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Abstract. We present clustering measurements for high-redshift quasars using data
from the Dark Energy Spectroscopic Instrument Data Release 2. Our sample consists of
quasars with 2.0 < z < 3.5 in the luminosity range M1450 ≤ −19.94mag. We measure
the mean quasar bias bQ(z̄ = 2.48) = 3.61 ± 0.01 for the full sample of ∼ 715, 000
quasars and quantify the redshift evolution of quasar bias by dividing the sample into
four equal redshift bins. There is strong evolution of the quasar bias with redshift that
is well fit by the function bQ(z) = a[(1 + z)2 − 6.565] + b with a = 0.230 ± 0.007 and
b = 2.394 ± 0.035, and this fit is also a good match to lower redshift measurements
in the literature. This bias evolution is consistent with a characteristic halo mass of
M̄h ∼ 1012M⊙ that does not vary significantly with redshift. The inferred duty cycles
for quasars in our sample are fduty ∼ 10−2, staying mostly constant over redshifts. We
investigate the luminosity dependence of quasar clustering by dividing each of our four
redshift bins into three luminosity bins. The size of our quasar sample permits the first
statistically significant measurement of the luminosity dependence of quasar bias at these
redshifts. We measure weak dependence of quasar bias on luminosity at fixed redshift,
inconsistent with no dependence, but weaker than predicted by a model in which quasar
luminosity is tightly correlated with halo mass. These clustering measurements provide
a stringent test for models of active black hole light curves and the black hole-halo
connection at high redshift.
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1 Introduction

Quasars are the most luminous type of active galactic nuclei powered by the accretion of
matter onto supermassive black holes (SMBHs) at the centers of galaxies. This accretion
releases enormous amounts of energy across the electromagnetic spectrum, enabling
quasars to be observed out to high redshifts. Quasar activity is believed to be short-
lived relative to cosmological timescales (e.g. [1–3]). As a result, only a fraction of dark
matter halos host an active quasar at any given time, and the relationship between
quasar properties and their host halos is not uniquely determined.

The large-scale spatial distribution of quasars contains information about the dark
matter halos in which they reside. Quasar clustering measurements are quantified by the
quasar bias, a measure of how clustered quasars are compared to the underlying dark
matter distribution. The quasar bias is related to the manner in which quasars occupy
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their host halos through theoretical models of the halo mass function (e.g. [4]) and halo
bias (e.g. [5]). Clustering analyses across a wide range of redshifts consistently find that
quasars occupy dark matter halos with similar masses, typicallyMh ∼ 1012−1013 h−1M⊙
(e.g. [6–11]).

Given these inferred host halo masses, we can compare the observed number density
of quasars to the abundance of dark matter halos at the same mass scale to estimate
the quasar duty cycle: the fraction of halos capable of hosting a quasar that contain
an actively accreting SMBH at a given redshift and luminosity (e.g. [12–14]). Because
quasar activity is thought to be short-lived relative to halo lifetimes, the duty cycle
provides a critical link between the observed quasar population and the underlying halo
population traced by large-scale structure.

Studies of quasar clustering span several decades, with the first attempt to measure
quasar clustering by [15]. Early quasar clustering measurements were limited by small
sample sizes (e.g. [16, 17]). The advent of large spectroscopic surveys, most notably
the 2dF QSO Redshift Survey and the Sloan Digital Sky Survey (SDSS), dramatically
increased the number of known quasars and enabled detailed investigations of the redshift
evolution of quasar clustering. Using these datasets, studies at lower redshifts (z ≲ 2)
found moderate to strong evolution of the quasar bias with redshift (e.g. [6, 18–22]).
Measurements at higher redshifts (z ≳ 2) have also been performed (e.g. [7, 23, 24]),
although results in this regime have been inconsistent. Shen et al. [7] report evidence for
strong redshift evolution in the quasar bias at z > 2.9. In contrast, White et al. [23] found
no convincing evidence for evolution over 2.2 < z < 2.8, and similarly, Eftekharzadeh et
al. [24] reported no significant evolution over 2.2 < z < 3.4. At very high-redshift (z ≳ 5),
Arita et al. [25] found much higher clustering, by a factor of almost four compared to the
bias measurements at z ∼ 3, indicating that the quasar bias continues to grow at higher
redshift. In the standard picture of structure formation, an increase in quasar bias with
redshift reflects the fact that halos of fixed mass are increasingly rare and therefore more
strongly biased tracers of the matter density field at earlier cosmic times (e.g. [26, 27]).

Early analytic models of quasars often adopted a simplified picture in which quasars
were assumed to exist in one of two states–either ‘on,’ during a phase of rapid accretion
and high luminosity, or ‘off,’ when inactive (e.g. [28, 29]). These models, which were
primarily motivated by their simplicity, typically assumed a tight correlation between
quasar luminosity and host dark matter halo mass. Under this assumption, more lu-
minous quasars would reside in more massive, more strongly biased halos, leading to
an expectation of luminosity-dependent quasar clustering. More recent models incorpo-
rating physically motivated quasar light curves and extended accretion histories suggest
instead that quasars spend the majority of their lifetimes at luminosities well below
their peak values, with only a small fraction of their time spent near peak luminosity
(e.g. [30]). In such models, instantaneous quasar luminosity is only weakly correlated
with host halo mass, naturally suppressing any luminosity dependence in quasar clus-
tering. Additionally, a weak or absent luminosity dependence could arise from scatter
in stellar mass at fixed halo mass, or from scatter in the Eddington ratio at fixed stellar
mass, both of which would weaken the relation between quasar luminosity and host halo
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mass. Consistent with this picture, most observational studies have found little to no
evidence for luminosity-dependent quasar clustering (e.g. [6, 20, 23, 24]). However, at
moderate to high redshifts, samples have usually not been large enough to measure the
bias as a function of luminosity at fixed redshift, leaving this question unresolved.

The Dark Energy Spectroscopic Instrument (DESI) [31–33] has collected an un-
precedented volume of spectroscopic data during its first three years of operation, with
the primary goal of constraining cosmology [34] and investigating the nature of dark en-
ergy through baryon acoustic oscillation (BAO) measurements. At lower redshifts, galax-
ies are the primary tracers of the BAO feature [35, 36]. At higher redshifts (z > 2.1),
observing galaxies becomes increasingly difficult because of survey flux limits. Instead,
Lyα quasars are used as the primary tracers for BAO measurements. Quasars act as
background light sources, illuminating the distribution of neutral Hydrogen through ab-
sorption features in their spectra. These features, known as the Lyα forest, appear at
wavelengths shorter than the Lyα emission line (rest frame 1216 Å) and are visible in
quasars with z > 2.1, where the forest is redshifted into the observable wavelength range.
Correlation analyses between the Lyα forest and quasars [37, 38] have been essential for
pushing BAO measurements to early cosmic times. Mock catalogs play a critical role in
these analyses by enabling validation of analysis pipelines, estimation of covariance ma-
trices, and characterization of systematic uncertainties. Accurate modeling of the quasar
distribution in these mocks is therefore increasingly important. Since quasar clustering
evolves with redshift, implementing more realistic quasar clustering in mock catalogs
will contribute to improving the precision and robustness of future BAO measurements.

We focus on the auto-correlation function of quasars observed by DESI. Using a
sample of 713,706 quasars from DESI Data Release 2 (DR2) spanning the redshift range
2.0 ≤ z ≤ 3.5, this represents the largest sample to date used for such measurements.
The DESI quasar sample is highly complete (93.9% targeting completeness) and extends
to r ≤ 23mag, probing a fainter sample than prior spectroscopic surveys (e.g., compare
to SDSS BOSS at r < 21.85mag). These survey improvements enhance the statistical
power to constrain the redshift evolution of the quasar bias and allow more robust tests
of the luminosity dependence of quasar clustering.

We describe the data and sample selection in Section 2. In Section 3 we discuss the
methodology for measuring the two-point quasar auto-correlation function. We present
our measurement of the quasar auto-correlation function over the redshift range 2.0 ≤
z ≤ 3.5 and investigate the redshift evolution and luminosity dependence in Section 4.
Section 5 provides our inferred minimum and characteristic host halo masses and quasar
duty cycle, and includes comparisons of our results to simple model predictions that
incorporate scatter in the L − Mh relation. We summarize our results in the final
section. Throughout this paper we adopt a Planck 2018 flat ΛCDM cosmological model
with Ωm = 0.31, ΩΛ = 0.69, σ8 = 0.81, and h = 0.6766 [39].

2 Data

We use data from the first three years (May 2021 - April 2024) of the DESI survey,
which will become publicly available as part of the DESI collaboration’s second data
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release (DR2). DR2 includes observations from the first data release (DR1) [40], new
observations from the second and third years of survey operations, re-observations of
objects from DR1 to improve the signal-to-noise ratio (SNR) of the spectra, and new
processing of the entire dataset. The first subsection below presents an overview of the
DESI instrumentation, operations, survey, and data. Section 2.2 describes the properties
of the quasar catalogs, and the data splits used in the analysis are outlined in Section
2.3.

2.1 DESI data

The Dark Energy Spectroscopic Instrument (DESI) is installed on the 4-meter Mayall
Telescope at Kitt Peak National Observatory in Arizona. The eight-year DESI survey
[41] will measure redshifts for more than 63 million galaxies and quasars [42] and cover
over 17,000 deg2. Light entering the telescope is focused by a wide-field (3◦ diameter field
of view) prime-focus corrector [43] onto the focal plane system with 5,020 robotic fiber
positioners [44]. The light collected in the fiber system is then dispersed by ten bench-
mounted spectrographs, which split the light into three wavelength bands that cover a
total wavelength range of 360− 980 nm [33]. Data is processed through a spectroscopic
pipeline which generates wavelength- and flux-calibrated spectra as well as spectroscopic
classifications and redshifts [42]. DESI aims to achieve a highly complete sample by
covering each area on the sky with multiple tiles. A tile represents the region on the sky
that is in the field of view of the focal plane. On average, a given region on the sky has
about five tiles of coverage in dark time in the DR2 dataset.

DESI quasar targets are selected from photometry in Data Release 9 of the Legacy
Imaging Surveys [45], which covers an area of more than 19,700 deg2 in three optical
bands (g, r, z) [46], with a magnitude limit of r ≈ 23mag and an average density
of 310 deg−2 [46]. The imaging survey includes over 9,000 deg2 of imaging in the g,
r, and z bands provided by the Dark Energy Camera Legacy Survey (DECaLS) and
∼5,000 deg2 of the Northern Galactic Cap from the Beijing-Arizona Sky Survey (BASS)
in g and r, and from the Mayall z-band Legacy Survey (MzLS) in z. In addition to
the DECaLS, BASS, and MzLS imaging, full-sky imaging from the Wide-Field Infrared
Survey Explorer (WISE) is used in the target selection process.

Quasar selection in DESI incorporates near-infrared photometry from the all-sky
WISE data in the W1 (3.4µm) and W2 (4.6µm) bands. These infrared measurements
improve the distinction between quasars and stars, as quasars are typically about two
magnitudes brighter than stars of similar optical color in these bands [31]. Quasar targets
in DESI are selected using a combination of optical and infrared photometry, color cuts,
and machine-learning classifiers designed to maximize completeness while controlling
stellar contamination. The selection function is inherently anisotropic and redshift-
dependent, and is influenced by several factors such as observing conditions, hardware
performance, and the intrinsic properties of the observed targets. More specifically, it
quantifies the probability that a target is both observed and yields a successful redshift
measurement. Details on the selection function applied to DESI quasars are provided in
[46, 47].
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DESI executed a survey validation period prior to the start of the main survey
that included visual inspection of a random subset of quasar spectra [48]. In addition
to assessing whether the quality of the spectra allow for confident spectroscopic redshift
measurements, the visual inspection was used to confirm classifications of the targets as
either quasars, galaxies, or stars. Within DESI, Redrock [49] is the standard template-
fitting code utilized to identify redshifts. Redrock fits templates for quasars, galaxies,
and stars and determines both the best-fitting (lowest χ2 value) redshift and template
solutions for each spectrum. Spectra for quasar targets are obtained as described in
Section 6 of [41]. Other redshift warning flags are determined in the spectroscopic
pipeline, flagging low-quality observations for a single object or an entire petal and
setting all objects to be re-observed. Two additional algorithms beyond Redrock are
relevant for DESI quasar identification. QuasarNet [46, 50, 51] is used to help identify
Lyα quasars for additional observations. In addition, when final quasar catalogs are
constructed, QuasarNet and an MgII algorithm [46, 48] are used as ‘afterburners’ to
search for quasars that Redrock may have missed from the wider DESI spectroscopic
sample, or that Redrock may have assigned an incorrect redshift.

The DESI survey strategy is designed to optimize observing efficiency. DESI uses
an algorithm to automatically select which fields to observe, in what order, and adjusts
the selection if necessary based on the observing conditions. DESI observes several target
classes (e.g., QSOs, ELGs, and LRGs), each with different priority levels for observation.
Quasars are observed during dark time and provide the highest-redshift coverage in the
DESI survey [31]. Unobserved quasars are assigned the highest priority, followed by
quasars at z ≥ 2.1, which are prioritized due to their rarity and the need for repeated
observations to increase the signal-to-noise ratio of the Lyα forest absorption features.
This higher priority for unobserved quasars contributes to the high completeness of our
sample, especially for quasar targets with small angular separations. Further details
about the DESI survey operations can be found in [41].

2.2 DESI quasar catalog

We use the DESI DR2 v2.1 PIP quasar large-scale structure (LSS) catalog for all of
the clustering analyses in this paper (PIP is pairwise-inverse probability). This catalog
contains 713,706 quasars in the redshift range 2.0 ≤ z ≤ 3.5 with absolute magnitudes
M1450 ≤ −19.94. This sample is substantially larger than those used in previous studies
at similar redshifts, most notably SDSS [24], which included 73,884 quasars.

In spectroscopic surveys with fiber-fed instruments there are physical constraints
on the spacing between fibers that limits the ability to observe objects that lie very close
together (often ≲ 1′) on the sky, which results in separation-dependent incompleteness.
Since close pairs are preferentially missed, not accounting for this effect results in un-
derestimated clustering measurements, particularly on small scales. To correct for this
incompleteness, we apply PIP weights [52, 53], which weight each observed pair by the
inverse of the fraction of fiber-assignment realizations in which both quasars were ob-
served. Pairs that are rarely assigned fibers receive larger weights, thereby recovering an
unbiased estimate of the clustering signal. The assignment probabilities are estimated
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from alternate realizations of the DESI fiber assignment process using the alternate
‘merged target list’ (altMTL), which records the full assignment history of each target
[54]. The PIP version of the LSS catalog uses this altMTL information to compute the
PIP weights applied in our clustering measurements. PIP weights are closely related
to individual-inverse-probability (IIP) weights; [52] demonstrates that the two weight-
ing schemes yield equivalent results once the angular separation scale exceeds the fiber
collision scale.

Clustering measurements require a well-defined survey footprint and selection func-
tion to accurately model observational systematics. The DESI footprint is defined us-
ing the DESI FIBERASSIGN software [54], which simulates the fiber assignment process.
FIBERASSIGN assigns targets to available fibers on each tile, subject to survey priorities
and instrument constraints. In addition to all the information relevant for clustering
measurements, the LSS catalogs include space densities of the sample with corrections
for assignment incompleteness. Ross et al. [55] provide a detailed description of the
construction of the LSS catalogs for DESI.

Random catalogs used in the clustering analysis are constructed by sampling the
redshifts, weights, and TARGETIDs (unique object identifier) from the observed quasar
population such that the weighted redshift distribution, dN/dz, of the random catalog
matches the data. This matching is preserved even with restricted subsamples, such as
individual redshift or luminosity bins. These catalogs are initially constructed to match
the sky coverage of the Legacy Imaging Surveys [45, 56], with coordinates uniformly
sampled over that footprint, and then downsampled to match the footprint of the cor-
responding data release. We constructed separate random catalogs for each of the data
splits described in Section 2.3, ensuring that both the redshift distribution and survey
footprint is matched independently for each subsample. For each subsampled catalog,
the imaging systematic weights are recomputed from the objects within that selection,
so that the corrections reflect the imaging property dependencies specific to that sub-
sample’s redshift and luminosity range. Further details on the construction of DESI
random catalogs are also in [55].

In the next section, we quantify how quasar clustering depends on their luminosity.
We characterize luminosity in terms of the absolute magnitude at 1450 Å (M1450), derived
from the rest-frame integrated luminosity L1450 estimated by FastSpecFit [57] from the
best-fit spectrophotometric model. FastSpecFit is a spectrophotometric fitting code
that models rest-frame UV/optical spectra and broadband photometry using physically
motivated emission-line and continuum templates.

2.3 Data splits

Measurements of quasar clustering as a function of redshift and luminosity enable con-
straints on the evolution of clustering with time and the relationship between quasar
luminosity and the mass of the host dark matter halos. To study the redshift evolution,
we divide the sample into four redshift bins. The redshift distribution of the sample is
shown in the left panel of Figure 1, with vertical lines differentiating the four redshift
bins. The right panel shows the luminosity distribution for the entire sample (shaded
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Figure 1. Redshift distribution of the DESI quasar sample split into four redshift bins (left)
and the luminosity distribution for the corresponding redshift bins (right). The shaded blue
histograms represent the distributions for the entire sample.

blue region) as well as the distribution for each of the redshift bins.
Luminosity-dependent quasar clustering is more challenging to model because flux-

limited target selection introduces a degeneracy between redshift and luminosity. To
lessen this effect, we split each redshift bin into three luminosity bins. This binning
scheme allows us to isolate luminosity-dependent trends at fixed redshift while mini-
mizing the effects of redshift evolution within each bin. We perform the luminosity
splits in two ways, using the same redshift bins in each case: (1) equal-number lumi-
nosity bins defined independently within each redshift bin (‘equal numbers’) and (2)
equal-width luminosity bins across all redshift bins (‘same boundaries’). Figure 2 shows
the bin edges plotted as dashed lines over the redshift-luminosity distribution of our
sample. Dividing the sample according to the ‘same boundaries’ binning scheme allows
for a wider luminosity range to be covered, but some regions contain a small number
of quasars compared to the other bins, which can lead to higher uncertainties on the
measurements. The ‘equal numbers’ binning scheme has a similar number of quasars in
each bin at a given redshift bin, which provides more statistically robust measurements.
The solid black line in Figure 2 shows the magnitude limit of the survey, computed from

M1450 = mr − µ(z)−K(z), (2.1)

where mr = 23.0 mag, µ(z) = 5 log10(dL(z)/10 pc) is the distance modulus with lumi-
nosity distance dL(z), and K(z) is the K-correction. Here we use the K-correction from
[58],

K(z) = −2.5(1 + αν) log10(1 + z)− 2.5αν log10

(
1450Å

6260Å

)
, (2.2)

where we use a continuum slope of αν = −0.5. The first term is the standard K-
correction to z = 0 for a power-law continuum and the second term converts the r-band
magnitude to 1450 Å. Table 4 details these different data splits along with properties of
each of the subsamples.
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Figure 2. The binned redshift-luminosity distribution of the quasar catalog. Darker shades of
gray correspond to higher densities. Dashed lines denote the redshift and luminosity bin edges.
The left panel shows the ‘equal numbers’ binning scheme and the right panel shows the ‘same
boundaries’ binning scheme. The pink stars mark the mean redshift and mean luminosity of
each redshift-luminosity bin. The solid black line shows the magnitude limit of the DESI survey
at each redshift (Eq. 2.1).

3 Clustering measurements

Quasar clustering measurements quantify the extent to which quasars trace the large-
scale structure of the universe by comparing their spatial distribution to that of the
underlying matter field. In this section, we outline the methodology for computing these
measurements. Section 3.1 introduces the two-point correlation function, and Section 3.2
discusses the redshift-space correlation function and the procedure used to estimate the
quasar bias.

3.1 Two-point correlation function

The two-point quasar auto-correlation function quantifies the excess probability of find-
ing a quasar pair at a given separation r compared to a random distribution. This
measurement probes the large-scale structure of the universe by characterizing the spa-
tial clustering of quasars.

Mathematically, the spatial two-point correlation function (2PCF), ξ(r), is defined
by [59] through the probability δP = n[1+ξ(r)]δV , where δP is the probability of finding
a quasar pair at some separation r, n is the mean number density of quasars, and δV is
the differential volume element. However, this formal definition does not specify how to
account for survey geometry, selection effects, or the shot noise present in real data.

To address these limitations, we use the Landy & Szalay [60] estimator

ξ(s, µ) =
DD(s, µ)− 2DR(s, µ) +RR(s, µ)

RR(s, µ)
, (3.1)

where DD(s, µ), DR(s, µ), and RR(s, µ) are the number of data-data, data-random, and
random-random pairs, respectively, at a separation s and cosine of the angle to the line
of sight µ. This estimator corrects for edge effects and selection biases by incorporating
random catalogs that match the survey geometry and selection function.
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The random catalogs are typically created with a much higher density than the
data sample to reduce Poisson noise in the estimation of RR(s, µ) and DR(s, µ). Ran-
dom catalogs provide a statistical baseline for clustering measurements by representing
a uniform distribution of objects that follow the same angular selection function, survey
geometry, and completeness as the data. This ensures that the measured 2PCF describes
the intrinsic structure of the sources rather than observational or instrumental system-
atics. To mitigate the statistical fluctuations caused by Poisson noise, especially at small
scales, we generate three independent random catalogs for each data split, each with 40
times the number of objects as the full sample. Eftekharzadeh et al. [24] found that
random catalogs beyond ∼ 20 times the size of the data did not significantly improve
the statistics in the clustering signal, suggesting our choice is more than sufficient; any
residual variance from the number of randoms used is propagated through the jackknife
covariance. Section 2.2 contains a brief description of how these random catalogs are
created, see [55] for further details.

3.2 Redshift-space correlation function and quasar bias

Peculiar velocities distort the observed positions of quasars along the line of sight in
redshift space, introducing anisotropy into the clustering signal. To account for these
redshift-space distortions (RSD), the correlation function must depend on both the sep-
aration s between quasar pairs and the orientation of that separation relative to the line
of sight, commonly expressed as µ = cos θ, where θ is the angle between the separation
vector and the line of sight.

To compare with the measured correlation function, we focus on the monopole
(ℓ = 0), which is the angle-averaged component of the Legendre polynomial expansion:

ξ0(s) =
1

2

∫ 1

−1
ξ(s, µ)L0(µ) dµ, (3.2)

where L0(µ) = 1. We substitute ξ(s, µ) into Eq. 3.1 to determine the monopole:

ξ(s) = b2Q

(
1 +

2

3
β +

1

5
β2

)
ξmat(r), (3.3)

where ξmat(r) is the real-space matter correlation function, bQ is the quasar bias, β =
f/bQ is the RSD parameter, and the linear growth rate of structure, f , is approximated as
f ≈ Ωm(z)0.55 [61]. This approximation is valid on large scales, typically for separations
s ≳ 10h−1Mpc, where linear theory holds.

To estimate the quasar bias, bQ, we first compute the monopole of the redshift-space
correlation function using the Landy & Szalay estimator (Eq. 3.1), as implemented in
pycorr [62, 63]. The pycorr package is a Python wrapper for the high-performance
CORRFUNC two-point statistics package, which provides efficient pair counting and other
tools for the calculation of correlation functions. We estimate the covariance matrix
for the auto-correlation measurement using jackknife resampling with 128 spatial sub-
samples, following the method in [64]. In this approach, we divide the survey area into
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128 equal-area regions, and recompute the correlation function 128 times, omitting one
region each time. We then derive the covariance matrix from the variations among these
jackknife realizations, providing an empirical estimate of the statistical uncertainties and
correlations between bins in the correlation function. We compute the two-point corre-
lation function ξ(s, µ) using 48 logarithmically spaced bins in s ∈ [0.01, 100]h−1Mpc,
and 200 linearly spaced bins in µ ∈ [−1, 1].

We compare the measured clustering to the predicted matter clustering at the same
mean redshift with the CAMB [65] software package. Specifically, we generate the linear
matter power spectrum for a flat ΛCDM cosmology that is consistent with Planck 2018
[39] and then take the Fourier transform to obtain ξmat(r) at the mean redshift of the
sample. We then fit Eq. 3.3 to the monopole with a one-parameter χ2 minimization
over the range 10 ≤ s ≤ 80 h−1Mpc to determine bQ. The lower bound of our fit
range avoids nonlinear effects that violate the assumptions of the Kaiser model and
the upper bound avoids the BAO peak and larger scales that are more susceptible to
systematics and observational uncertainties. Appendix A shows the robustness of our
bias measurements in each redshift bin to the fit region chosen. The fit incorporates the
full covariance matrix to account for correlations between spatial bins, which tend to
be highly correlated. As a robustness check, we repeat the fit using only the diagonal
elements of the covariance matrix and find consistent results, indicating the off-diagonal
terms do not significantly impact our bias measurements.

4 Clustering results

We measure the redshift-space quasar auto-correlation function using 713, 706 quasars in
the redshift range 2.0 ≤ z ≤ 3.5 with absolute magnitudes M1450 ≤ −19.94mag. Figure
3 shows the quasar auto-correlation function and the best-fit theoretical model for the
full sample; details of the fit are listed in Table 4. Our one-parameter fit yields a quasar
bias of bQ = 3.61 ± 0.01 at z̄ = 2.477 with χ2

red = 0.80 (for 10 degrees of freedom),
assuming a flat ΛCDM cosmology consistent with Planck 2018 [39]. Additionally, we
estimate a systematic error of ∼ 1.4 − 5.9× the reported statistical errors for the bias
measurements in each of our subsamples; the details of the systematic error estimation
can be found in Appendix B. This is the most precise measurement of the quasar bias
at these redshifts to date.

We fit the correlation function over the range 10 − 80h−1Mpc. At smaller scales
(s ≲ 5 − 10h−1Mpc), density perturbations grow and linear theory is no longer able
to model the correlation function. These scales are where Halo Occupation Distribution
models (e.g. [66–69]) typically define the ‘one-halo regime,’ which includes sources within
the bounds of a typical dark matter halo, compared to the ‘two-halo regime’ at larger
scales which includes sources in separate dark matter halos. Several quasar clustering
studies (e.g. [9, 70]) have measured down to scales within the one-halo regime and have
found excess clustering on small scales, clearly implying that a different model is neces-
sary to model the clustering at these scales. Measurements that extend to smaller scales
can provide interesting insights into quasar triggering and evolution, however, modeling
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Figure 3. Redshift-space quasar auto-correlation function with the full sample of DESI DR2
quasars at z > 2.1. The measured quasar auto-correlation function is shown with black squares
and the matter correlation function calculated assuming a Planck 2018 flat ΛCDM cosmology at
the mean redshift of our sample (z = 2.477) is shown in the solid black line. The black dashed
line is the fit of the matter correlation function to the measured auto-correlation function. The fit
region (10 ≤ s ≤ 80 h−1Mpc) is shown by the shaded region. This quasar bias is bQ = 3.61±0.01
and the fit has χ2

red = 0.80 (for 10 degrees of freedom). The bottom panel shows the ratio of the
measured correlation function to the model fit.

these scales is beyond the scope of this paper. We chose the fit range 10 − 80h−1Mpc
to remain at scales large enough that linear theory holds, but small enough that we
avoid the large scale regions where statistical uncertainties are larger. Previous studies
have used different ranges to fit the correlation function; for example, Shen et al. [7]
fit between 4 − 150h−1Mpc, Eftekharzadeh et al. [24] used the region 4 − 25h−1Mpc,
and Laurent et al. [22] fit over 10 − 85h−1Mpc. In Appendix A, we demonstrate the
robustness of our measurement to the fit region.

In the first subsection below we present our measurements of the redshift evolu-
tion of quasar clustering. Then in Section 4.2 we investigate the potential luminosity
dependence of the clustering.

4.1 Redshift evolution of quasar clustering

We divide the DESI sample into four equal-width redshift bins to investigate the redshift
evolution of quasar clustering. The measured redshift-space auto-correlation functions
for each bin are shown in Figure 4, and the corresponding numerical values are listed in
Table 4. The solid black line in each panel represents the matter correlation function
computed at the mean redshift of the bin using a Planck 2018 flat ΛCDM cosmology
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Figure 4. Quasar auto-correlation function (black squares) measured in four redshift bins. The
solid black line is the matter correlation function evaluated at the mean redshift of each bin
using the Planck 2018 flat ΛCDM cosmology. The black dashed line shows the best fit of the
matter correlation function to the data, while the pink dashed line indicates the correlation
function predicted by the best-fit bQ(z) model (Eq. 4.1) at each mean redshift. The shaded
region (10 ≤ s ≤ 80 h−1Mpc) denotes the fitting range. The quasar bias values are listed in
Table 4. The lower part of each panel shows the ratio of the measured correlation function to
the best-fit model (black squares), as well as the ratio between the data and the ξ(s) inferred
from our best-fit bQ(z) model evaluated at the mean redshift of each bin (open pink squares).

and the dashed line corresponds to the best-fit model. As in Figure 3, the shaded region
shows the 10 ≤ s ≤ 80 h−1Mpc fit range.

The quasar bias measurements versus redshift are shown in Figure 5. We find that
quasar clustering evolves strongly with redshift. We model the redshift dependence using
the empirical relation introduced by [22]:

bQ(z) = a[(1 + z)2 − 6.565] + b, (4.1)

and fit this function to our measurements, obtaining best-fit parameters a = 0.230±0.007
and b = 2.394 ± 0.035 (χ2 = 4.14; 2 degrees of freedom). The dashed line in Figure 5
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Figure 5. Quasar bias as a function of redshift for the four redshift bins described in Table 4
(filled squares), the quasar bias derived as part of the DESI DR2 Lyα BAO analysis (open star),
the Shen et al. [7] results from SDSS DR5 (open left triangle), the Eftekharzadeh et al. [24] results
from the SDSS-III BOSS sample (open down triangles), and the Laurent et al. [22] results from
the SDSS-IV eBOSS quasars at lower redshifts (open circles). The dashed line shows the fit of
the function defined in 4.1 to the four DESI DR2 redshift bins points. We chose to include only
one point from Shen et al. [7] bias measurements for visual clarity, as they are significantly higher
than our measurements.

shows this fit, which provides an excellent description of the data. This line also provides
a good match to the lower-redshift measurements from [22], although those points were
not part of our fit. This bias evolution refers to quasars above an approximate constant
apparent magnitude threshold, so the luminosity threshold increases with redshift. When
comparing these results, it should be noted that DESI’s deeper magnitude limit (r <
23mag) yields a sample with more faint objects than the SDSS sample, which was limited
to r < 21.85mag. Chaussidon et al. [71] applied the same relation to DESI DR1 over
0.8 ≤ z ≤ 3.5 and found a = 0.237± 0.010 and b = 2.328± 0.026.

Figure 5 demonstrates the high precision of our measurements compared to previ-
ous quasar bias determinations in this redshift range. The error bars on the DESI DR2
measurements are substantially smaller than those from earlier surveys, reflecting the
much larger sample size and improved observational coverage. Our results are broadly
consistent with prior studies, including the DESI DR2 Lyα forest measurements [37],
SDSS-III BOSS [24], and SDSS-IV eBOSS [22], after rescaling their bias values to our
fiducial cosmology using σ8 corrections. This correction is implemented through a cor-
rection factor σ8,lit/σ8,fid, where σ8,lit is the value assumed in the original study (σ8 is
evaluated at z = 0).
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Our measurements are systematically lower than those reported by [7] at similar
redshifts. For example, at redshifts z > 2.9 Shen et al. found bQ > 7, compared to
bQ = 5.20±0.08 in our analysis at z̄ = 3.264. This discrepancy may reflect a combination
of factors, including the smaller sample size in SDSS DR5, differences in selection, and
the higher fraction of luminous quasars in the earlier sample. We explore the evidence
for luminosity-dependent clustering in Section 4.2.

4.2 Luminosity dependence of quasar clustering

We bin the sample in both redshift and luminosity to isolate luminosity-dependent clus-
tering from the strong redshift evolution. Relative to previous studies of high redshift
quasar clustering, the most important advantage of our analysis is that the large sam-
ple enables precise measurements at different luminosity in a fixed, narrow redshift bin,
so that we do not conflate redshift evolution and luminosity dependence. Within each
redshift bin, we divide the sample into three luminosity bins in two ways:

1. ‘equal numbers’: equal numbers of objects per redshift bin

2. ‘same boundaries’: the same boundaries for all redshift bins

These binning schemes are detailed in Table 4. The redshift bins are narrow enough that
any redshift evolution of the quasar bias within a single bin should be small compared
to the redshift evolution observed across the full sample, though not entirely negligible.

We extend the redshift-only quasar bias model (Eq. 4.1) by including a luminosity
term to distinguish the contributions from redshift and luminosity,

bQ(z,M1450) = a[(1 + z)2 − 6.565] + b−m(M1450 + 24), (4.2)

where z and M1450 are the mean redshift and luminosity values in each bin, a controls
how steep the bias increases with redshift, b sets the overall normalization of the bias,
and m controls how steeply bias changes with luminosity at a fixed redshift. This
assumes a linear dependence on luminosity, or equivalently that the shape of the redshift
evolution is the same for bright and faint quasars. We fit this function to our quasar
bias measurements in the 12 redshift-luminosity bins, for each binning scheme. We find
statistically significant evidence for weak luminosity dependence; Table 1 contains the
best-fit parameters. The calculation in this section is using just the statistical errors,
but the results do not change significantly if we include the systematic error described
in Appendix B.

Figure 6 shows the measured correlation function in each redshift bin for ‘equal
numbers’ luminosity split. Each panel shows the correlation functions of the three lu-
minosity bins,‘low L,’ ‘mid L,’ and ‘high L,’ within that redshift range. The left panel
of Figure 7 shows the redshift evolution of the quasar bias for the ‘equal numbers’ lumi-
nosity bins. We find that the quasar bias evolves strongly with redshift in all luminosity
bins, as indicated by the positive slope of the quasar bias as a function of redshift. The
right panel of Figure 7 shows the quasar bias as a function of luminosity in each of the
redshift bins. There is only a very slight dependence of quasar bias on luminosity; much
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Figure 6. Quasar auto-correlation function measurements with each redshift bin separated into
three ‘equal number’ luminosity bins. The redshift range is in the upper right of each panel. The
bias values are shown in Figure 7 and listed in Table 4. The pink dashed line in the top panels
shows the ξ(s) predicted by our best-fit bQ(z) (Eq. 4.1). The lower panels show the ratio of
the measured correlation function in each luminosity bin to the corresponding model fit in solid
points. The open faced points (connected by dashed lines) show the data compared to the model
predicted by our best-fit bQ(z).
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Figure 7. Quasar bias measurements in the 12 redshift and luminosity bins according to the
‘equal numbers’ binning scheme outlined in Table 4. (left) Quasar bias as a function of redshift
in different luminosity bins. The bQ(z) model (black dashed line) fit to the redshift-only bins is
shown for comparison. (right) Quasar bias as a function of luminosity in the different redshift
bins. The solid lines in each panel show the bQ(z,M1450) model fit to all 12 data points. The
lower panel shows the ratio of the measured quasar bias to the quasar bias predicted by our
best-fit bQ(z) model (Eq. 4.1).

a b m χ2
red p-value

Equal
numbers

0.2056± 0.0112 2.5381± 0.0594 0.0998± 0.0207 0.76 0.65

Same
boundaries

0.2017± 0.0106 2.5867± 0.0618 0.1471± 0.0237 4.16 0.00

Table 1. Best-fit parameters for the fit of Eq. 4.2 to the 12 redshift-luminosity binned data
(9 degrees of freedom) for each of the binning schemes. The same boundaries fit is very poor
because the model does not capture the substantially higher bias of the most luminous subsample
(see Figure 9).

weaker than the redshift evolution. We find similar results with the ‘same boundaries’
luminosity split. The correlation functions and bias evolution are shown in Figures 8
and 9, respectively. These results show more evidence for a dependence on luminosity,
specifically in the highest luminosity bin at z = 2.7− 3.1 and z = 3.1− 3.5.

We compare the measured quasar bias values in each redshift-luminosity bin to
the redshift-only bias model obtained from fitting Equation 4.1 to the redshift-binned
data to assess whether there is evidence for luminosity dependence. Figure 10 shows the
results of this comparison. The plotted values represent the deviation of each luminosity-
binned measurement from the redshift-only model in units of the statistical uncertainty
(i.e., pull values). In each panel, the darker shades correspond to lower-luminosity bins,
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Figure 8. As in Figure 6 for quasars split into the same luminosity bin boundaries at each
redshift. The bias values are shown in Figure 9 and listed in Table 4.

with luminosity increasing toward lighter shades, while different marker styles denote
different redshift ranges. If the bias depended only on redshift, we would expect the
pull values to be consistent with zero, indicated by the dashed horizontal line. Instead,
we observe a mild trend with luminosity such that higher-luminosity objects appear
more clustered than if there were not luminosity dependence, while lower-luminosity
objects appear less clustered. A χ2 test of the pull variance yields χ2 = 30.31 with
11 degrees of freedom for the ‘equal numbers’ binning and χ2 = 83.55 with 11 degrees
of freedom for the ‘same boundaries’ binning. In both cases, the p-values are ≪ 0.05,
suggesting that the pull distributions are inconsistent with the unit-variance expectation
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Figure 9. As in Figure 7 for quasars binned according to the ‘same boundaries’ binning at each
redshift. The bias values are listed in Table 4.

of the simple model where clustering only depends on redshift. To further explore the
luminosity trend, we perform a linear fit to the data in each binning scheme and find
the the best-fit linear relations are m = −1.12 ± 0.28 (χ2 = 13.82, p = 0.18 for 10
degrees of freedom) for the ‘equal numbers’ binning and m = −1.57± 0.24 (χ2 = 39.80,
p = 1.84× 10−5 for 10 degrees of freedom) for the ‘same boundaries’ binning. This is a
fairly significant deviation from the m = 0 slope we would expect for the redshift-only
model. To compare the significance of the linear fit compared to the m = 0 case with no
luminosity dependence, we divide the slope by the slope error and find that the ‘same
boundaries’ binning slope is a 6.6σ deviation from flat and the ‘equal numbers’ binning
slope is a 4.1σ deviation. These results provide strong evidence that quasar clustering
is not a function of redshift alone.

The luminosity dependence of the quasar bias has previously been investigated,
but these studies have generally lacked the statistical power to robustly constrain this
dependence, especially at higher redshifts. For example, [19] measured the luminosity
and redshift dependence of quasars in the redshift range 0.8 < z < 2.1 and found
only marginal evidence for luminosity dependence, concluding that a larger sample was
needed to draw definitive conclusions. Similarly, [72] and [20] reported little or no
luminosity dependence in their clustering measurements at 0.75 < z̄ < 2.28 and z ∼ 1.5,
respectively. At higher redshifts, [23] (2.2 ≤ z ≤ 2.8) and [24] (2.2 ≤ z ≤ 3.4) also found
no evidence for luminosity dependence to the quasar bias.

Recently, [73] used the empirical TRINITY model to predict clustering as a function
of quasar luminosity and found only a ≳ 0.3 dex change in quasar bias between a sample
with Lbol = 1042 erg s−1 compared to Lbol = 1046 erg s−1 across redshifts z ∼ 0−5. They
found the luminosity dependence to be strongest at higher redshifts (z ≳ 3) and in the
highest luminosity bins (Lbol > 1045 erg s−1). Our sample contains quasars on the higher
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Figure 10. Pulls of the luminosity-binned bias measurements relative to the redshift-only bias
model for the ‘equal numbers’ (left) and ‘same boundaries’ (right) binning. The pull is defined
as the deviation of bQ(z, L) from bQ(z) in units of the statistical uncertainty. The points denote
different redshift bins, and the three colors correspond to the ‘low’, ‘mid’, and ‘high’ luminosity
bins. The solid black line shows the best-fit linear relation between pull and luminosity. In
both cases, the slope clearly deviates from zero which shows our results are inconsistent with a
redshift-only model.

luminosity end of this range (Lbol ∼ 1044 − 1048 erg s−1 using the bolometric correction
BC1350 = 3.81 from [74]), in the luminosity regime where they showed the luminosity
dependence is more significant. They concluded that the lack of luminosity dependence
is due to most quasars living in halos with a small mass range (1012 − 1013 M⊙), and
that current surveys have uncertainties that are too large to measure the (likely) slight
luminosity dependence of quasar clustering.

Quasar samples tend to be magnitude limited, which produce a correlation be-
tween the typical luminosity and redshift. In addition, the quasar population evolves
significantly with redshift such that more luminous quasars are much more common at
higher redshifts, at least up to z ∼ 2−3. These effects complicate the measurement and
interpretation of any evidence for luminosity-dependent clustering and may explain why
previous work did not find evidence for luminosity-dependent clustering. Fortunately,
the substantial increase in sample size with DESI provides us with sufficient numbers of
quasars to increase the precision of luminosity dependence compared to previous studies.
We therefore conclude that quasar bias evolves strongly with redshift, consistent with
expectations from large-scale structure growth, but shows only a weak dependence on
luminosity over the ranges probed, with the strongest variation found in the highest
luminosity bin at z > 2.7.

5 Halo masses and duty cycles

The spatial clustering of astrophysical objects provides a long-established way to connect
a population to the masses of their host dark matter halos, based on the fact that more
massive halos are more strongly clustered than the underlying matter field (e.g. [26, 75]).
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While not every halo hosts a quasar at a given time, quasar clustering measurements
can nevertheless be used to infer the typical masses of their host halos and their duty
cycles [12, 13]. In simple terms, the clustering measurement yields the characteristic
halo mass, and the ratio of the quasar density to the space density of such halos gives
the duty cycle. A number of studies have used quasar clustering measurements to derive
halo masses and duty cycles (e.g. [7, 22, 24]).

Some models predict a correlation between quasar luminosity and halo mass (e.g. [13,
14]), which could contribute to the higher clustering observed in the smaller, more lu-
minous SDSS sample by [7]. White et al. [76] investigated the implications of that
measurement and conservatively set an upper limit on the dispersion in the L − Mh

relation; for fduty ∼ 1 they found a dispersion in lnL at fixed Mh of σM < 0.5 (or < 0.22
dex). This already implies a quite tight constraint on the allowed scatter in this L−Mh

relation, with smaller duty cycle values requiring even less scatter. Shankar et al. [77]
found that they could reproduce the observed clustering with either a small duty cycle
and small, constant scatter (e.g., fduty ∼ 6 × 10−4 with scatter σM = 0.1 dex) or with
larger duty cycle and scatter values (e.g., fduty ∼ 2× 10−3 with scatter σM = 0.5 dex).
Our clustering measurements can help distinguish between these scenarios.

In this section, we assume that each host halo contains at most one quasar. We
describe our methods for estimating the halo masses in Section 5.1. In Section 5.2 we
derive quasar duty cycles, and in Section 5.3 we compare our results to model predictions
that incorporate different amounts of scatter in the L−Mh relation.

5.1 Halo masses

We estimate the masses of dark matter halos hosting quasars using the minimum and
characteristic halo masses to quantify the quasar host halo population. The concepts of
characteristic and minimum halo masses, as used in previous quasar clustering studies
(e.g. [22, 24, 30]), allow one to infer the typical mass scale of halos hosting quasars and
to relate quasar activity to halo properties.

The minimum halo mass, Mh,min, is the lower limit of the halo mass distribution
that has the observed bias. The definition of this quantity is based on the assumption
that the probability of hosting a quasar is independent of halo mass and there is no scatter
that would allow quasars below this minimum to host quasars above the luminosity limit.
To compute the minimum halo mass, we use the bias-weighted mean halo bias from halos
above Mh,min:

bQ = bh(M > Mh,min) =

∫∞
Mh,min

dn
dM bh(M)dM∫∞

Mh,min

dn
dM dM

. (5.1)

The observed quasar bias is interpreted here as the mean bias of halos in a given redshift
bin with a mass larger than Mh,min, weighted by the halo mass function.

We compute the halo mass function using the model from [4]. Throughout this
work, halo masses are defined with respect to a spherical overdensity of ∆ = 200 relative
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to the mean matter density. The overdensity is defined as

∆ =
M∆

(4/3)πR3
∆ρ̄m(z)

(5.2)

where M∆ is the mass enclosed within the radius R∆, and ρ̄m(z) = Ωm(z)ρcrit(z) is the
mean matter density at redshift z.

The differential halo mass function can be written as

dn

d lnM
= f(σ)

ρ̄m(0)

M

d lnσ−1

d lnM
, (5.3)

where ρ̄m(0) is the present-day (z = 0) mean matter density and σ(M, z) is the rms
fluctuation of the linear density field on the mass scale M . The quantity dn/d lnM
gives the comoving number density of halos per logarithmic mass interval, with units of
(Mpc/h)−3.

The function f(σ) is given by

f(σ) = A

[(σ
b

)−a
+ 1

]
e−c/σ2

, (5.4)

where the parameters A, a, b, and c depend on the overdensity and redshift as specified
in [4]. The variance is computed as

σ2(M, z) =

∫
P (k) Ŵ (kR) k2 dk, (5.5)

where P (k) is the linear matter power spectrum and Ŵ (kR) is the Fourier transform of
a real-space top-hat window function of radius R, with M = (4/3)πR3ρ̄m(0).

We compute the halo bias using the function from [5], who define the linear halo
bias as a function of peak height ν:

bh(ν) = 1−A
νa

νa + δac
+Bνb + Cνc, (5.6)

where ν = δc/σ(M, z) is the peak height, δc ≈ 1.686 is the critical overdensity for
collapse, and σ(M, z) is the rms fluctuations of the linear matter density field as defined
above. The bias parameters A, a, B, b, C, c are taken from [5] for the same overdensity
definition. We evaluate both the halo mass function and halo bias function using the
Colossus [78] package.

The characteristic halo mass, M̄h, is the halo mass whose clustering matches the
observed bias of the population, that is

bQ = bh(M̄h). (5.7)

This quantity gives an “average” halo mass for a given quasar population, under the
assumption that quasars live in halos with similar clustering properties.
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Figure 11. Characteristic (open points) and minimum (filled points) halo masses as a function of
redshift for our ‘equal numbers’ luminosity binning scheme (left) and ‘same boundaries’ binning
scheme (right). The pink, orange, and yellow squares correspond to the ‘low L’, ‘mid L’, and
‘high L’ bins, respectively. We find only modest evolution in the halo mass and weak evidence
for a correlation between halo mass and luminosity at lower redshift and luminosities. There is
stronger evidence for luminosity dependence in the highest luminosity bin, especially at higher
redshifts. We have also included previous measurements in the literature for comparison (gray
points). See Section 5.1 for further details.

Figure 11 shows our estimates for the host halo masses for each of the redshift-
luminosity splits described in Section 2.3. The open points represent characteristic halo
masses and the solid points the minimum halo masses. We find that quasars are hosted
by dark matter halos within a narrow Mh,min (or M̄h) range of just a few 1012h−1M⊙
over the entire redshift range we probed. The number density of halos changes rapidly
over this redshift range, and the inferred halo mass for each subsample should be in-
terpreted as the host halo mass for quasars at the mean redshift of the corresponding
subsample. Our ‘equal numbers’ binning shows a slight decrease in halo mass as redshift
increases and weak dependence on luminosity for the host halo mass. The halo masses
inferred in the ‘same boundaries’ binning scheme shows evidence for stronger luminosity
dependence, especially in the highest luminosity bin at higher redshifts. We compare
to previous studies by estimating the halo masses from their reported bias values. We
find our results are consistent with previous studies in this redshift range, such as [24],
though their results show a more significant redshift evolution for both the minimum
and characteristic halo masses, with smaller minimum halo masses required at higher
redshifts compared to lower redshifts. There does appear to be a slight dependence
on luminosity for the host halo mass; lower luminosity quasars seem to slightly favor
lower mass halos more than higher luminosity quasars, which is consistent with what we
found in our analysis in Section 4.2. We explore the physical implications of this trend
in Section 5.3.
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Figure 12. Quasar duty cycle as a function of redshift with the same symbols as in Figure 11.
The duty cycle is the ratio of the quasar space density to the halo space density above the
minimum halo mass. The values are nearly 10−2 and therefore only a small fraction of halos of
similar mass host quasars. See Section 5.2 for further details.

5.2 Quasar duty cycle

We constrain the fraction of halos that host an active quasar using the quasar duty cycle.
The quasar duty cycle compares the number density of quasars over a redshift and lumi-
nosity range to the number density of halos that have similar clustering strength. This
formulation, as introduced by [13], assumes a monotonic relationship between luminosity
and halo mass, such that there is only one quasar per host halo, and that quasars are at
least as clustered as the dark matter halos that host them. Mathematically, the quasar
duty cycle is defined as

fduty =
nQSO

nh
=

∫ Lmax

Lmin
Φ(L) dL∫∞

Mh,min

dnh
dMh

dMh

, (5.8)

where Φ(L) represents the quasar luminosity function integrated over each luminosity
bin, and dnh

dMh
is the halo mass function integrated above the minimum halo mass Mh,min

for the bin. We use the space densities computed in the LSS catalogs for our duty cycle
calculations [55].

We find that the duty cycle for our sample is small and changes by only a factor of
two between z = 3.26 and z = 2.14. Figure 12 shows our duty cycle measurements for the
individual redshift bins (solid squares), compared to other results in the literature. The
corresponding values are listed in Table 2. Small duty cycle values imply that quasars
appear short-lived and episodic, compared to the lifetime of dark matter halos. A flat
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∆z z̄

nQSO

(10−6 h−1Mpc)−3 fduty

Full Sample:

2.0 ≤ z ≤ 3.5 2.477 11.92± 0.014 0.0150± 0.0004

Redshift subsamples:

2.0 ≤ z ≤ 2.3 2.143 23.64± 0.043 0.0243± 0.0008

2.3 ≤ z ≤ 2.7 2.479 15.13± 0.029 0.0207± 0.0008

2.7 ≤ z ≤ 3.1 2.878 7.996± 0.022 0.0157± 0.0011

3.1 ≤ z ≤ 3.5 3.264 3.494± 0.014 0.0142± 0.0016

Table 2. Quasar number densities and duty cycle values for the full sample and each of the
redshift bins in our sample.

or constant duty cycle implies that quasar triggering is not dependent on redshift. The
duty cycles we measure suggest that quasars are a relatively brief phase in the lifetime
of massive halos. Since these duty cycle values are for the entire sample at each redshift,
they should be interpreted as the probability that a halo of mass Mmin ≳ 1012h−1M⊙
hosts a quasar above the redshift-dependent M1450 threshold visible in Figure 2, which
corresponds to Lbol ≳ 1045 erg s−1 at z = 2.7.

5.3 Simple models

Our results indicate that quasar clustering shows little dependence on luminosity. One
possible explanation is that the bias is changing too slowly with halo mass over the
luminosity range of our sample. To test whether our data could detect luminosity-
dependent clustering, we first assumed a monotonic L − Mh relation with no scatter.
In this scenario, the minimum halo mass of a quasar sample corresponds to the lowest-
luminosity objects. Using this model, we estimate the halo mass function at a given
redshift and divide it into three parts following the two binning schemes used to probe
luminosity dependence, allowing us to predict the expected bias in each luminosity bin.
This procedure implicitly assumes that the duty cycle is independent of halo mass.

For both binning schemes we begin by estimating the halo mass function at the
mean redshift of each redshift bin. We then determine the halo mass Mh,frac correspond-
ing to a given fraction of the cumulative halo mass function above the minimum halo
mass of the sample, Mh,min, using

frac =

∫∞
Mh,frac

dnh
dMh

dMh∫∞
Mh,min

dnh
dMh

dMh

, (5.9)

where dn/dM is the halo mass function, and frac is the fraction of the total sample
contained in each bin. For the ‘equal numbers’ luminosity split, we divide the area under
the halo mass function above Mh,min into three equal parts (terciles) within each redshift
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bin, corresponding to divisions at frac = 1/3 and frac = 2/3 for the most luminous
third and most luminous two-thirds of the sample, respectively. To reproduce the ‘same
boundaries’ luminosity split, we compute the fraction of quasars in each luminosity bin
within a given redshift bin and use these fractions as the input values for frac in Equation
5.9.

We apply Eq. 5.9 at each fraction boundary to obtain the halo mass limits Mh,frac

separating the bins, and use these as the integration limits to compute the expected
quasar bias in each bin:

bQ(Mh,max < Mh < Mh,min) =

∫Mh,max

Mh,min

dnh
dMh

b(Mh) dMh∫Mh,max

Mh,min

dnh
dMh

dMh

. (5.10)

Here,Mh,min andMh,max are replaced by the three mass ranges [Mh,min,Mh,2/3], [Mh,2/3,Mh,1/3],
and [Mh,1/3,∞] for the ‘equal numbers’ binning and [Mh,low,Mh,mid], [Mh,mid,Mh,high],
[Mh,high,∞] for the ‘same boundaries’ binning. Table 3 lists these boundaries for each
binning scheme. Figure 13 shows the predicted quasar bias for a perfectly monotonic
L − Mh relationship (solid lines) alongside the measured bias values (black squares).
These points are labeled σM = 0 to indicate that they are calculated from a model that
has a perfectly monotonic (zero scatter) relation between halo mass and luminosity. The
left panel corresponds to the ‘equal numbers’ luminosity bins and the right panel to the
‘same boundaries’ bins. Errors on the predicted bias are derived from the uncertain-
ties on the computed Mh,min values. The variation in predicted bias with luminosity is
clearly much greater than we measure.

A monotonic L−Mh relation is the simplest case to model; however, it is also pos-
sible that scatter exists in this relation. Scatter may arise from variations in Eddington
ratio (e.g. [79]), the black hole mass–galaxy mass relation (e.g. [80, 81]), and the stellar
mass-halo mass relation (e.g. [82, 83]). We model this scatter following the prescription
outlined in [76] where the probability that a quasar has luminosity L is

P (L|Mh)d lnL =
1√
2πσL

exp

[
− ln2(L/L0)

2σ2
L

]
d lnL, (5.11)

L0(Mh) is the central luminosity and σL is the scatter of the lognormal distribution.
Then the probability that a halo hosts a quasar above some limiting luminosity, Lmin, is

P (L > Lmin|Mh) =

∫ ∞

Lmin

P (L|Mh) d lnL. (5.12)

We assume that at most a fraction fon of halos host an active quasar, and that L0 ∝ Mα
h .

To add scatter to this L−Mh relation, we follow [76]

N(Mh) =
fon
2

erfc

[
lnMt/Mh√

2σM

]
, (5.13)

where N(Mh) is the mean number of quasars above Lmin in halos of mass Mh. Mt here
represents the halo mass at which L0(Mt) ≡ Lmin and σM = σL/α with α = 1. For
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Figure 13. Predicted quasar bias values for models with no scatter (solid line) and with scatter
σM = 1.0 (dashed line) compared to measured quasar bias values (black squares). The left
panel shows the results for the ‘equal numbers’ luminosity bins and the right panel for the ‘same
boundaries’ luminosity bins. The models have been shifted so the model matches the bQ value
for the ‘mid L’ point for visual clarity.

simplicity, and based on our results for the duty cycle measurements, we further assume
that the duty cycle is a constant rather than a function of halo mass. We then compute
the effective quasar bias at a given halo mass using

⟨b⟩ =
∫
dMh

dnh
dMh

bh(Mh)N(Mh)∫
dMh

dnh
dMh

N(Mh)
, (5.14)

where dnh/dMh is the (comoving) number density of halos per mass interval and bh(Mh)
is the bias associated with halos of that mass.

The dashed lines in Figure 13 show the predicted quasar bias values after adding
a scatter of σM = 1.0 (∼ 0.4 dex). Compared to the no-scatter case, we find that
adding scatter reduces both the range and the overall value of the predicted bias. This
is consistent with physical expectations: if there is a tight relation between L−Mh, then
only the rarest halos would host the highest luminosity quasars, producing higher bias
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log10Mh frac

∆z min mid max low L mid L high L

‘equal numbers’:

2.0− 2.3 12.13 12.25 12.44 0.33 0.33 0.33

2.3− 2.7 12.10 12.21 12.38 0.33 0.33 0.33

2.7− 3.1 12.06 12.16 12.32 0.33 0.33 0.33

3.1− 3.5 12.10 12.19 12.33 0.33 0.33 0.33

‘same boundaries’:

2.0− 2.3 12.13 12.39 12.87 0.60 0.34 0.05

2.3− 2.7 12.10 12.27 12.67 0.47 0.44 0.09

2.7− 3.1 12.06 12.15 12.48 0.30 0.54 0.16

3.1− 3.5 12.10 12.14 12.40 0.15 0.60 0.24

Table 3. Boundaries corresponding to the integration limits in Eq. 5.10 to match each of the
luminosity binning schemes. The Mh,min value is the minimum halo mass inferred from the
measured quasar bias for each redshift bin. For the ‘equal numbers’ binning, Mh,mid and Mh,max

are determined by dividing the area under the halo mass function (above Mh,min) into equal area
thirds. For the ‘same boundaries’ binning, Mh,mid and Mh,max are determined by dividing the
area under the curve into fractions to match the fraction of objects in each bin in the data. These
fractions are listed in the columns ‘low L frac’ which refers to the range [Mh,min to Mh,mid], ‘mid
L frac’ for the range [Mh,mid,Mh,max], and ‘high L frac’ for the range [Mh,max,∞], corresponding
to the three luminosity bins in our sample.

values. Scatter allows lower-mass halos to contribute, reducing the mean bias, especially
at high redshift where the halo mass function declines steeply; even a small contribution
from lower-mass halos has a large impact on the average bias. While the model with
L−Mh scatter produces a better match to the data, it nevertheless has a greater trend
with luminosity than the data.

We perform a χ2 test to test whether either model provides a sufficient description
of our data. We compute χ2 by comparing the measured bias bQ(zi, Li,j) to the model
prediction bQ,model(zi, σM i,j) in each (z, L) bin, weighting by the squared measurement
uncertainty,

χ2 =
∑
i,j

(bQ(zi, Li,j)− bQ,model(zi, σM i,j))
2

σ2
bQ(zi,Li,j)

.

The σM = 1.0 case is a slightly better match than σM = 0, although for both σM values
and both binning schemes the χ2 indicate extremely poor fits. The two cases we con-
sidered represent fairly extreme assumptions about the amount of scatter, yet neither
captures the trends seen in our measurements. This suggests that the relationship be-
tween quasar luminosity and host halo mass is likely more complicated than the simple
power-law form with slope α = 1 assumed in our model. If quasar luminosity is more fun-
damentally connected to stellar or black hole mass, then the nonlinear stellar mass–halo
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mass relation would naturally produce a non-power-law (or steeper power-law) mapping
between quasar luminosity and halo mass [84]. Consistent with this, recent empirical
modeling of high-redshift quasar clustering finds that the data prefer a steeper relation,
with a power law slope of γ ≳ 2 with very little scatter (σ ≲ 0.3 dex) for quasars at
z ∼ 4 [85]. This suggests that a more sophisticated treatment of the L − Mh relation
(e.g., adding redshift dependence to the model, or correlations with additional halo or
quasar properties) is necessary to fully explain the observed bias behavior. Both models
considered here assume that the quasar duty cycle is independent of halo mass over the
range probed by our sample, with the luminosity of an active system connected to halo
mass either with σM = 0.0 or σM = 1.0. If the duty cycle instead grows rapidly with
increasing halo mass, then the most luminous quasars could reside in just slightly more
massive halos, reducing the predicted luminosity dependence and improving agreement
with the DESI measurements. An additional consideration when interpreting the weak
luminosity dependence we are detecting, is that both redshift and luminosity are chal-
lenging to determine precisely. Measurement uncertainties can introduce scatter into
the redshift–luminosity relation, which would tend to wash out any intrinsic luminos-
ity dependence. At higher redshift, evolving or imperfect k-corrections may introduce
additional scatter, further suppressing the observed luminosity dependence.
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∆z z̄ ∆M1450 M̄1450 bQ χ2
red NQSO

Mh,min

(1012 h−1 M⊙)

M̄h

(1012 h−1 M⊙)

Full sample:

2.00− 3.50 2.477 [−19.94,−29.00] -23.64 3.61± 0.01 0.80 713706 1.192+0.018
−0.018 2.273+0.030

−0.030

Redshift subsamples:

2.00− 2.30 2.143 [−19.94,−28.19] -23.26 3.16± 0.02 0.86 284985 1.349+0.030
−0.030 2.700+0.053

−0.053

2.30− 2.70 2.479 [−19.95,−28.65] -23.66 3.66± 0.02 1.42 245546 1.257+0.031
−0.030 2.381+0.051

−0.051

2.70− 3.10 2.878 [−19.97,−28.92] -24.10 4.29± 0.05 0.92 128371 1.144+0.047
−0.045 2.049+0.073

−0.072

3.10− 3.50 3.264 [−20.06,−29.00] -24.50 5.20± 0.08 0.61 54804 1.257+0.075
−0.072 2.104+0.111

−0.108

Redshift-Luminosity subsamples (same boundaries):

2.00− 2.30 2.138 [−19.94,−23.43] -22.55 3.06± 0.03 1.37 171694 1.193+0.041
−0.040 2.427+0.074

−0.072

2.149 [−23.43,−25.18] -24.13 3.28± 0.05 1.08 97951 1.539+0.084
−0.081 3.028+0.144

−0.141

2.155 [−25.18,−28.19] -25.72 3.08± 0.27 1.27 15340 1.192+0.461
−0.371 2.418+0.802

−0.674

2.30− 2.70 2.467 [−19.95,−23.43] -22.75 3.48± 0.04 0.92 114894 1.060+0.054
−0.053 2.054+0.092

−0.090

2.487 [−23.43,−25.18] -24.16 3.68± 0.05 0.80 107353 1.262+0.067
−0.065 2.386+0.111

−0.108

2.500 [−25.18,−28.65] -25.78 4.01± 0.19 0.87 23299 1.704+0.311
−0.280 3.099+0.493

−0.453

2.70− 3.10 2.862 [−19.97,−23.43] -22.95 4.14± 0.11 0.97 38283 1.030+0.109
−0.102 1.871+0.174

−0.165

2.882 [−23.43,−25.18] -24.21 4.19± 0.07 1.11 69272 1.040+0.071
−0.068 1.881+0.113

−0.109

2.890 [−25.18,−28.92] -25.84 5.43± 0.19 1.29 20816 2.605+0.322
−0.300 4.234+0.460

−0.435

3.10− 3.50 3.239 [−20.06,−23.43] -23.11 5.40± 0.44 0.56 8480 1.498+0.473
−0.397 2.467+0.682

−0.590

3.264 [−23.43,−25.18] -24.29 4.95± 0.15 0.95 32922 1.049+0.120
−0.112 1.793+0.181

−0.171

3.279 [−25.18,−29.00] -25.89 6.03± 0.31 0.61 13402 2.069+0.384
−0.346 3.273+0.537

−0.492

Redshift-Luminosity subsamples (equal numbers):

2.00− 2.30 2.133 [−19.94,−22.68] -22.17 3.06± 0.04 1.68 96910 1.206+0.069
−0.067 2.453+0.123

−0.120

2.146 [−22.68,−23.68] -23.16 3.12± 0.04 0.60 96099 1.265+0.065
−0.063 2.551+0.115

−0.112

2.151 [−23.68,−28.19] -24.53 3.31± 0.05 1.64 91976 1.591+0.089
−0.086 3.117+0.152

−0.148

2.30− 2.70 2.462 [−19.95,−23.05] -22.55 3.45± 0.06 0.89 81764 1.032+0.077
−0.073 2.007+0.131

−0.126

2.482 [−23.05,−24.05] -23.53 3.66± 0.07 1.11 83092 1.251+0.088
−0.084 2.370+0.146

−0.141

2.493 [−24.05,−28.65] -24.90 3.73± 0.06 1.55 80690 1.321+0.079
−0.076 2.481+0.130

−0.126

2.70− 3.10 2.863 [−19.97,−23.53] -23.01 4.12± 0.11 1.31 42997 1.010+0.104
−0.098 1.840+0.167

−0.158

2.881 [−23.53,−24.48] -23.99 4.29± 0.12 0.68 42238 1.142+0.127
−0.118 2.044+0.199

−0.189

2.888 [−24.48,−28.92] -25.30 4.50± 0.12 1.40 43136 1.349+0.133
−0.125 2.366+0.205

−0.195

3.10− 3.50 3.248 [−20.06,−23.95] -23.43 5.12± 0.23 0.82 18175 1.221+0.211
−0.191 2.056+0.313

−0.288

3.267 [−23.95,−24.88] -24.41 4.69± 0.29 1.36 18190 0.853+0.211
−0.183 1.491+0.324

−0.288

3.277 [−24.88,−29.00] -25.65 5.31± 0.25 0.34 18439 1.326+0.233
−0.210 2.202+0.341

−0.314

Table 4. Quasar bias results for each of the different subsamples described in Section 2.3. We have listed the redshift
range ∆z, mean redshift z̄, luminosity range ∆M1450, quasar bias bQ, reduced chi-squared χ2

red (for 10 degrees of freedom),
the number of quasars NQSO for each subsample, and the minimum (Mh,min) and characteristic (M̄h) host halo masses.
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6 Conclusion

We measured the redshift-space quasar auto-correlation function using 713,706 quasars
from DESI DR2 over the redshift range 2.0 ≤ z ≤ 3.5. At z̄ = 2.48 we measured a quasar
bias of bQ = 3.61 ± 0.01. This value is consistent with previous results at this redshift,
although is about an order of magnitude more precise than pre-DESI measurements due
to the substantial increase in sample size.

Our measurements demonstrate that the strong evolution of the quasar bias with
redshift is very well fit by a functional form bQ(z) = a

[
(1 + z)2 − 6.565

]
+ b with a =

0.230±0.007 and b = 2.394±0.035. We inferred the masses of the host dark matter halos
from the bias evolution and found that quasars are hosted by halos in a narrow mass
range around Mh ∼ 1012 h−1M⊙, with not much variation with redshift. We combined
the minimum halo mass and the measured quasar space density to estimate the quasar
duty cycle, which is defined to be the fraction of halos that host active quasars in a given
redshift and luminosity range. The result is that these quasars have a very low duty
cycle, with fduty ∼ 10−2, and the duty cycle remains nearly constant with redshift. This
is consistent with models in which quasars are a relatively short-lived phase of their host
halos.

We employed the much larger sample of DESI quasars, which also has a larger
dynamic range in luminosity, to re-examine the evidence for luminosity-dependent quasar
clustering. We divided the sample into luminosity bins at each redshift with two binning
schemes and found small but statistically significant evidence for luminosity-dependent
clustering. Specifically, we fit bQ(z,M1450) = a[(1 + z)2 − 6.565] + b − m(M1450 + 24)
and found m ∼ 0.1− 0.2 at > 4.8σ significance for both binning schemes. Additionally,
we compared the bias vs. luminosity in each redshift bin relative to the mean bias for
that redshift with a pull distribution. The χ2 test of the pull variance yielded p ≪ 0.05,
which rules out the hypothesis of a redshift-only model. We also performed a linear fit to
the pull values and found slopes deviating from zero at > 4σ for both binning schemes.

Some models of quasar clustering (e.g. [13, 14]) explored the implications of a mono-
tonic L −Mh relation. While we see mild evidence for luminosity dependence, the ob-
servations rule out the significant luminosity-dependent clustering predicted by these
simple models. It is more physical to assume that there is some scatter in the L−Mh re-
lation, as there is scatter between quasar luminosity and black hole mass, between black
hole mass and galaxy mass, and between galaxy mass and halo mass. We therefore
added log-normal scatter with σM = 1 following the prescription in [76]. This provides
a better, although still not adequate fit to the data. The data may be a better match to
models motivated by hydrodynamical simulations in which quasars undergo substantial
luminosity evolution during their lifetime such that they only spend a small fraction of
their luminous phase near their peak luminosity (e.g. [86, 87]). In this scenario, which
was developed in detail by [30], the most luminous quasars are the most massive halos
with the most massive black holes radiating near Eddington, yet they spend the majority
of their luminous phase at lower luminosities, and the vast majority of bright and faint
quasars are in similar mass halos. We defer a detailed comparison to such models to
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future work. The precise measurements of luminosity-dependent clustering here offer a
clear target for such models.

In addition to models with more realistic luminosity evolution scenarios, studies of
quasar clustering at smaller scales using halo occupation distribution (HOD) modeling
could further illuminate how quasars are connected to the underlying halo population and
provide a clearer picture of how quasars are triggered in halos and evolve over time. The
mechanisms behind quasar triggering remain uncertain, and potential measurements of
quantities such as central vs. satellite duty cycles may lead to new insights from small-
scale clustering measurements (e.g. [88]). HOD modeling will also aid the creation of
more realistic mock catalogs for future cosmological studies that use quasars as large-
scale structure tracers.

The third DESI data release, which will include the first five years of data collection,
will have approximately a million quasars at 2.0 < z < 3.5, and the final eight-year
dataset should be on order 20% larger. The proposed DESI-II survey [89] will further
expand the sample, in particular by increasing the dynamic range in luminosity by
targeting fainter quasars and better small-scale clustering information through more
passes over the survey area and a higher surface density of targets. DESI-II also plans
to observe a large sample of Lyman Break Galaxies and Lyman-Alpha Emitters at similar
redshifts. That data could be used to explore an even larger dynamic range in luminosity
through cross-correlation studies with galaxies (e.g. [90]).

7 Data Availability

The data used in this work will be made public as part of DESI Data Release 2 (details
at https://data.desi.lbl.gov/doc/releases/). The data points corresponding to
the figures are available at https://doi.org/10.5281/zenodo.20722125.

A Robustness of measurements to fit range

In this Appendix we demonstrate the robustness of our quasar bias measurements to the
choice of fitting range used for the quasar autocorrelation function. In addition to our
baseline fit range of 10−80h−1Mpc, we compute the quasar bias using three alternative
ranges: 10− 50h−1Mpc, 50− 80h−1Mpc, and 20− 80h−1Mpc.

We consider the 10 − 50h−1Mpc range because it lies between the scales used in
[24], who fit over 4 − 25h−1Mpc, and [22], who fit over 10 − 85h−1Mpc. Bault et
al. [91] found that redshift uncertainties contribute an effective velocity dispersion of
σv ∼ 5 − 8h−1Mpc across our sample’s redshift range, potentially affecting clustering
measurements near our lower fitting bound of 10h−1Mpc. The 50 − 80h−1Mpc and
20−80h−1Mpc ranges were therefore chosen to test for possible systematic effects arising
from nonlinear clustering and redshift uncertainties that primarily impact smaller scales.

We compute the quasar bias for the full sample and the individual redshift bins using
these alternate fitting ranges. Table 5 shows the resulting quasar bias measurements.
Figure 14 shows the ratio of the measured autocorrelation function to the best-fit Kaiser
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∆z 10− 50h−1Mpc 50− 80h−1Mpc 20− 80h−1Mpc

bQ χ2
red bQ χ2

red bQ χ2
red

Full sample:

2.0− 3.5 3.60± 0.01 0.86 3.60± 0.10 0.55 3.64± 0.03 0.74

Redshift subsamples:

2.0− 2.3 3.16± 0.02 1.12 3.01± 0.14 0.18 3.17± 0.04 0.53

2.3− 2.7 3.65± 0.02 1.63 3.69± 0.16 1.81 3.67± 0.05 1.41

2.7− 3.1 4.28± 0.05 0.97 4.86± 0.27 0.18 4.49± 0.08 0.62

3.1− 3.5 5.18± 0.09 0.50 5.63± 0.51 0.75 5.18± 0.17 0.87

Table 5. Quasar bias values and the corresponding χ2
red values for the fit ranges 10−50h−1 Mpc

(7 degrees of freedom), 50− 80h−1 Mpc (2 degrees of freedom), and 20− 80h−1 Mpc (6 degrees
of freedom).

model for the four fitting ranges in each redshift bin. The model is evaluated at the mean
redshift of each sample. For the full sample, the bias measurements obtained from all four
fitting ranges are highly consistent. The redshift binned samples are consistent within
1σ across all fitting ranges, except for the z = 2.3 − 2.7 bin, where the measurements
obtained using the 50 − 80h−1Mpc and 20 − 80h−1Mpc ranges are consistent within
2σ. Figure 15 shows the quasar bias measurements as a function of redshift for the
alternative fitting ranges. Overall, we find that restricting the fit to larger scales yields
largely consistent bias measurements, demonstrating that our results are robust to the
choice of fitting range.

We further tested how these different fitting ranges would impact our ability to
measure luminosity dependence. For both the 10 − 80h−1Mpc and 10 − 50h−1Mpc
fitting ranges, we find consistent evidence for luminosity dependence of quasar bias at
> 4σ significance. For the 20− 80h−1Mpc fitting range, the ‘same boundaries’ binning
scheme yields a significance of ∼ 4σ, however, the ‘equal numbers’ binning gives a lower-
significance detection of luminosity dependence, at only ∼ 1− 2σ. The 50− 80h−1Mpc
fitting range yields a much lower significance (< 1.5σ) for both binning schemes. The
lack of significant evidence for luminosity dependence in this 50 − 80h−1Mpc fitting
range is consistent with the reduced statistical constraining power when the analysis is
restricted to larger scales, where the clustering signal is weaker and the fit is based on
fewer data points. This result is consistent with [73], who found that detecting luminosity
dependence requires both high measurement precision and a sample with a sufficiently
broad luminosity range. Quasar HOD studies and improved characterizations of redshift
errors will be particularly useful for extending the analysis to smaller scales, where the
luminosity dependence may be more tightly constrained.
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Figure 14. Fractional difference of the quasar auto correlation function compared to the kaiser
model fit over three different regions. Each panel corresponds to one of the four redshift bins.
The 10− 80 h−1 Mpc and 10− 50 h−1 Mpc fits are nearly identical in all redshift bins.

B Systematic error estimation

To estimate the systematic errors that come from our methodological assumptions, such
as the chosen fitting range and use of the combined NGC + SGC (GCcomb) regions for
our measurements, we varied each of these choices and compared the resulting quasar
bias measurements. We compute ∆bQ which is defined as the difference between our
fiducial choices (10− 80h−1Mpc fitting range and using the combined GCcomb region)
and each of our chosen variations. The variations we include to compare the clustering
in different regions are NGC alone and SGC alone, each compared to the bias measured
for the combined GCcomb region. Generally, we find that the clustering is similar
in the NGC and SGC, with the exception of the lowest redshift bin where there is a
∼ 1.7σ difference between the clustering in the SGC and the GCcomb region. We
also compare the bias measured from our 10 − 80h−1Mpc fit range to the bias from
20 − 80h−1Mpc to include any variations in our fit that come from nonlinear effects
around 10h−1Mpc. The bias measurements and the corresponding reduced chi-squared
values for the 20− 80h−1Mpc fitting range is shown in Table 5, and Table 6 shows the
results for the NGC and SGC regions.

To determine the systematic error contribution from the region of sky used, we
compute the difference in the quasar bias measured in each of the NGC and SGC regions
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Figure 15. Quasar bias as a function of redshift for the four fit regions. The 10−80h−1 Mpc fit
(black squares) is nearly identical to the 10−50h−1 Mpc fit (pink squares) and the 20−80h−1 Mpc
fit (yellow squares). The quasar bias determined from the 50 − 80 h−1 Mpc fit (blue squares)
deviates slightly more from the results from the other fits, especially at higher redshift.

∆z NGC SGC

bQ χ2
red bQ χ2

red

Full sample:

2.0− 3.5 3.59± 0.02 0.57 3.62± 0.02 0.30

Redshift subsamples:

2.0− 2.3 3.13± 0.02 0.77 3.22± 0.03 0.65

2.3− 2.7 3.67± 0.03 0.94 3.61± 0.04 0.75

2.7− 3.1 4.26± 0.05 0.76 4.32± 0.07 1.35

3.1− 3.5 5.11± 0.11 1.02 5.26± 0.14 0.89

Table 6. Quasar bias measurements and the corresponding reduced chi squared values for NGC
only and SGC only using the fit range 10− 80h−1 Mpc. For both the NGC and SGC fits there
are 10 degrees of freedom. The results for the 20− 80h−1 Mpc fit range are shown in Table 5.
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to that from the combined GCcomb region,

∆bQ,NGC = bQ,NGC − bQ,GCcomb (B.1)

∆bQ,SGC = bQ,SGC − bQ,GCcomb. (B.2)

We then combine these differences to determine σregion,

σregion =

√
∆b2Q,NGC +∆b2Q,SGC

2
. (B.3)

We estimate the systematic uncertainty associated with the choice of fitting range,
which includes effects from nonlinearities on small scales, by computing the difference
between the measured quasar bias using our fiducial fitting range of 10− 80h−1Mpc to
the variation 20− 80h−1Mpc,

σfit = ∆bQ,(20−80h−1 Mpc) = bQ,(20−80h−1 Mpc) − bQ,(10−80h−1 Mpc). (B.4)

The final uncertainty on the quasar bias measurements is then obtained by adding the
systematic uncertainties σregion and σfit, in quadrature with the original statistical un-
certainties. When combined with our statistical errors, we find that the systematic error
increases the uncertainty on our measurements by a factor of ∼ 1.4− 5.9×.
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[80] N. Häring and H.-W. Rix, On the Black Hole Mass-Bulge Mass Relation, Astrophys. J.
Let. 604 (2004) L89 [astro-ph/0402376].

– 40 –

https://doi.org/10.1086/305209
https://doi.org/10.1086/305209
https://arxiv.org/abs/astro-ph/9707106
https://doi.org/10.1046/j.1365-8711.2000.03779.x
https://doi.org/10.1046/j.1365-8711.2000.03779.x
https://arxiv.org/abs/astro-ph/0005010
https://doi.org/10.1086/341469
https://arxiv.org/abs/astro-ph/0109001
https://doi.org/10.1086/466510
https://arxiv.org/abs/astro-ph/0408564
https://doi.org/10.1086/498235
https://arxiv.org/abs/astro-ph/0504535
https://doi.org/10.1086/511519
https://doi.org/10.1086/506525
https://arxiv.org/abs/astro-ph/0601558
https://doi.org/10.1093/mnras/282.2.347
https://arxiv.org/abs/astro-ph/9512127
https://doi.org/10.1111/j.1365-2966.2008.13817.x
https://doi.org/10.1111/j.1365-2966.2008.13817.x
https://arxiv.org/abs/0711.4109
https://doi.org/10.1111/j.1365-2966.2010.16801.x
https://doi.org/10.1111/j.1365-2966.2010.16801.x
https://arxiv.org/abs/1004.1173
https://doi.org/10.3847/1538-4365/aaee8c
https://arxiv.org/abs/1712.04512
https://doi.org/10.1086/505646
https://arxiv.org/abs/astro-ph/0508657
https://doi.org/10.1086/383567
https://doi.org/10.1086/383567
https://arxiv.org/abs/astro-ph/0402376


[81] P.F. Hopkins, A. Lidz, L. Hernquist, A.L. Coil, A.D. Myers, T.J. Cox et al., The
Co-Formation of Spheroids and Quasars Traced in their Clustering, ApJ 662 (2007) 110
[astro-ph/0611792].

[82] P.S. Behroozi, C. Conroy and R.H. Wechsler, A Comprehensive Analysis of Uncertainties
Affecting the Stellar Mass-Halo Mass Relation for 0 ¡ z ¡ 4, ApJ 717 (2010) 379
[1001.0015].

[83] J.L. Tinker, J.R. Brownstein, H. Guo, A. Leauthaud, C. Maraston, K. Masters et al., The
Correlation between Halo Mass and Stellar Mass for the Most Massive Galaxies in the
Universe, ApJ 839 (2017) 121 [1607.04678].

[84] C. Conroy and M. White, A Simple Model for Quasar Demographics, ApJ 762 (2013) 70
[1208.3198].

[85] E. Pizzati, J.F. Hennawi, J. Schaye and M. Schaller, Revisiting the extreme clustering of z
≈ 4 quasars with large volume cosmological simulations, Monthly Notices of the Royal
Astronomical Society 528 (2024) 4466–4489.

[86] T. Di Matteo, V. Springel and L. Hernquist, Energy input from quasars regulates the
growth and activity of black holes and their host galaxies, Nature 433 (2005) 604
[astro-ph/0502199].

[87] P.F. Hopkins, L. Hernquist, P. Martini, T.J. Cox, B. Robertson, T. Di Matteo et al., A
Physical Model for the Origin of Quasar Lifetimes, Astrophys. J. Let. 625 (2005) L71
[astro-ph/0502241].

[88] Y. Shen, J.F. Hennawi, F. Shankar, A.D. Myers, M.A. Strauss, S.G. Djorgovski et al.,
Binary quasars at high redshift. ii. sub-mpc clustering at z ∼ 3− 4, The Astrophysical
Journal 719 (2010) 1693–1698.

[89] D.J. Schlegel, S. Ferraro, G. Aldering, C. Baltay, S. BenZvi, R. Besuner et al., A
Spectroscopic Road Map for Cosmic Frontier: DESI, DESI-II, Stage-5, arXiv e-prints
(2022) arXiv:2209.03585 [2209.03585].

[90] K.L. Adelberger and C.C. Steidel, A Possible Correlation between the Luminosities and
Lifetimes of Active Galactic Nuclei, ApJ 630 (2005) 50 [astro-ph/0505210].

[91] A. Bault, D. Kirkby, J. Guy, A. Brodzeller, J. Aguilar, S. Ahlen et al., Impact of
systematic redshift errors on the cross-correlation of the Lyman-α forest with quasars at
small scales using DESI Early Data, JCAP 2025 (2025) 130 [2402.18009].

– 41 –

https://doi.org/10.1086/517512
https://arxiv.org/abs/astro-ph/0611792
https://doi.org/10.1088/0004-637X/717/1/379
https://arxiv.org/abs/1001.0015
https://doi.org/10.3847/1538-4357/aa6845
https://arxiv.org/abs/1607.04678
https://doi.org/10.1088/0004-637X/762/2/70
https://arxiv.org/abs/1208.3198
https://doi.org/10.1093/mnras/stae329
https://doi.org/10.1093/mnras/stae329
https://doi.org/10.1038/nature03335
https://arxiv.org/abs/astro-ph/0502199
https://doi.org/10.1086/431146
https://arxiv.org/abs/astro-ph/0502241
https://doi.org/10.1088/0004-637x/719/2/1693
https://doi.org/10.1088/0004-637x/719/2/1693
https://doi.org/10.48550/arXiv.2209.03585
https://doi.org/10.48550/arXiv.2209.03585
https://arxiv.org/abs/2209.03585
https://doi.org/10.1086/431789
https://arxiv.org/abs/astro-ph/0505210
https://doi.org/10.1088/1475-7516/2025/01/130
https://arxiv.org/abs/2402.18009

	Introduction
	Data
	DESI data
	DESI quasar catalog
	Data splits

	Clustering measurements
	Two-point correlation function
	Redshift-space correlation function and quasar bias

	Clustering results
	Redshift evolution of quasar clustering
	Luminosity dependence of quasar clustering

	Halo masses and duty cycles
	Halo masses
	Quasar duty cycle
	Simple models

	Conclusion
	Data Availability
	Robustness of measurements to fit range
	Systematic error estimation

