasar
is covered by all four mosaic tiles.

The WFSS observations use the grism R in the long-
wavelength (LW) channel combined with the F356W filter.
This yields spectra covering the wavelengths between
3.14.0 μm dispersed along the detector rows with a spectral
resolution of R≈ 1500. The two NIRCam modules A and B
disperse the spectra in opposite directions. These reversed
grism spectra facilitate significantly the identification of the
source objects in the direct images, and enable us to remove
contaminating lines from other sources.

Our observations employ a three-point primary dither using
INTRAMODULEX and a four-point subpixel dither, which
yields a total of 12 exposures per visit and module for the direct
images in the two short-wavelength (SW) filters (F115W and
F200W), and 24 WFSS images. By co-adding the multiple
exposures, the total exposure time in a single visit amounts to
4380 s per filter for the SW imaging and 8760 s for WFSS. We

obtained additional direct imaging in the LW channel F356W
filter after the WFSS observations, with F200W in the SW
channel. Given the small-scale dithering and larger-scale
mosaic pattern, the total exposure time varies across the field,
ranging from 1.5 ks at the edges sampled by only a single
primary dither up to 13 ks in the center of each field for SW
imaging, and from 2.9 ks up to 35 ks for WFSS (D. Kashino
et al. 2023).
The WFSS data were reduced with a combination of the

jwst pipeline (version 1.9.4) and additional custom proces-
sing steps. We first process the raw exposure files with the
Detector1 step from the pipeline and use the Spec2 step to
assign the astrometric solution for each image. The data are
flat-fielded by applying the Image2 step and sky background
variations as well as 1/f noise are removed using the median
counts in each column. We construct an emission line image by
applying a running median filter along each row to remove any
continuum emission (see D. Kashino et al. 2023, for details).

2.2. Identification of [O III]-emitting Galaxies

The spectral range covered by the filter F356W of
3.1� λ� 4.0 μm enables us to identify [O III] emitters within
the redshift range 5.33 z 6.96. This implies that we can
study the [O III]-emitting galaxies in the environment of four of
the targeted quasars, while for one quasar, J1120+0641 at
z= 7.0848, the [O III] emission lines lie outside of the observed
redshift range. The galaxies observed in this field, however,
will be included in the measurement of the galaxy–galaxy
autocorrelation function (Section 4.2).
We employ two complementary methods to identify [O III]-

emitting galaxies from the emission line images. The first
approach starts with the co-added emission line image and
searches for combinations of emission lines that could
plausibly arise from doublets ([O III] λλ 4960, 5008) or triplets
([O III] λλ 4960, 5008 + Hβ λ4861) using SExtractor. To
evaluate the validity of these detections, we then try to identify
a source galaxy in the F356W direct image using the grism
model, which enables us to estimate the location on the sky for
a given position in the grism image.
As a second method to identify [O III] emitters, we employ

an inverse approach and use the catalog of sources identified in
the F356W images as a starting point. For each source, we
extract a 2D spectrum from the median-filtered grism images
and run SExtractor to identify emission lines. [O III]
emitters are identified if emission line doublets or triplets are
detected at �3σ close to the expected locus of the spectral trace
of the object. The list of detected [O III] emitters from both
approaches are afterward combined and cross-validated. We
estimate the systematic uncertainty on the derived redshifts to
be about 100 km s1 due to the inaccuracy of the grism model
(D. Kashino et al. 2023).
Note that our identification algorithm for [O III] emitters has

been fine-tuned and improved since the publication of the first
results from the EIGER Collaboration (D. Kashino et al. 2023;
J. Matthee et al. 2023). This results in an increased number of
discovered [O III]-emitting galaxies. Within the field around
quasar J0100+2802 we now discover a total of 180 [O III]-
emitting galaxy systems (213 individual galaxies; see
Section 2.3 for details on how we define a group) compared
to the previously reported 117. Our total sample of individual
[O III] emitters in all five quasar fields amounts to 861
(D. Kashino et al. 2024, in preparation).
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2.3. Groups of [O III]-emitting Galaxies

When analyzing the distribution of [O III]-emitting galaxy
pairs as a function of their angular separation, we find a
significant excess in the number of “clumps,” i.e., pairs or
multiples, on very small scales at separations 2″, which
corresponds to approximately 12 kpc at z= 6 (see Figure 4 in
J. Matthee et al. 2023). All of these [O III]-emitting systems
within 2″ separation are similarly closely separated in redshift
(|Δv| 600 km s−1), suggesting that these components are
physically associated with each other. Consequently, we merge
all [O III] emitters within an angular separation <2″ and
|Δv|< 1000 km s−1 together into a single system. The
motivation for this is to mitigate uncertainties in the
identification of individual objects that can arise due to the
choice of deblending parameters used in SExtractor.

This merges about ∼13% of the detected individual [O III]
emitters and results in a total of 750 [O III]-emitting systems
discovered in the five quasar fields. Since the completeness of
our detections drops significantly below a luminosity limit of
L[O III],5008<1042 erg s−1 (see Section 2.4), we restrict ourselves
in this study to the 533 systems more luminous than this
threshold (see Table 1). Furthermore, we restrict our analysis to
systems that have been found using the second method to
identify [O III] emitters starting from the source catalog
identified in the F356W image (see Section 2.2), since the
completeness of our observations is assessed using this method
(see Section 2.4). This step only removes 11 objects, with a
total of 522 systems remaining for our analysis.

Figure 1 shows our observations for four of the quasar fields,
for which the quasars’ environment can be studied with our
setup. For each field, we show in the top panels the NIRCam
images (F115W, F200W, and F356W) indicating the location of
the quasar in the center as well as all [O III]-emitting galaxies
within the quasar’s environment, i.e., within |Δv|� 1000 km s−1

from the quasar’s systemic redshift. The bottom panels show the
quasar spectra observed with the ground-based spectrographs
FIRE (R. A. Simcoe et al. 2008) on the Magellan Telescopes,
X-Shooter (J. Vernet et al. 2011) on the Very Large Telescope
(VLT), and MOSFIRE (I. S. McLean et al. 2012) and the
Echellette Spectrograph and Imager (ESI; A. I. Sheinis et al.
2002) on the Keck Telescopes (see A.-C. Eilers et al. 2023;
D. Ďurovčíková et al. 2024, for details on the ground-based
quasar spectra), as well as all detected [O III]-emitting systems in
the quasar field as a function of the redshift and projected
distance from the quasar.

2.4. Modeling the Completeness of Our Observations and
Creating Random Galaxy Catalogs

In order to measure the clustering in the quasar fields as well
as the excess in galaxies in the quasars’ environments
compared to a blank field, we need to construct a set of
“random” galaxy catalogs. These catalogs contain a large
number of sources with similar properties as the observed
galaxies but are randomly distributed across the survey volume.
Our selection function is not trivial due to the four-point

mosaic, the different sensitivities of NIRCam’s modules A and
B, as well as the wavelength dependence of the noise over our
field of view. To this end, we inject random sources into our
survey volume and forward-model their spectra through our
survey coverage and completeness. Their [O III] luminosities are
randomly drawn from the [O III] luminosity distribution function
(J. Matthee et al. 2023, with updated model parameters from
R. Mackenzie et al. 2024, in preparation) and a minimum
luminosity of L[O III],5008= 1042 erg s−1 in the [O III] emission
line at 5008Å. Note that the [O III] luminosity function is
estimated over the entire redshift range, but masking all galaxies
at the quasars’ redshifts, such that no biases due to potential
overdensities in the quasars’ environments arise. The spatial
positions and redshifts are randomly chosen within the observed
survey volume. We then check the spatial and spectral coverage
of this source in our survey and ensure that both emission lines
of the [O III] doublet, i.e., at 4960 and 5008Å, would have been
observed in our setup. Since both our methods to identify [O III]-
emitting galaxies are based on the observability of the line
doublet (see Section 2.2), we would miss all sources in our
catalog for which only a single line would be observed.
To model the completeness of our line-selected sample into the

random catalogs, we apply the completeness models that will be
described in a forthcoming companion paper (R. Mackenzie et al.
2024, in preparation). In short, each field has an individual model,
which consists of a noise cube and a completeness interpolating
function. The noise cube represents the typical propagated error in
a 2D stacked spectrum as a function of the position and
wavelength. The function is constructed by injecting millions of
mock sources into the 2D spectra and rerunning the [O III] emitter
identification step. Thus, the measured completeness is not a step
function at some limiting flux, but instead is a smooth function that
we interpolate from the injection experiments. This function then
translates the flux of the weaker of the two [O III] emission lines,
i.e., 4960Å, divided by the local error, to a completeness fraction.
Dividing by the error essentially rescales the flux such that the

Table 1
Overview of the Number of [O III]-emitting Galaxies in the Quasar Fields

Quasar Field R.A. Decl. z M1450 ( )M Mlog10 BH Ntot Ngal V δ

(hms) (dms) (�1042 erg s−1) (∣ ∣ )D v vmax (cMpc3) (r < 2 cMpc)

J0148+0600 01:48:37.64 +06:00:20.06 5.99a −26.99 -
+9.89 0.06

0.05 113 47 2469 65 ± 15

J1030+0524 10:30:27.10 +05:24:55.00 6.308b −27.39 9.19 ± 0.01 112 2 2631 3 ± 4
J0100+2802 01:00:13.02 +28:02:25.84 6.3270a −27.62 10.06 ± 0.01 121 24 2554 29 ± 10
J1148+5251 11:48:16.64 +52:51:50.30 6.4189a −29.14 9.64 ± 0.01 110 19 2650 16 ± 8
J1120+0641 11:20:01.48 +06:41:24.30 7.0848a −26.63 9.08 ± 0.03 66 L L L

Note. The columns denote the quasar field, the quasars’ coordinates R.A. and decl., the quasars’ redshifts (determined by means of a: [C II] or b: Mg II emission lines),
and absolute magnitude at 1450 Å in the rest frame, the masses of the quasars’ SMBHs determined via the Hβ emission line (M. Yue et al. 2024) without any
systematic uncertainties of ∼0.5 dex, the number of [O III]-emitting galaxy systems above a luminosity limit of L[O III],5008 = 1042 erg s−1 detected in the whole quasar
field, the number of these galaxies within |Δv| � 1000 km s−1 of the quasar’s redshift, the total observed survey volume V around the quasar within ±1000 km s−1,
and the observed overdensity δ within a radius of 2 cMpc around the quasar.
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completeness function is independent of the local sensitivity or
redshift. To create the random galaxy catalogs we calculate these
completeness maps of each EIGER field, and then draw random
samples using the completeness as a probability threshold. Since
our observations become highly incomplete for sources below a
luminosity of L[O III],5008= 1042 erg s−1, we only consider galaxies
above this luminosity limit for our analysis, which corresponds to a
line flux of for the weaker [O III] emission line of
f[O III],4960= 0.7× 10−18 erg s−1 cm−2 at z≈ 6.3.

We estimate an average completeness of ∼41% for galaxies
with a luminosity of L[O III],5008= 1042 erg s−1 at 6.0< z< 6.4,
which increases to ∼98% for L[O III],5008= 1043 erg s−1. Note
that these completeness estimates are averaged over the five
quasar fields and the full spatial coverage of each mosaic, for
regions closer to the quasar the completeness is higher. For
more details on the completeness evaluation of our observa-
tions we refer the reader to (J. Matthee et al. 2023, R. Macke-
nzie et al. 2024, in preparation).

Figure 1. Observations of four z  6 quasar fields. The top panels show the RGB images constructed from NIRCam imaging data (F115W, F200W, and F356W) of
each quasar field. The bottom panels show the optical and near-IR spectra of the quasars observed with X-Shooter/VLT and FIRE/Magellan (J0100+2802, J0148
+0600, J1030+0524), or MOSFIRE+ESI/Keck (J1148+5251). The colored data points show the redshifts and projected distances of all [O III]-emitting galaxies
detected in the NIRCam grism spectra above a luminosity of L[O III],5008 = 1042 erg s−1; their color corresponds to their velocity offset with respect to the quasars’
redshifts and their size correlates with the logarithm of their luminosity, [ ]Llog10 O III ,5008. The gray shaded area denotes the velocity interval of ∣ ∣D v vmax around the
redshift of the quasar. All galaxies that fall within this velocity range are also circled in the respective RGB images to show the spatial distribution around the quasar
(indicated by a red arrow).
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3. Large Diversity in Quasar Environments

Current SMBH formation models predict that luminous
quasars in the high-redshift Universe trace the highest-density
peaks and thus reside in a significantly overdense environment
(e.g., D. Sijacki et al. 2009). To this end we estimate the
density contrast, i.e., d = -N N 1gal exp , by comparing the
number of galaxies detected in close vicinity to the quasars
Ngal, to the number of galaxies one would expect within the
same observed volume Nexp in a blank “random” part of the
Universe. In this case, Ngal denotes simply the number counts
of [O III]-emitting galaxy systems with |Δv|� 1000 km s−1

from the quasars’ systemic redshift and within different radii.
The expected number of objects Nexp is estimated by
multiplying the galaxy density ngal inferred from the [O III]
luminosity function (J. Matthee et al. 2023, R. Mackenzie et al.
2024, in preparation) by the completeness map derived in
Section 2.4 and by the observed volume V around the quasar,
i.e., a cylinder with a given radius and depth of ±1000 km s−1.
We estimate the uncertainties on the density contrast from
Poisson noise on the galaxy counts.

Our results are shown as a function of the radius r for the
four quasar fields in Figure 2 and suggest a strong diversity
among the observed quasar fields. We find significant
overdensities around three of the four observed quasars. In
close vicinity of the quasars within r< 2 cMpc, we find
density enhancements of δ(r< 2 cMpc)= 29± 10 and δ
(r< 2 cMpc)= 16± 8 around the quasars J0100+2802 and
J1148+5251, respectively. With a total of Ngal= 47 galaxies
observed in the complete observed volume around the quasar
J0148+0600, this quasar resides in a spectacular protocluster
within the Epoch of Reionization with an overdensity of δ
(r< 2 cMpc)= 65± 15.

Interestingly, one of the targeted quasar fields around J1030
+0542 shows only two [O III]-emitting galaxies within the
|Δv|� 1000 km s−1 velocity interval from the quasar and
therefore no galaxy enhancement compared to a blank field,
i.e., δ(r< 2 cMpc)= 3± 4. We will discuss the possible
implications of the highly diverse quasar environments in
Section 7. All measurements and galaxy counts across the
whole observed volume, as well as the density enhancements at
r< 2 cMpc, are listed in Table 1.

4. The Clustering Properties of High-redshift Quasars

In this section, we present measurements of the cross-
correlation function between the quasars and the [O III]-
emitting galaxies in their environment (Section 4.1), as well
as of the autocorrelation function of [O III] emitters outside of
the quasars’ environments (Section 4.2). By jointly fitting these
two correlation functions we will infer the clustering properties
of the luminous quasars themselves (Sections 4.3 and 4.4).

4.1. The Quasar–Galaxy Cross-correlation Function

We first measure the volume-averaged projected cross-
correlation function between the quasars and the surrounding
[O III]-emitting galaxies, i.e., ( )c R R,QG min max , which is a
dimensionless quantity defined as the real-space quasar–galaxy
cross-correlation function ξQG(R, Z) integrated over and
normalized by a comoving volume V (e.g., J. F. Hennawi
et al. 2006; C. García-Vergara et al. 2017), i.e.,

( ) ( )

( )
ò òc x p=R R

V
R Z R R Z,

2
, 2 d d .

3
R

R Z

QG min max
0

QG
min

max max

We consider galaxies with a maximum velocity difference from
the central quasar of ∣ ∣D v vmax with = -v 1000 km smax

1,
and thus ( ) ( )= +Z v z H z1max max , where H(z) denotes the
Hubble parameter at redshift z. The integrated volume V is a
cylindrical shell with inner and outer radii Rmin and Rmax,
respectively, as well as a depth of Zmax. We integrate over the
redshift range, in order to avoid the need to model redshift-
space distortions and redshift uncertainties.
Following previous work (e.g., C. García-Vergara et al.

2017) we choose the estimator

( ) ( )c =
á ñ
á ñ

-R R,
QG

QR
1, 4QG min max

where 〈QG〉 denotes the number of detected galaxies in radial
bins around the quasar, while 〈QR〉 describes the number of
expected galaxies within the same volume in a random “blank”
field. Thus, in order to infer 〈QR〉, we calculate the number of
pairs between the quasar and galaxies from our random catalog
within the same radial bins and ∣ ∣D v vmax, and normalize
them to the number of galaxies we would have expected to find
within the same observed cylindrical volume in a “blank” field.
As before, we estimate the expected quasar–galaxy pair counts
by means of the number density of galaxies inferred from the
[O III] luminosity function multiplied by the observed volume
in each shell and the completeness of our survey volume.
Uncertainties on the cross-correlation measurements are
estimated using Poisson noise on the detected galaxy counts.13

Our measurements for χQG are listed in Table 2 and shown in
Figure 3.

Figure 2. Density contrast of [O III] emitters around the four z  6 quasars
analyzed in this work. The overdensity is measured in cylinders around the
quasars with radius r and a depth of |Δv| = 1000 km s−1 around the quasars’
redshifts.

13 Note that in reality, the uncertainties on the correlation measurements arise
from a combination of Poisson counting errors as well as cosmic variance. The
latter errors are, however, challenging to estimate and require extensive
cosmological simulations, and thus we approximate the uncertainties by the
Poisson errors alone.
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4.2. Galaxy–Galaxy Autocorrelation Function

Analogous to Equation (3), we calculate the volume-
averaged projected autocorrelation function of galaxies

( )c R R,GG min max by integrating the real-space galaxy–galaxy
autocorrelation function ξGG(R, Z) in shells of volume V. We
consider all galaxies within the redshift interval 5.95�
z� 6.55, which is approximately centered around the mean
redshift of the quasars, 〈z〉≈ 6.25. Again, galaxies within the
quasars’ environments are excluded from the autocorrelation
measurement. We then calculate pairs of galaxies separated
by ∣ ∣D v vmax.

We choose the Landy–Szalay estimator (S. D. Landy &
A. S. Szalay 1993), i.e.,

( ) ( )c =
á ñ - á ñ + á ñ

á ñ
-R R,

GG 2 GR RR

RR
1, 5GG min max

where 〈GG〉, 〈GR〉, and 〈RR〉 denote the number of galaxy
pairs, pairs of detected galaxies, and galaxies in the random

catalog, as well as pairs of galaxies within the random catalog,
respectively. The terms 〈GR〉 and 〈RR〉 are normalized such
that the number of random galaxies would match the number of
detected galaxies in each quasar field within the considered
redshift interval. Uncertainties on the measurements are
approximated by the Poisson noise on the number of detected
galaxies. The measurements of the volume-averaged projected
galaxy–galaxy autocorrelation function are shown in Figure 3
and listed in Table 2.

4.3. Fitting the Cross- and Autocorrelation Functions

The volume-averaged projected correlation functions χQG

and χGG represent integrals of the real-space correlation
functions ξQG and ξGG as shown in Equation (3). We
parameterize the real-space cross- and autocorrelation functions
by a power law, i.e.,

( ) ( ) ( )x = g-r r r , 60

where = +r R Z2 2 . Thus, the real-space correlation func-
tions are governed each by two parameters, i.e., their slopes γ,
denoted as γQG and γGG for the cross- and autocorrelation,
respectively, and their scale lengths r0, denoted as r0

QG and r0
QQ.

We use a Markov Chain Monte Carlo algorithm (D. Forem-
an-Mackey et al. 2013) with a Gaussian likelihood function and
uniform priors for the correlation scale length of r0ä [1,
30] cMpc h−1 and the slope γ ä [1, 3] to fit our measurements.
The median and 16th and 84th percentiles of the posterior
distribution define our best estimate.
With both the slope and scale length as free model

parameters, we obtain = -
+ -r h12.4 cMpc0

QG
2.3
3.8 1 and g =QG

-
+1.6 0.3

0.2 as the best fits for the quasar–galaxy cross-correlation
function. When fixing the slope to γQG= 2.0 to enable a
comparison to other studies (see Section 7), we obtain

= -
+ -r h9.1 cMpc0

QG
0.6
0.5 1.

Similarly, for the galaxy–galaxy autocorrelation, we obtain
=  -r h3.9 0.4 cMpc0

GG 1 and γGG= 1.9± 0.1 when fitting
for both scale length and slope. When fixing the slope to
γGG= 1.8 as in previous studies (e.g., C. García-Vergara et al.
2017), we obtain =  -r h4.1 0.3 cMpc0

GG 1.

4.4. Jointly Fitting Both Correlation Functions

We can now attempt to study the clustering properties of the
quasars themselves and infer the real-space quasar–quasar
autocorrelation function ξQQ by means of ξQG and ξGG. To this
end, we follow a deterministic bias model (see, e.g.,
S. M. Croom et al. 2001; C. García-Vergara et al. 2017) and
denote the density contrast of galaxies and quasars as δQ and

Table 2
Quasar–Galaxy Cross-correlation and Galaxy–Galaxy Autocorrelation Measurements at 〈z〉 = 6.25

Rmin Rmax 〈QG〉 〈QR〉 〈GG〉 〈GR〉 〈RR〉 χQG χGG

(cMpc h−1) (cMpc h−1)

0.06 0.10 2 3.3 × 10−3 3 0.10 0.11 604.2 ± 427.9 26.0 ± 17.2
0.10 0.18 3 1.4 × 10−2 6 0.33 0.34 210.8 ± 122.3 15.8 ± 8.0
0.18 0.31 3 4.3 × 10−2 16 1.02 1.05 68.3 ± 40.0 13.2 ± 4.2
0.31 0.56 4 0.14 29 3.16 3.24 27.0 ± 14.0 7.0 ± 2.0
0.56 1.00 7 0.44 66 9.48 9.65 15.0 ± 6.1 4.9 ± 1.1
1.00 1.77 21 1.25 117 26.92 27.29 15.8 ± 3.7 2.3 ± 0.5
1.77 3.15 30 3.69 203 67.07 68.39 7.1 ± 1.5 1.0 ± 0.3
3.15 5.60 21 4.55 260 113.43 116.50 3.6 ± 1.0 0.3 ± 0.2

Figure 3. The volume-averaged projected quasar–galaxy cross-correlation
function is shown as black data points, while the blue data points show the
galaxy–galaxy autocorrelation function at an average redshift of 〈z〉 = 6.25.
The dashed lines and shaded areas show the best power-law fits with 2σ
uncertainties when jointly fitting both sets of measurements while keeping the
slopes γGG = 1.8 and γQG = 2.0 fixed (see Section 4.4).
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δG. Thus, the cross-correlation between quasars and galaxies is
defined as ξQG= 〈δQδG〉. Assuming that galaxies and quasars
trace the same underlying dark matter distribution, the galaxy
and quasar density contrast can be expressed as δG= bG
(δDM)δDM and δQ= bQ(δDM)δDM, respectively, where bG(δDM)
and bQ(δDM) denote the galaxy and quasar bias, which are
(possibly nonlinear) functions of the dark matter density
contrast δDM. If we describe δQ and δG as two stochastic
processes, their cross-correlation coefficient ρ can be expressed
as

( )r
d d

d d d d
=

á ñ

á ñá ñ
. 7Q G

Q Q G G

However, given the deterministic relations for δQ and δG as
defined above, it follows that ρ= 1. Thus, the quasar–quasar
autocorrelation ξQQ can be expressed as a combination of the
other two correlation functions, ξQG and ξGG, i.e.,

( )x x x= . 8QQ QG
2

GG

Analogously to Equation (6), we parameterize all auto- and
cross-correlation functions with a power law but now perform a
joint fit to both the auto- and cross-correlation measurements. To
this end, we fit ξGG as a function of γGG and r0

GG, as well as ξQG
parameterized by g g r, ,QQ GG 0

QQ and r0
GG using Equation (8).

To enable a comparison to previous work (see Section 7.1),
we keep the slope of the two autocorrelation functions fixed,
i.e., γGG= 1.8 (C. García-Vergara et al. 2017), and γQQ= 2.0
(Y. Shen et al. 2007; S. Eftekharzadeh et al. 2015), and only fit
the two remaining free parameters, i.e., the scale lengths r0

GG

and r0
QQ. Our best estimates determined by the median and 16th

and 84th percentile of the posterior probability distributions for
the scale lengths of the galaxy autocorrelation function at
〈z〉≈ 6.25 is =  -r h4.1 0.3 cMpc0

GG 1, while we obtain
= -

+ -r h22.0 cMpc0
QQ

2.9
3.0 1 for the scale length of the quasars’

autocorrelation function. These estimates for the power laws
and our measurements are shown in Figure 3.

We also attempt to jointly fit all four model parameters, i.e.,
two slopes and two correlation scale lengths. We caution that
the parameters are strongly degenerate and approach the prior
boundaries, but the marginalized posteriors suggest =r0

GG

-
+ -h4.0 cMpc0.3

0.4 1, = -
+ -r h23.7 cMpc0

QQ
5.6
4.3 1, γGG= 1.9± 0.1,

and γQQ= 1.9± 0.2.

5. Mass Estimates of the Quasars’ Host Dark Matter Halos

In this section, we will estimate the mass of the dark matter
halos that harbor luminous quasars at z 6 based on the
quasars’ clustering properties. Our cosmological model ΛCDM
provides a direct link between the clustering strength of a
population of objects and the characteristic mass of their host
dark matter halos, since more massive halos have a higher
clustering bias (e.g., N. Kaiser 1984; H. J. Mo &
S. D. M. White 1996; J. L. Tinker et al. 2010).

We will present three different approaches to constrain the
host dark matter halo masses, all based on dark-matter-only
simulations. We use N-body cosmological simulations to
leverage the accurate representation of the halo clustering
properties that they provide. Accurately modeling the distribu-
tion of halos in the Universe is particularly important at the
small scales probed by our observations (i.e., at distances of
r 10 cMpc h−1), as these scales are highly nonlinear in

overdense environments. Alternative approaches based on
nonlinear analytical extensions of linear theory to small scales
(such as the “halo model” framework, e.g., A. Cooray &
R. Sheth 2002) would likely return results that are not accurate
enough for our purposes.
We first use a new N-body simulation FLAMINGO-10K,

which is part of the FLAMINGO project (J. Schaye et al. 2023,
see Section 5.1), and assume simple “step function” models for
the halo occupation distributions (HODs; e.g., M. White et al.
2008) of quasars and galaxies. We then also compare to two
empirical models for galaxies and SMBHs based on the Uchuu
N-body simulation (T. Ishiyama et al. 2021), namely, the
UNIVERSEMACHINE (P. Behroozi et al. 2019, see Section 5.2),
as well as the TRINITY model (H. Zhang et al. 2023, see
Section 5.3).

5.1. Host Dark Matter Halo Masses Based on the FLAMINGO-
10K Cosmological Simulation

As a first approach, we use the N-body cosmological simulation
FLAMINGO-10K to directly infer the host halo masses of quasars
and [O III] emitters by matching the observed quasar–galaxy
cross-correlation and galaxy–galaxy autocorrelation measure-
ments with the clustering properties of dark matter halos.
FLAMINGO-10K is a new dark-matter-only simulation part of the
FLAMINGO suite (J. Schaye et al. 2023), which makes use of the
open-source code SWIFT (M. Schaller et al. 2024), a highly
parallel gravity and smoothed particle hydrodynamics solver. The
simulation was run with 100803 cold dark matter particles and
56003 neutrino particles and has the same volume as the
FLAMINGO flagship hydrodynamical run (2.8 cGpc on a side)
but 8 times more dark matter and neutrino particles, i.e., with a
dark matter particle mass of 8.4× 108Me. The run adopts the
“3× 2pt + all” cosmology from T. M. C. Abbott et al. (2022;
Ωm= 0.306, Ωb= 0.0486, σ8= 0.807, H0= 68.1 km s−1Mpc−1,
ns= 0.967), with a summed neutrino mass of 0.06 eV. Based on
this simulation, we can model the clustering properties of any
subset of z≈ 6 dark matter halos in the mass range
M= 1010.5–1013Me. Our simulation covers a total of ≈108 dark
matter halos over this mass range, 60, 857 (947, 4) of which
above a halo mass of 1012Me (1012.5Me, 10

13Me). Thus, the
number of lower-mass halos hosting [O III] emitters is very large,
but we need to ensure that our simulations include sufficient high-
mass halos to limit the effects of cosmic variance. Assuming that
∼10−20 of such halos are sufficient, the cross-correlation
function estimated from the simulations will be independent of
sampling effects due to cosmic variance for halo masses up to
∼1012.8−12.9Me. For details on the modeling procedure and the
simulation, we refer the reader to E. Pizzati et al. (2024).
Assuming a prescription for how quasars and [O III] emitters

populate dark matter halos, we model the quasar–galaxy cross-
correlation, χQG, as well as the galaxy–galaxy autocorrelation,
χGG. Here, we assume a “step function” HOD model for both
quasars and [O III] emitters, where halos are populated by
quasars ([O III] emitters) only above a minimum threshold mass
Mhalo,min ( [ ]Mhalo,min,

OIII ). The two minimum host halo masses,
Mhalo,min and [ ]Mhalo,min,

OIII , are free parameters in our model, which
we infer by jointly fitting the observed correlation functions,
χQG and χGG. We assume that these two correlation functions
are independent, and write down a 2D Gaussian likelihood for
the parameters Mhalo,min and [ ]Mhalo,min,

OIII . By computing the
median and 16th–84th percentiles of the marginalized like-
lihood distributions, we infer the minimum host dark matter
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halo mass of quasars to be ( ) = -
+M Mlog 12.4310 halo,min 0.15

0.13,
while we find that [O III] emitters are hosted in halos of mass

( )[ ]
 = -

+M Mlog 10.5610 halo,min
OIII

0.03
0.05. In a companion paper

(E. Pizzati et al. 2024), we model the full mass distribution
of the dark matter halos hosting quasars and galaxies by jointly
fitting the clustering properties as well as the luminosity
functions of quasars and [O III] emitters, and find results that
are in excellent agreement with the model presented here.

In the left panel of Figure 4, we compare the predictions
from the FLAMINGO-10K simulation with the observed quasar–
galaxy cross-correlation measurements, for different values of
the minimum halo mass for the quasar hosts, Mhalo,min. The
cross-correlation terms are obtained by assuming a minimum
host halo mass for [O III] emitters equal to the median value
determined above, i.e., ( )[ ]

 =M Mlog 10.5610 halo,min
O III / . The best

fit between the simulated and observed cross- and autocorrela-
tion functions is obtained with a minimum quasar host halo
mass of ( ) »M Mlog 12.4310 halo,min .

Note that the slope of the cross-correlation functions at very
small scales, i.e., r 200 ckpc h−1, appears to differ between
the observations and the simulations. This could either be due
to small number statistics given our current data set, as we only
observe a total of five galaxies for the innermost two data
points, or alternatively, uncertainties in the modeling procedure
could cause the discrepancy. For instance, the identification of
subhalos becomes increasingly challenging at such small
separations to a massive structure, and could thus alternate
the shape of the correlation functions at small scales. However,
our conclusions are not affected by the two innermost data
points, as the uncertainties on these measurements are high and
thus do not influence the best fit significantly.

Additional differences at the smallest scales arise since we
do not apply the same merging procedure to the subhalos in the
simulations that we apply to the detected [O III] emitters as

described in Section 2.3. Merging the subhalos would lead to a
slightly shallower slope in the simulated cross-correlation
function at the smallest scales of 3″, but since the
uncertainties on our measurements on the smallest scales are
large due to the low number of detected galaxies, this has a
negligible effect on our estimates. When applying the same
merging procedure to subhalos in the Uchuu simulations (see
Section 5.2) as a check, we found that ∼2% of the subhalos
were affected compared to the ∼13% of [O III] emitters
affected by merging, which indicates that the [O III] emitters
show mostly clumpy substructure within an individual subhalo.
In the following, we will briefly discuss two other methods

to determine the host dark matter halo masses from the quasars’
clustering properties to ensure consistency between different
simulations and models, but moving forward, we will consider
the measurement obtained here as our best estimate for the
minimum host dark matter halo mass of z 6 quasars.

5.2. Host Dark Matter Halo Masses Based on the
UNIVERSEMACHINE

A second method to determine the dark matter halo masses
of the observed quasars is based on finding analogous systems
to the observed quasar environments using the UNIVERSEMA-
CHINE (P. Behroozi et al. 2019) applied to the Uchuu N-body
simulations. The details of this approach will be presented in
detail in a forthcoming companion paper (R. Mackenzie et al.
2024, in preparation). In short, by comparing the number of
simulated [O III] emitters around halos of different masses to
the number of companion galaxies observed in the quasar
fields, a distribution of possible host dark matter halo masses
can be determined for each observed quasar.
We first construct a catalog of simulated environments around

each halo and select all halos above 1010 h−1Me (at z= 6.35). In

Figure 4. Left: comparison of the quasar–galaxy cross-correlation measurement to models from the FLAMINGO-10K simulation for different minimum quasar host dark
matter halo masses, Mhalo,min. By comparing the correlation functions of dark matter halos from the simulations to the measured quasar–galaxy cross-correlation and
galaxy–galaxy autocorrelation, we obtain a best estimate for the quasars’ minimum host halo mass of ( ) = -

+M Mlog 12.4310 halo,min 0.15
0.13. Right: comparison between

the measurements of the quasar–galaxy cross-correlation with predictions (median: dashed yellow curve; 16th–84th percentile: shaded region) for the observed quasar
fields from the TRINITY model, which implies an average host dark matter halo mass of ( ) = -

+M Mlog 12.1410 halo 0.26
0.24.

9

The Astrophysical Journal, 974:275 (14pp), 2024 October 20 Eilers et al.



total, this simulation contains ∼108.5 such halos, approximately
1.3× 106 (24, 525, 1, 860, 85, 8) of which are above a mass
threshold of 1011.5Me (1012.1Me, 1012.4Me, 1012.7Me,
1012.9Me). Each halo has its own realization where the halo
position becomes the center of a mock observation (i.e., at the
quasar position). The surrounding galaxies are then forward
modeled through our completeness function and survey geometry.
By calculating the joint distribution of the number of detected
neighboring galaxies versus halo mass, and applying the Bayes
equation with a flat prior on halo mass, one can estimate the mass
probability distribution for an observed number of [O III]-emitting
neighbors. The resulting most probable dark matter halo masses
range between 1010.85MeMhalo 1012.85Me with a median of
〈Mhalo〉= 1012.4±0.5Me, where the wide range of host halo masses
is largely driven by the cosmic variance observed between the
different quasar fields. The estimate for the minimum host dark
matter halo masses using constraints from the UNIVERSEMACHINE
is well consistent with the estimate based on the FLAMINGO-10K
simulations.

5.3. Host Dark Matter Halo Masses Based on TRINITY

Finally, we compare the observed χQG with the prediction from
the TRINITY model (H. Zhang et al. 2023, 2024) of the halo–
galaxy–SMBH connection, to infer the typical host dark matter
halo mass of the quasars. Briefly, TRINITY reconstructs empirical
galaxy and black hole mass growth rate distributions as functions
of the halo mass from redshifts z= 0−10, and forward models
observables such as galaxy mass functions and quasar luminosity
functions. SMBH properties such as radiative efficiencies,
Eddington ratio distributions, and duty cycles are parameterized
and constrained by observational data. For details on the TRINITY
implementation, we refer the reader to H. Zhang et al. (2023).

We utilize the TRINITY mock catalogs of galaxies and
SMBHs, with positions, velocities, halo masses, galaxy masses,
star formation rates, rest-frame UV luminosities, as well as
black hole masses and bolometric luminosities (if hosting a
SMBH) for each galaxy. These mock catalogs are generated
also from the Uchuu N-body simulation (box size: 2 cGpc h−1,
mass resolution: 3.27× 108Me h−1, T. Ishiyama et al. 2021),
and will be made publicly available in a forthcoming TRINITY
publication (H. Zhang et al. 2024, in preparation). In order to
calculate χQG and host halo mass distributions, we use all
quasars in our z= 6.35 mock catalog and assign each mock
quasar a weight to quantify its degree of similarity to the here
analyzed quasars. In particular, the weight w for a simulated
quasar with black hole mass and bolometric luminosity (MBH,
Lbol) is a sum of the log-normal probabilities given the
observed mass and luminosities, {( )} =

=M L,i i i
N

BH, bol, 1
4, of the

EIGER quasars, i.e.,
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where sM iBH, and s iL ,bol are the measurement uncertainties in the
SMBH mass and luminosity of the ith quasar, respectively. For
sM iBH, , we also add a scatter of 0.5 dex in quadrature to account
for the random scatter in virial estimates of MBH (R. J. McLure
& M. J. Jarvis 2002; M. Vestergaard & B. M. Peterson 2006).
When calculating the predicted χQG we convert the galaxy

UV luminosity, LUV, into L[O III],5008 by applying the scaling
relation from J. Matthee et al. (2023), and include all mock
galaxies with L[O III],5008�1042 erg s−1. To quantify χQG

uncertainties from TRINITY, we simulate the observation
3000 times, i.e., we choose four mock quasars for every
observation, where each quasar is randomly selected within the
1.5σ range of each observed quasar in the ( )M Llog , logBH bol
space. We then calculate the 16th–84th percentile range of the
measured χQGʼs as the uncertainties from TRINITY.
As shown in the right panel of Figure 4, the resulting χQG

from TRINITY are consistent with the observed values within
the measurement uncertainties. This consistency allows us to
infer the host dark matter halo masses of the quasars by
examining the host halo mass distribution of the mock quasars,
weighted by the weights defined in Equation (9). From this
exercise, we obtain a median (with 16th–84th percentile) host
halo mass of ( ) = -

+M Mlog 12.1410 halo 0.26
0.24.

6. Estimating the Quasars’ Duty Cycle and Lifetime

Our cosmological model ΛCDM allows us to determine the
number density of the quasars’ host dark matter halos nhosts
from their characteristic mass determined in the previous
section (e.g., H. J. Mo & S. D. M. White 1996; J. L. Tinker
et al. 2010), which in turn enables constraints on the quasars’
duty cycle and lifetime. As quasars temporarily subsample their
hosts, their number density nQ can be expressed as

( )
( )n

t

t z
n , 10Q

Q

H
hosts

where tQ is the quasars’ UV-luminous lifetime, and tH(z)
denotes the Hubble time at redshift z, and hence fduty= tQ/tH(z)
is the quasars’ duty cycle at the given redshift (Z. Haiman &
L. Hui 2001; P. Martini & D. H. Weinberg 2001). We will now
determine these timescales of quasar activity, which are
essential for understanding the concomitant growth phases of
early SMBHs.
Using the FLAMINGO-10K simulation we find that the number

density of halos with a mass larger than ( ) =M Mlog10 halo,min

-
+12.43 0.15

0.13 is = ´-
+ - -n cMpc5.3 10host 3.9

16.7 8 3. For estimating the
number density of luminous quasars we use the quasar luminosity
function (QLF) at 〈z〉≈ 6.25 by J.-T. Schindler et al. (2023) and
integrate it over the magnitude range −26.5> M1450>− 29.5
bracketing the observed magnitudes of the analyzed quasars (see
Table 1), which results in a quasar number density of
nQ≈ 0.23 cGpc−3. Using Equation (10) the two number densities
determine a duty cycle of = -

+f 0.4 %duty 0.3
1.2 , and hence a

UV-luminous quasar lifetime of approximately tQ∼ 106.5 yr
at 〈z〉= 6.25.
However, we caution that these timescale estimates depend

sensitively on the number density of the host dark matter halos
given the characteristic minimum halo mass derived in
Section 5. Thus even relatively small differences in the
host halo mass estimates of approximately ±0.25 dex can lead
to variations in the derived timescales of ±1 dex, i.e., a
host dark matter halo mass of ( ) »M Mlog 12.6510 halo,min
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( ( ) »M Mlog 12.1810 halo,min ) with a number density of a
factor of 10 lower (higher) than our best estimate would
correspond to a UV-luminous quasar lifetime of tQ∼ 107.5 yr
(tQ∼ 105.5 yr). Yet, even with this uncertainty, these inferred
UV-luminous lifetime estimates represent a major departure
from the expected long timescales of tQ∼ 109 yr and fduty∼ 1,
required to grow the quasars’ SMBHs. In order to match the
abundance of host dark matter halos to the abundance of
luminous quasars to ensure a duty cycle of unity, the required
host dark matter halo mass would have to be ∼1013Me.

7. Discussion

7.1. Comparison to Previous Studies

There is only one study to date measuring the autocorrelation
function of z 6 quasars, which is the recent result by the
SHELLQs Collaboration (J. Arita et al. 2023). The authors
analyze the autocorrelation function of approximately 100 faint
(M1450−25) quasars at z∼ 6 distributed over 891 deg2. They
probe scales between r∼ 10−1000 cMpc h−1, i.e., much larger
scales than the scales of r< 10 cMpc h−1 we probe with our
NIRCam WFSS data, and measure an autocorrelation scale
length of =  -r h23.7 11 cMpc0

QQ 1, which is in excellent
agreement to our inferred estimate of = -

+ -r h22.0 cMpc0
QQ

2.9
3.0 1.

They infer a host dark matter halo mass using the linear halo
model software HaloMod (S. G. Murray et al. 2013, 2021) and
obtain a significantly larger host dark matter halo mass estimate
of ( ) = -

+M Mlog 12.910 halo,min 0.7
0.4.

An independent approach to infer the host dark matter halos of a
sample of luminous (M1450<−26.5) quasars at z∼ 6 with similar
properties to the ones analyzed in this study is presented in
H. Chen et al. (2022). The authors use the flux transmission profile
observed in the rest-frame UV quasar spectra to infer the density
field around the quasars and obtain an estimate of the typical host
dark matter halo masses of ( ) = -

+M Mlog 12.510 halo 0.7
0.4, which is

consistent with our results.
In Figure 5, we compare our results for the autocorrelation

length, host dark matter halo mass, and duty cycle to these
previous analyses at z∼ 6. We also add measurements at lower
redshifts to study the redshift evolution of the parameters. We
confirm previous findings that the dark matter halo mass of
quasars appears to be approximately constant throughout
cosmic time, suggesting that there is a characteristic halo mass
of a few times Mhalo∼ 1012Me where quasars can be activated
(e.g., S. M. Croom et al. 2005; J. Arita et al. 2023).

Interestingly, we know that galaxies typically quench at
stellar masses Må∼ 1011Me across a wide range of redshifts
out to z∼ 5 (e.g., Y.-J. Peng et al. 2010; P. S. Behroozi et al.
2013; N. Caplar et al. 2015), corresponding to a halo mass
Mhalo∼ 1012.0−12.5Me, assuming an approximately constant
stellar mass to halo mass ratio. Since there is considerable
evidence that the quenching of galaxies is associated with, or
possibly caused by, quasar activity (e.g., M. Cano-Díaz et al.
2012; N. Caplar et al. 2018), the identification of this same halo
mass as the mass of the EIGER quasars’ host halos at z∼ 6
may not be unexpected.

7.2. Overdensities around High-redshift Quasars?

The numerous previous inconclusive results aiming to determine
the existence of an overdense environment around high-redshift
quasars have cast doubt on whether these quasars indeed trace the
highest-density peaks in our Universe. Our clustering measurement

suggests that quasars reside in dark matter halos with a minimum
mass of ( ) = -

+M Mlog 12.4310 halo,min 0.15
0.13, which implies that

they do on average trace large overdensities but not necessarily the
rarest and highest-density peaks.
Our sample of four quasar fields has revealed a wide range of

overdensities providing evidence for large cosmic variance.
The observed density contrasts in the quasar fields range
from δ(r< 2 cMpc)= 65± 15 to δ(r< 2 cMpc)= 3± 4. While
J0148+0600 with 47 [O III]-emitting galaxies in its surround-
ings likely resides in one of the highest-density peaks, and
traces one of the largest high-redshift protoclusters reported to
date, J1030+0542 on the other hand appears to reside in an
average density region with no enhancement compared to a
random field (which is in contrast to the protocluster reported in
this field by M. Mignoli et al. 2020).
It is interesting to note that the [C II] emission arising from

the molecular gas of the host galaxy of J1030+0542 was not
detected with Atacama Large Millimeter/submillimeter Array
(ALMA), indicating that the far-IR (FIR) luminosity of this
quasar is significantly fainter than for most other z∼ 6 quasars
with similar rest-frame UV magnitudes (R. Decarli et al. 2018).
This result, combined with the recent discoveries of large

Figure 5. Redshift evolution of the quasars’ autocorrelation scale length (top),
the minimum host dark matter halo mass (middle), and the quasars’ duty cycle
(bottom). Our inferred scale length is well consistent with the recent
autocorrelation measurement by J. Arita et al. (2023), but we infer a smaller
host dark matter halo mass using dark-matter-only simulations (see Section 5).
Our results indicate a very small duty cycle of quasars at z  6, which agrees
with independent duty cycle measurements inferred from Ly α damping wings
(diamond-shaped data points; F. B. Davies et al. 2019; D. Ďurovčíková
et al. 2024). The host dark matter halo mass estimate by H. Chen et al. (2022) is
also inferred from the transmitted flux along quasar sightlines, while all other
measurements are derived from quasar clustering studies (circular data points;
Y. Shen et al. 2007; M. White et al. 2012; S. Eftekharzadeh et al. 2015;
P. Laurent et al. 2017; J. Arita et al. 2023; E. Pizzati et al. 2024). The gray
dotted lines in the bottom panel indicate different quasar lifetimes.
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overdensities around submillimeter-bright galaxies at z> 5
(T. Herard-Demanche et al. 2023; F. Sun et al. 2024), provides
circumstantial evidence that FIR luminosities might correlate
more strongly with dark matter halo mass than the UV
luminosities of high-redshift objects do.

7.3. Implications for the Early Growth of SMBHs

As the emission of quasar light is concomitant with black
hole accretion, the timescales of quasar activity have implica-
tions for the growth of SMBHs. Previous constraints on the
quasars’ duty cycle based on clustering studies at redshifts of
1 z 4 suggest broadly an increase toward higher redshifts14

as shown in the bottom panel of Figure 5, implying relatively
long UV-luminous quasar lifetimes of tQ∼ 107−108 yr (e.g.,
P. Martini 2004).

Our standard black hole growth model requires such long
quasar lifetimes in order to explain the growth of the observed
billion solar mass black holes of high-redshift quasars, and
consequently, high quasar duty cycles of fduty∼ 1 have been
postulated for quasars in the early Universe (e.g., P. Mart-
ini 2004; M. Volonteri 2012). However, the clustering analysis
of z 6 quasars in this study surprisingly provides evidence for
the contrary: we find a very small duty cycle, fduty= 1,
indicating that galaxies do not shine as UV-luminous quasars
throughout the whole Hubble time at these redshifts, thus
posing additional challenges to our understanding of early
SMBH growth.

Interestingly, such low values are consistent with completely
independent constraints on the UV-luminous duty cycle of
quasars at similar redshifts derived from the extent of their
proximity zones (e.g., A.-C. Eilers et al. 2017, 2018, 2020;
I. T. Andika et al. 2020; K. A. Morey et al. 2021; S. Satyavolu
et al. 2023b) and damping wing features (e.g., F. B. Davies
et al. 2019; D. Ďurovčíková et al. 2024) that are observed in the
quasars’ rest-frame UV spectra. These studies estimate the
number of ionizing photons emitted by a quasar that would
result in the observed flux transmission profile along the line of
sight and thus enable constraints on their emission timescales
for individual objects.15 These observations have previously
suggested UV-luminous quasar lifetimes of only tQ∼ 106 yr,
which imply similarly low duty cycles of fduty= 1 for high-
redshift quasars (see also I. S. Khrykin et al. 2019, for a similar
analysis of He II proximity zones at z∼ 4).

Thus, two independent arguments—one based on the
quasars’ clustering properties and the other based on the
observed flux transmission profiles in their spectra—provide
evidence for very short UV-luminous quasar activity timescales
in the early Universe. This suggests that accretion onto the
SMBHs occurs in highly radiatively inefficient phases with a
radiative efficiency ò of less than the fiducial ∼10% suggested

by thin accretion disk models (e.g., F. B. Davies et al. 2019),
or, alternatively, a significant fraction of the black hole growth
happens in UV-obscured, dust-enshrouded environments (e.g.,
S. Satyavolu et al. 2023a).
The latter is a particularly intriguing scenario in light of the

recent discovery of an abundance of faint and highly dust-
reddened active galactic nuclei present at early cosmic times
(J. Matthee et al. 2024; D. D. Kocevski et al. 2023; J. E. Greene
et al. 2024; R. Maiolino et al. 2023; Y. Harikane et al. 2023),
which might provide evidence for a highly obscured population
of growing SMBHs. However, studies in the mid-infrared such
as the recently published Systematic Mid-infrared Instrument
Legacy Extragalactic Survey (J. Lyu et al. 2024) are necessary
to identify completely dust-obscured growing SMBHs and
securely determine the fraction of obscured quasars in the early
Universe. If black hole growth in completely dust-enshrouded,
UV-obscured environments is indeed responsible for the
discrepancy between the theoretically expected long black
hole growth timescales and the observed short UV-luminous
growth phases, we would expect ∼100−1000 dust-obscured
quasars for every unobscured one, indicating the presence of a
very large population of dust-obscured quasars in the early
Universe that we yet have to detect. While this would imply a
very high obscuration fraction of >99%, cosmological
simulations (M. Trebitsch et al. 2019; Y. Ni et al. 2020; F. Vito
et al. 2022; J. S. Bennett et al. 2024), as well as a recent study
using ALMA observations (R. Gilli et al. 2022), have shown
that obscuration fraction of at least ∼80%−90% is expected for
high-redshift quasars due to the presence of high-column
density gas within the innermost regions of their host galaxies,
resulting in low observable UV-luminous duty cycles.

8. Summary

In this paper, we present the first clustering measurement of
luminous quasars at z 6 and [O III]-emitting galaxies in their
environment in four quasar fields observed with JWST/
NIRCam in the imaging and WFSS mode as part of the
EIGER project. We identify 522 [O III]-emitting galaxy
systems above a luminosity of L[O III],5008= 1042 erg s−1 in all
five observed quasar fields, 92 of which reside in close vicinity,
i.e., |Δv|� 1000 km s−1, to the luminous quasars.
We find a large diversity in the observed density contrast

between the different quasar fields, ranging from density
enhancements of δ(r< 2 cMpc)= 65± 15—one of the most
spectacular protoclusters within the Epoch of Reionization
discovered to date encompassing 47 [O III]-emitting galaxies
around the quasar J0148+0600—to δ(r< 2 cMpc)= 3± 4,
indicating no significant galaxy enhancement around the quasar
J1030+0564. The other two fields around the superluminous
quasar J0100+2802 and the quasar J1148+5251, show density
contrasts of δ(r< 2 cMpc)= 29± 10 and δ(r< 2 cMpc)=
16± 8, respectively.
We present measurements of the volume-averaged projected

galaxy–galaxy autocorrelation function and the quasar–galaxy
cross-correlation function at an average redshift of 〈z〉= 6.25.
We parameterize the real-space correlation functions with a
power law and obtain estimates for the auto- and cross-
correlation lengths of =  -r h4.1 0.3 cMpc0

GG 1 and =r0
QG

-
+ -h9.1 cMpc0.6

0.5 1 at 〈z〉= 6.25, respectively (keeping the
slopes γGG= 1.8 and γQG= 2.0 fixed). When jointly fitting
the two correlation functions to infer the scale length of

14 We note that the increase in the quasars’ duty cycle with redshift is not
found by S. Eftekharzadeh et al. (2015), who found significantly lower duty
cycles than Y. Shen et al. (2007) at z ∼ 3−4. However, their quasar sample
using BOSS includes much fainter objects, which makes the selection of
quasars at these redshifts as well as the completeness evaluation of their sample
more challenging.
15 Note that for quasars that are embedded in an already highly ionized
intergalactic medium (IGM), with a neutral gas fraction of xH I ∼ 10−4 at z ∼ 6,
the proximity zone size reflects the lifetime of the last quasar episode and hence
the duty cycle presents an upper limit on these episodic lifetime estimates. For
quasars at z  7 that are embedded in a still fairly neutral IGM, xH I  0.1, the
observed damping wing signature in the proximity zone allows for an estimate
of the integrated quasar lifetime, i.e., the duty cycle, due to the long
recombination time (see, e.g., F. B. Davies et al. 2019).
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the quasar–quasar autocorrelation, we measure =r0
QQ

-
+ -h22.0 cMpc2.9

3.0 1 (with fixed slope γQQ= 2.0).
By comparing our measurements to dark-matter-only

simulations and different empirical models, we find consistent
estimates for the host dark matter halo mass: We determine a
minimum host halo mass of ( ) = -

+M Mlog 12.4310 halo,min 0.15
0.13

as the best fit between our measurements and the cross-
correlation function of dark matter halos in the FLAMINGO-10K
simulation. When searching for analog systems to the quasar
fields in UNIVERSEMACHINE we find that such quasars are
hosted in dark matter halos with average masses of

( ) = M Mlog 12.4 0.510 halo . Lastly, when comparing the
cross-correlation function to predictions from the TRINITY
model, we find host dark matter halo masses with a median of

( ) = -
+M Mlog 12.1410 halo 0.26

0.24. All three estimates agree with
each other within the uncertainties despite their very different
approaches.

These results for the mass of the quasars’ host dark matter
halos suggest that quasars do not necessarily reside in the
rarest, highest-density peaks, and could explain why some
previous studies did not find large overdensities of galaxies
around high-redshift quasars. It also indicates a smaller than
expected duty cycle of quasars in the early Universe, i.e.,
fduty= 1. While the short UV-luminous duty cycles are
consistent with independent results analyzing the flux transmis-
sion observed in rest-frame UV quasar spectra, the findings
pose significant challenges for the growth of the early SMBHs
which power the quasars’ emission. Such short UV-luminous
quasar lifetimes imply that (a) either the enormous 109Me
black holes must have built up their mass extremely rapidly,
e.g., via radiatively inefficient, “super-Eddington” accretion
phases; or (b) a significant fraction (99%) of the black hole
growth happens in dust-enshrouded and UV-obscured environ-
ments, indicating the existence of a vast population of obscured
quasars in the early Universe.
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