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ABSTRACT

Aims. Quasars can be used as suitable tracers of the large-scale distribution of galaxies at high redshift given their high luminosity
and dedicated surveys. Previous studies have shown that quasars have a bias similar to that of rich groups. Following this argument,
quasar pairs could be associated with higher-density environments serving as protocluster proxies.
Methods. In this work, our aim is to characterize close quasar pairs residing in the same halo. This is accomplished by identifying
quasar pairs in redshift space. We analyze pair-quasar cross correlations, as well as cosmic microwave background (CMB)-derived
lensing convergence profiles centered on quasar and quasar pairs.
Results. We identified quasar pairs in the SDSS-DR16 catalog as objects with relative velocities within |∆V | ≤ 900 km/s and projected
separation less than dp ≤ 2 Mpc, in the redshift range 1.2 ≤ z ≤ 2.8. We computed redshift-space cross-correlation functions using
Landy-Szalay estimators for the samples. For the analysis of the correlation between quasars or quasar pairs and the underlying
mass distribution, we calculated mean radial profiles of the lensing convergence parameter using CMB data provided by the Planck
Collaboration.
Conclusions. We identified 2777 pairs of quasars in the redshift range 1.2–2.8. Quasar pairs show a distribution of relative luminosities
that differs from that found in two pairs selected at random with the same redshift distribution, indicating that quasars in these systems
distinguish themselves from isolated ones. The cross-correlation between pairs and quasars shows a larger correlation amplitude than
the autocorrelation function of quasars, indicating that these systems are more strongly biased with respect to the large-scale mass
distribution and reside in more massive halos. This is reinforced by the higher convergence CMB lensing profiles of the pairs compared
to isolated quasars with a similar redshift distribution. Our results show that quasar pairs are suitable precursors of present-day clusters
of galaxies, in contrast to isolated quasars, which are associated with more moderate density environments.
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1. Introduction

Studies of the formation and evolution of structures in the Uni-
verse have made important recent advances through large galaxy
surveys. Among the several new data sets, the Sloan Digital Sky
Survey (SDSS) has made major contributions through the iden-
tification and redshift measurements of galaxies and quasars,
building homogeneous samples suitable for large-scale studies
Lyke et al. (2020).

The high luminosity of quasars makes them ideal tracers
of structure in the distant Universe, and several studies have
analyzed the autocorrelation function in redshift space, which
allows for an estimate of the bias of these systems with respect
to the mass distribution (Porciani et al. 2004; White et al. 2012,
and references therein). The results show that the correlation
function amplitude is consistent with rich groups of galaxies,
which aligns with expectations from numerical simulation mod-
els. In addition, these studies have shown a lack of luminosity
dependence of the correlation function on quasar luminosity,
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which is in contrast to what is found for galaxies, where a
strong dependence of clustering amplitude on galaxy luminosity
is observed (Zehavi et al. 2011). This independence of cluster-
ing strength on quasar luminosity is not surprising, since quasar
luminosity is associated with accretion onto the central black
hole, a relatively stochastic process that is relatively independent
of the global environment of the quasar host, whereas in galax-
ies, luminosity produced by stars provides a reliable proxy for
galaxy mass according to simulations Alberts & Noble (2022).

In this context, exploration of the distribution of quasar sys-
tems and their association with mass may shed new light on the
joint formation and evolution of quasars and structure. The rel-
atively low number density of quasars allows quasar pairs to be
considered as suitable systems for statistical studies, as the num-
ber of systems with high membership declines sharply.

In this work, we identify quasar pairs from SDSS DR16
(Lyke et al. 2020) with suitable relative separations and radial
velocities. We adopt a maximum projected distance of dp ≤

2 Mpc and relative velocities within |∆V | ≤ 900 km/s as rea-
sonable limits for the identification of physical pairs, with a high
probability of residing in the same halo. Our final sample of 2777
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quasar pairs is suitable for statistical studies involving both the
correlation function and cosmic microwave background (CMB)
convergence lensing maps. The selection criteria for the quasar
samples are detailed in Section 2. The statistical methodologies
employed to compute the autocorrelation of the quasar sample
are outlined in Section 3. The quasar catalog, specifically for the
quasar pairs, is provided in Section 4. Section 5 focuses on the
characterization of luminosity and color-color maps. Section 6
presents the cross-correlation functions, while the results per-
taining to the studies on CMB convergence lensing are discussed
in Section 7.

2. Quasar catalog and subsample

The Sloan Digital Sky Survey (SDSS) is a comprehensive mul-
tispectral imaging and spectroscopic redshift survey, utilizing
a 2.5-meter wide-angle optical telescope in conjunction with
two distinct multi-fiber spectrographs, all situated in New Mex-
ico. One of the most recent catalogs, SDSS DR16, has success-
fully confirmed the detection of approximately 750 414 quasars,
achieved with a spectral resolution of R = λ

∆λ
' 2000 Lyke et al.

(2020). The catalog spans a significant portion of cosmic his-
tory, 0 < z < 7.5, and covers approximately 14 555 deg2 of the
sky (see Fig. 1). The absolute magnitude in the I band, it spans
a large interval, −30 < MI < −23. The SDSS DR16 encom-
passes three distinct target fields: the Southern Stripe, the North-
ern Galactic Cap, and the Equatorial Stripe. Each of these areas
was selected to maximize survey coverage and provide a com-
prehensive understanding of the quasar population across the sky
Lyke et al. (2020).

To enhance the detection of quasar pairs within the SDSS
DR16 catalog, we constructed a sample focused on a more
restricted redshift window of 1.2 ≤ z ≤ 2.8. The distribution
of quasars as a function of the redshift is shown in Fig. 1. The
analysis includes 147 325 quasars, which corresponds to approx-
imately 66% of the entire SDSS DR16 catalog1. There are sev-
eral compelling reasons to focus on the previously mentioned
redshift window. We outline a series of justifications grounded in
theoretical frameworks and numerical analyses based on various
catalogs used in the existing literature. This interval corresponds
to a pivotal epoch in the Universe’s history, approximately 10–
12 billion years ago-a critical period for unraveling the processes
underpinning galaxy formation and the evolution of supermas-
sive black holes (SMBHs). During this period, the Universe
underwent significant growth and activity, making it an ideal
time to explore the early stages of quasar formation. It was
proposed long ago that SMBHs originate from the collapse of
massive gas clouds in the early Universe. The energy released
during the accretion process plays a crucial role in galaxy evo-
lution, highlighting the importance of feedback mechanisms in
regulating star formation within galaxies Silk & Rees (1998).

Subsequently, the connection between black hole mass and
the velocity dispersion of the host galaxy bulge-known as the
MBH − σ relation-has been essential in showing that black hole
growth is closely tied to the evolution of its host bulge. This
relationship has been studied extensively in the context of hierar-
chical galaxy formation models, further illustrating the intercon-
nectedness of these cosmic processes Haehnelt & Kauffmann
(2000), Merloni & Heinz (2007). The coevolution of SMBHs
and their host galaxies often results from significant mergers
between galaxies, which produce feedback that affects both

1 https://www.sdss4.org/dr16/algorithms/qso_catalog

Fig. 1. Top panel: Projection of the 3D map representation of quasars
from the SDSS DR16Q catalog; the color bar indicates the redshifts of
each quasar. Bottom panel: Redshift distribution of the quasars, nor-
malized by the total number of objects in the sample. The median of
this distribution is marked by a distinct point for clarity. The subsample
within the redshift range z ∈ [1.2, 2.8] is highlighted by vertical lines.

the black hole and the galaxy itself Kormendy & Ho (2013),
Harrison et al. (2018).

Using the gravitational lensing effect, where light from a
distant quasar is bent by the gravitational field of a foreground
galaxy, researchers have greatly improved our understanding of
the properties of both quasars and their host galaxies across dif-
ferent epochs, particularly within the redshift range 1 ≤ z ≤
4.5. Analysis of 31 gravitationally lensed active galactic nuclei
(AGNs) and 20 non-lensed AGNs demonstrates the stability of
the relationship between black hole mass and luminosity in the
R band, represented by the MBH − LR relation, over cosmic time
for z ≤ 1.7 Peng et al. (2006).

Additionally, a study of 11 X-ray-selected broad-line AGNs
with redshifts from 1 ≤ z ≤ 2 suggested that black holes
in the mass range of 108−9 M� likely formed before their host
galaxies were established Bennert et al. (2011). These findings
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collectively highlight the complex relationship between SMBHs
and their host galaxies, reinforcing the idea that the co-evolution
of these systems is deeply interconnected throughout cosmic his-
tory Kormendy & Ho (2013), Harrison et al. (2018). Analysis of
galaxy formation models that include AGN feedback has shown
that quasars are often found in low-mass dark matter halos,
typically on the order of 1012 M� Fanidakis et al. (2013). This
finding suggests that these environments represent the average
conditions in the low-redshift universe (z ≤ 3).

Another important aspect of quasars is how their number
density changes with redshift, which is described by the quasar
luminosity function (QLF). The QLF measures the number den-
sity of quasars per unit of luminosity and is usually expressed
as a double power law, featuring a luminosity break, L?. This
framework distinguishes two scenarios: in luminosity evolu-
tion, the luminosity varies over time while the number density
remains constant, whereas in density evolution, the number den-
sity changes while the luminosity of individual quasars remains
stable Richards et al. (2006). Measuring the QLF is crucial for
understanding the evolution of SMBHs and for placing con-
straints on various cosmic backgrounds Ross et al. (2013). A
detailed analysis of the QLF was carried out using the SDSS-III
DR9 catalog, which includes 22 301 quasars across an area of
2236 deg2. The catalog provides spectroscopic redshift measure-
ments in the range z ∈ [2.2, 3.5] and incorporates K-corrections
for accurate luminosity assessments. The results confirmed the
double power-law relationship in the range z ∈ [0.3, 2.2]], but
also identified a clear break in this relationship around z = 2,
with MI(z = 2) = −24.5. For z ≥ 2.2, they found a log-
linear trend in quasar luminosity amplitude and break luminosity
Ross et al. (2013).

By combining data from the SDSS and 2dFQSO surveys,
researchers examined the clustering properties of quasars up
to redshift z = 5, calculating the two-point projected correla-
tion function for quasars within r < 20 h−1 Mpc. Their analysis
indicated a halo mass of approximately 1013 M�, with a slight
increase observed with redshift. Additionally, when considering
the fraction of halos hosting active quasars, the typical lifetime
of quasars at high redshift (z > 1) is estimated to be around
tQ ' 108 yr Porciani et al. (2004).

In addition to the previously discussed reasons for select-
ing a redshift window between 1.2 and 2.8, another signif-
icant factor concerns the completeness of the quasar sample
Schneider et al. (2003), Pâris et al. (2012), Lyke et al. (2020).
The initial releases of the SDSS DRII quasar catalog, which
contained only 16 713 objects and covered an area of 1360 deg2

across the redshift interval z ∈ [0.08, 5.41], highlighted the
need for completeness in the sample. To achieve reliable iden-
tification of quasars, robust selection criteria based on bright-
ness, magnitude, and color, along with multi-color imaging
systems, were implemented by the SDSS collaboration. This
approach effectively differentiated quasars from stars and galax-
ies Schneider et al. (2003). Significant improvements were intro-
duced in the SDSS DR12 quasar catalog, which incorporated
photometric detections across five bands with a typical accu-
racy of 0.03 mag, as well as spectroscopic redshift measurements
obtained by analyzing strong emission lines from carbon and
magnesium Pâris et al. (2012). The deep-scan capabilities of the
survey allowed it to reach specific magnitude thresholds, ensur-
ing that quasars at higher redshifts (z > 2.1) remained detectable
and leading to the discovery of 297 301 quasars over 9376 deg2.
Spectroscopic follow-up was conducted after the initial photo-
metric identification, confirming both the quasar nature and the
redshift measurements. The expanded survey volume increased

the likelihood of finding quasars, thereby improving the com-
pleteness of the sample Pâris et al. (2012). These elements and
analyses collectively contribute to a better understanding of the
completeness and potential selection effects that may influence
the observed distribution of quasars. For example, the typical
completeness value for quasars in the SDSS DR16 catalog is
approximately 99.8%, with a contamination rate below 1.3%
Lyke et al. (2020). In summary, we began our analysis in the red-
shift range [2.2, 2.8], where the SDSS DR16 catalog is reason-
ably complete. We then extended our study to lower redshifts,
starting at z = 1.2. This choice provides a broader perspec-
tive, as the catalog becomes increasingly incomplete at redshifts
above 2.8. Our main goal is to investigate how redshift evolution
unfolds within this context. This redshift range is also adopted
in other observational studies. At cosmic noon, a cross-match
between Gaia EDR3 and SDSS DR16 data enabled the detec-
tion of quasar pairs with angular separations between 0.3′′ to
3′′ at redshifts greater than 1.5 (cf. Chen et al. (2023) and refer-
ence therein). Additionally, the joint analysis of the James Webb
Space Telescope/Near-Infrared Spectrograph integral field unit
and Gaia identification led to the discovery of an SMBH pair
at a redshift of z = 2.17, separated by 3.8 kpc Ishikawa et al.
(2025).

3. Two-point correlation function analysis for the
subsample

The gravitational processes that dictate the formation and evo-
lution of cosmic structures are elegantly encoded in the correla-
tion function of galaxies. Moreover, the correlation function of
quasar distributions plays a crucial role, since quasars serve as
exceptional tracers of large-scale structures, particularly at high
redshifts (z > 1) Shen et al. (2009), Laurent et al. (2017). Their
unique properties allow exploration of the gravitational dynam-
ics that govern the evolution of the Universe, providing valu-
able insights that complement the analyses of galaxy clustering
Song et al. (2016).

We began our investigation with an exploratory analysis of
the data drawn from the SDSS DR16 catalog Lyke et al. (2020).
We applied a series of cuts based on the absolute magnitude in
the I band across the sample. Data are represented according
to the relationship |M|I(z) = |M|0 + 1.8(z − 0.8), where |M|0 ∈
[|M|min, |M|max]. Here, the lower and upper limits of each band
are defined as |M|min = 18 + n, |M|max = |M|min + 1, where 1 ≤
n ≤ 10 (see Fig. 2). This methodology enables us to identify
any gradients present in the quasar data, which is crucial for the
subsequent construction of the (weighted) random data set.

Next, we carried out numerical computation of the two-point
correlation function (2PCF), using the capabilities of the cor-
rfunc package Sinha & Garrison (2020). The corrfunc package2

enabled us to investigate the intricacies of the correlation func-
tion, specifically by examining the autocorrelation properties
and the coherence length associated with our selected subsam-
ple. Through this analysis, we aimed to elucidate the power-
law behavior that emerges within the linear regime White et al.
(2012). To facilitate this exploration, we began by constructing
a random catalog that mirrors the redshift interval of our orig-
inal data set. The random catalog served as a crucial reference
point, enabling us to compare the observed correlations with
those expected from a uniformly distributed sample.

For a resolution of Nside = 32, we constructed a mask
to accurately mimic the distribution of quasars across the
2 https://github.com/manodeep/Corrfunc
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Fig. 2. Absolute magnitude across the redshift range. The magnitude
bands are defined according to the relationship |M|I(z) = |M|0 + 1.8(z −
0.8).

Fig. 3. Top panel: Mask used to generate a random map at a resolution of
Nside = 32, incorporating a smoothing factor of θs = 4◦. Bottom panel:
The yellow region represents the dataset points, while the green region
highlights the random points generated using the probability density
function alongside the smoothing mask. The overlap between both sets
indicates a strong level of concordance.

celestial sphere. To achieve this, we used the Healpix pack-
age3 Górski et al. (2005), where Nside = 32 is represented by
12 288 pixels. The procedure was as follows. We constructed
a smoothed and weighted map designed for quasars to popu-
late the random catalog, accounting for the gradient in the data
Lyke et al. (2020). The latter smoothed map serves as a proba-

3 https://healpix.sourceforge.io

bility density function (PDF). The process began by generating
random right ascension (RA) and declination (Dec) coordinates.
We then checked the compatibility of these random coordinates
with the smoothed map. We also ensured that each point fell
within the designated mask; thus, points are more likely to be
accepted into the random catalog if they are generated in regions
with a high density of quasars. We evaluated the probability of
the normalized weighted map at these coordinates and compared
it with a randomly generated filter value between 0 and 1. If the
filter value exceeded the probability at the selected RA and Dec
coordinates, the process was restarted from the previous step.
Otherwise, we accepted and saved the random RA and Dec. The
key aspect of our approach was the use of a probabilistic map
instead of computing a PDF. In doing so, we ensured that the
random RA and Dec points were concentrated in areas where
quasars are more prevalent, resulting in a catalog that accurately
reflects the spatial distribution of the original dataset. In Fig. 3,
we present the distribution of quasars across the celestial sphere
alongside its corresponding mask based on this procedure. We
also verified that the distribution of the random data in redshift
mirrored the trends observed in the original data sample. The
comparison ensured that our randomization process preserves
the underlying characteristics of the redshift distribution, allow-
ing a confident assessment of the significance of our findings.

To compute the correlation function in the redshift space
using the corrfunc package Sinha & Garrison (2020), we used
the Landy-Szalay estimator Landy & Szalay (1993), which pro-
vides minimal variance,

ξ(s) =
DD − 2DR + RR

RR
, (1)

where DD denotes the number of distinct data pairs, RR the
number of different random pairs, and DR is the number of
cross-pairs between the real and random catalogs within the
same distance bin. The estimator Landy-Szalay Landy & Szalay
(1993) proved advantageous because it effectively managed
edge effects, allowing appropriate consideration of missing data
beyond the sampled region, which may have irregular bound-
aries. In Fig. 4, we show the 2PCF obtained using the previously
constructed random set.

We applied the Bootstrap method to estimate errors directly
from the calculated correlation function Norberg et al. (2009),
Mohammad & Percival (2022). Specifically, we divided the sur-
vey into Ns subsamples and performed a random resampling
with replacement to create Ns bootstrap samples. For each boot-
strap sample, we computed the correlation function based on the
resampled data. The covariance matrix Ci j between two esti-
mates ξi and ξ j at different bin values si and s j is given by
Norberg et al. (2009), Mohammad & Percival (2022)

Ci j =
Ns − 1

Ns

Ns∑
k=1

(
ξ(k)

i − 〈ξi〉
)(
ξ(k)

j − 〈ξ j〉
)
, (2)

where ξ(k)
i is the estimate of the correlation function at bin si from

the k-th bootstrap sample, while 〈ξ j〉 denotes the mean estimate
across all the bootstrap samples, defined as 〈ξ j〉 = N−1

s
∑Ns

k=1 ξ
(k)
j .

In this analysis, we considered Ns = 100, and the number of
bins in the s−variable was 60. We also performed a linear regres-
sion analysis using the estimated correlation function along with
its corresponding bootstrap errors. We required that the conver-
gence condition σ2

ξ/〈ξ〉
2 ' (0.1−0.01) hold. In the linear regime,

the correlation function can be expressed as a power law given
by ξ = (s/s0)−γ. Our linear fit results in an exponent index of
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Fig. 4. Top panel: Two-point correlation function obtained using the
LS estimator for the total sample, z ∈ [1.2, 2.8]. Red point represents
the correlation function with its error bars. Bottom panel: The dashed
red curve indicates the best linear fit in logarithm scale. In the linear
regime, the correlation function can be parametrized as ξ(s) = (s/s0)−γ
with γ = 1.21 ± 0.03 and s0 = 12.25 ± 1.30.

γ = 1.21 ± 0.03 and a correlation length in the redshift space
of s0 = (12.25 ± 1.30) Mpc/h for a determination coefficient of
R2 ' 0.98. The values obtained agree with existing literature on
quasars at intermediate redshifts White et al. (2012). It is impor-
tant to note that the correlation maintains physical significance
for s < 30 Mpc h−1, beyond which it tends to diminish toward
zero. Our analysis demonstrates that the correlation functions for
the different magnitude subsets remain largely consistent in their
values of γ and s0.

4. Quasar pair catalog

We outline the primary criteria used to identify quasar pairs
within the subsample at redshifts 1.2 ≤ z ≤ 2.8 extracted from
the SDSS DR16 catalog Lyke et al. (2020). The identification of
these quasar pairs through spectroscopic measurements requires
a series of physically reasonable assumptions. To remain consis-

tent with the limitation of the SDSS DR16 sample4, we propose
that a pair of quasars must have the following features:

– The quasar pairs must adhere to a limiting velocity constraint
such that |∆V | = c(z2 − z1) ≤ 900km/s.

– The members of each pair should be in close proximity,
specifically with a projected distance of dp ≤ 2Mpc.

These two conditions together define the cylindrical volume
within which the quasar pairs are located. In addition, within any
given pair, one quasar is expected to exhibit higher luminosity,
reflected by a smaller (and thus more negative) apparent magni-
tude, mi. The method developed to identify these quasar pairs can
be summarized as follows. Each quasar in the catalog is assigned
a unique ID number along with all its physical properties, includ-
ing angular coordinates (RA, Dec), redshift, apparent magnitude,
and luminosity expressed in solar units. We adopted the Planck
2018 background as a fiducial cosmology for numerical compu-
tations with the Astropy package5 Astropy Collaboration (2013).
The angular diameter distance for each quasar was calculated
based on its redshift and the Planck 2018 cosmology. The sub-
tended angle, in radians, was determined from a specified max-
imum distance and subsequently converted to degrees. The RA
and Dec coordinates were translated into Healpix/Healpy6 pixel
indices for spatial analysis Górski et al. (2005). Each pixel cor-
responds to a specific location on the celestial sphere, and we
employed a high resolution of Nside = 2048. We stored the
vectors for each pixel for future use in the query-disk rou-
tine and created a list to keep track of neighboring pixels. For
each quasar, neighboring pixels within a defined angular distance
were identified, facilitating the analysis of local quasar environ-
ments. The radius in radians was computed using the angular
distance, and the neighboring pixels within the specified disk
were recorded. The algorithm then searched for nearby quasar
pairs based on their redshift and angular distance, ensuring that
no pair was identical and that pairs lie within a predetermined
redshift tolerance. Duplicate pairs were filtered using ordered
tuples, retaining only the closest pairs constrained by a physi-
cal distance criterion of dp ≤ 2 Mpc.

The distribution of identified quasar pairs is shown in Fig. 5.
The SDSS DR16 catalog, with redshifts ranging from z = 0.0007
to z = 7.023, contains a total of 4011 identified quasar pairs.
Most quasar pairs are found in the first two redshift bins, z ∈
[0.0007, 1.2] and z ∈ [1.2, 2.8], with additional pairs detected
beyond z = 4.4. The highest detection rate occurs in the sec-
ond redshift interval z ∈ [1.2, 2.8], which represents 2777 pairs;
this is the sample on which we focus our study. The histogram
of projected distances (in Mpc) for all 2777 quasar pairs is
also shown in Fig. 5. The average distance between pairs is
d = (0.986 ± 0.5009) Mpc, and only 21 pairs have projected
separations below the minimum projected distance resolved by
SDSS, dmin

p ' 0.03 Mpc. Overall, the peak of the histogram sug-
gests that quasar pairs tend to cluster around this average pro-
jected distance.

We also examined various bounds of |∆V | to investigate how
the number of pairs detected changes as this condition is relaxed
within the redshift interval z ∈ [1.2, 2.8]. For the condition
|∆V | ≤ 600 km/s, the number of pairs detected decreases to
1915, representing 39% of the total. In contrast, when consid-
ering |∆V | ≤ 1200 km/s, the number of pairs detected increases
to 3605, which represents 73% of the entire subsample. Con-

4 The SDSS DR16Q quasar sample exhibits characteristic statistical
redshift uncertainties on the order of |∆z| ' 0.001 Lyke et al. (2020).
5 https://www.astropy.org/
6 https://healpy.readthedocs.io/en/latest/
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Fig. 5. Top panel: Distribution of quasar pairs across the complete
redshift window of the SDSS DR16 quasar catalog. The highest con-
centration of pairs is found within the redshift range z ∈ [1.2, 2.8],
totaling 2777 pairs. The catalog contains a total of 4011 pairs. Bottom
panel: Distribution of quasar pairs detected within a cylindrical vol-
ume characterized by a projected radius of dp ≤ 2 Mpc and a length
of |∆V | = 900 km/s. Black vertical lines denote dmin

p ' 0.03 Mpc, repre-
senting the minimum projected separation at which a quasar pair can be
reliably identified. This threshold is determined by the angular resolu-
tion of the SDSS camera, set at θSDSS = 5′′, along with a mean redshift
value of zmean = 2.4.

sequently, we focus on the most conservative case moving for-
ward, which corresponds to |∆V | ≤ 900 km/s. The distribution
of quasar pairs within the RA-Dec plane is illustrated in Fig. 6
for the conservative scenario.

We next addressed an additional observational point regard-
ing the detection of quasar pairs. A fundamental question was
whether the SDSS camera is capable of effectively resolving two
quasars that constitute a confirmed pair. This question was essen-
tial for understanding the limitations of observational data and
the ability of the SDSS to distinguish quasar pairs, which is cru-
cial for accurate pair identification and subsequent analysis. To
answer this, we adopted a conservative angular resolution for the

Fig. 6. Scatter plot of the 2777 quasar pairs that satisfy the criterion
|∆V | ≤ 900 km/s. The color bar, normalized across the dataset, repre-
sents the redshift variation, ∆z, between quasar pairs, effectively con-
veying this continuous variable through a color scale.

SDSS telescope Lyke et al. (2020), with θ ≥ θSDSS = 5
′′

, along
with a mean redshift value of zmean = 2.4. The physical distance
corresponding to the SDSS angular resolution is approximately
dmin

p ' 0.03 Mpc (cf. Fig. 5). This result is significant given pre-
vious observations indicating that the distribution of distances
between quasar pairs is around d = 0.986 Mpc. Thus, we con-
clude that the SDSS camera is capable of resolving these objects.

Another important question is whether the quasar pair sam-
ple might be contaminated. For example, background galaxies
can create multiple images of a single quasar, making it dif-
ficult to identify true quasar pairs. To address this issue, we
reassessed the quasar pair sample by focusing only on pairs
with ∆V ≤ σSDSS

V , where σSDSS
V (z) = 60 km/s is the error in

the spectroscopic measurements from the SDSS DR16 catalog
Lyke et al. (2020) and ∆V = c(z2 − z1). Our analysis revealed
that out of the 2777 detected quasar pairs, only 9.9% were poten-
tially contaminated. To further investigate these cases, we used
the specific coordinates of these quasars to examine their cor-
responding spectra from the SDSS DR16 catalog. However, the
SDSS DR16Q catalog has already addressed several contami-
nation issues within the entire sample, including duplicity due to
the observational strategy, reporting a contamination rate of up to
1.3% Lyke et al. (2020). Our criteria for assessing contamination
were as follows. If both quasars in a pair exhibited identical fea-
tures in their spectra, this suggested that they could be duplicate
images of the same quasar, influenced by foreground galaxies.
Conversely, if the elements of a quasar pair displayed different
amplitudes and positions of their emission lines, we concluded
that they were not multiple images of the same object. The posi-
tion of each object in the sky and its spectrum can be accessed
through the SkyServer DR16 website7.

Using the SkyServer DR16 interface, we obtained the spec-
tra associated with each quasar by inputting their angular coor-
dinates on the sky. After normalizing each spectrum to its
maximum value, we set the criterion that if the spectra of quasar
pairs differed by less than 5%, they could be considered as a sin-
gle quasar producing multiple images, especially if the redshifts
of the component quasars were very close. To analyze the spec-
tral lines and their ratios, we employed the PyQSOFit package

7 https://skyserver.sdss.org/dr16/en/tools/chart
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Guo et al. (2019). For pairs where 0 < ∆V ≤ 60 km/s, we deter-
mined that only 30% could be the same lensed object. For our
total sample of 2777 pairs, we expect a contamination of less
than 3.5% due to lensing effects, which corresponds to 66 cases.
A similar approach was used to create a new quasar pair catalog
based on the DESI DR1 quasar sample, leading to the identi-
fication of 1842 new pairs by applying a projected separation
criterion of dp ≤ 110 kpc and a radial velocity difference limit
of ∆V ≤ 600 km/s. This method not only improves the com-
pleteness of the quasar pair sample but also helps ensure a more
accurate identification of real pairs, thereby reducing the poten-
tial contamination from background sources Jing et al. (2025).

To further characterize the catalog of quasar pairs, we per-
formed a numerical estimation of the comoving number den-
sity of quasars and quasar pairs within the redshift interval
[1.2, 2.8]. The surveyed sky fraction is approximately 0.65%,
covering 26 732 deg2, leading to a numerical (comoving) den-
sity of nq ' 5.8 × 10−8 Mpc−3. This value aligns well with
the findings reported in Croom et al. (2005), which quotenq '

8.2 × 10−9 Mpc−3. Considering a minor sky fraction for the
quasar pairs, fsky, pair = 0.54, we observe a notable reduction
in the estimated numerical (comoving) density of these pairs.
This yields approximately npair ' 2.4 × 10−10 Mpc−3. This find-
ing highlights the significant influence of observing a restricted
sky area, combined with a relatively small sample of detected
pairs, on the estimated density of quasar pairs, particularly
in contrast to the densities associated with individual quasars
Croom et al. (2005).

5. Luminosities and color-color maps

In this section, we explore whether quasar pairs exhibit particu-
lar properties compared to quasars in isolation. We focus on the
luminosity of the quasar pairs Wu & Shen (2022), as well as the
luminosity ratio of the pair members.

Quasar luminosities must account for the K-correction
Ross et al. (2013). Our approach follows Lyke et al. (2020),
using a pre-calibrated K-correction table from Richards et al.
(2006). The K-corrected absolute magnitude in the I band was
calculated using the relation

mI,ap = MI,abs + DM(z) + K(z) + A(z), (3)

where mI,ap is the apparent magnitude, MI,abs is the absolute
magnitude in the I band, DM(z) = log10

[
DL(z)/10pc

]
is the dis-

tance modulus, and A(z) represents extinction. The K-correction,
represented in the second to last term of the equation, can be
specified at z = 2 as detailed in Appendix B of Ross et al. (2013).
Our method for integrating the K-correction closely follows the
procedures outlined in Ross et al. (2013) and Lyke et al. (2020).
We used the Planck 2018 fiducial cosmology for distance calcu-
lations. The absolute magnitude MI,abs for a given quasar was
obtained by correcting the apparent magnitude for extinction,
distance modulus, and K-correction. Apparent magnitudes in the
I band were taken from the PSFMAG column in the FITS file of
the SDSS DR16 QSO catalog Lyke et al. (2020)8. K-corrections
were obtained using data from Richards et al.’s table, which is
limited to a specific redshift range Richards et al. (2006). For
each redshift z, we selected the closest entry in the K-correction
table to extract the corresponding K-correction value. This pro-
cess allowed us to calculate the corrected absolute magnitude
MI,abs for each quasar. Once we had MI,abs, we converted it to

8 https://www.sdss4.org/dr16/algorithms/qso_catalog

Fig. 7. Histogram of the quasar luminosity distribution after applying
K-corrections. The horizontal axis is displayed on a logarithmic scale.

luminosity in the I band in solar units using

L = 10−0.4(MI,abs−MI,�)L�, (4)

where L� is the solar luminosity and MI,� is the absolute mag-
nitude of the Sun in the I band. Thus, we obtained reliable esti-
mates of the luminosities in the I band, allowing further analysis
of quasar in pairs and in isolation. In Fig. 7, we display the distri-
bution of luminosities, showing that L = (1.75± 0.52)× 1016L�.

It is now well understood that galaxy evolution, shaped by
AGN feedback, often leads to quasars residing in low-mass dark
matter halos Fanidakis et al. (2013). Furthermore, the number
density of quasars per unit luminosity follows a double power-
law relationship within the redshift range z ∈ [0.3, 2.2], while
showing log-linear behavior for z ≥ 2.2 Ross et al. (2013). This
suggests that quasar pairs-acting as proxies for protoclusters
Muldrew et al. (2015), Alberts & Noble (2022)-may share simi-
larities owing to their common dark matter halo.

Here, we aim to address whether quasar pairs within the
same dark matter halo represent a distinct class of objects,
rather than representing a simple combination of two individ-
ual quasars from the sample. To address this point, we exam-
ine the distribution of luminosity ratios, L1/L2, for quasar pairs,
where L1 and L2 correspond to the smaller and larger lumi-
nosities, respectively. This analysis allowed us to investigate the
intrinsic relationships between the luminosities of these unique
objects, offering insights into their relative behaviors. Addition-
ally, we generated 100 random sets of control pairs derived from
the isolated quasar set. These ensembles do not satisfy the typ-
ical constraints of ∆V ≤ 900 km/s and dp ≤ 2 Mpc9. This
approach provided a baseline for comparison, which is essential
for understanding the characteristics of the quasar pairs and their
luminosity distributions relative to those of the control pairs. By
contrasting the observational data with these control constructs,
we aimed to identify any significant patterns or anomalies that
may arise, thereby enriching our comprehension of these astro-
physical entities.

9 A similar analysis was carried out on 500 random sets of synthetic
pairs generated from the isolated set, showing no significant deviations.
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Fig. 8. Distribution of luminosity ratios for true quasar pairs and control
pairs. The true quasar pairs are indicated in blue, while the control pairs
are shown in gray.

Fig. 9. Distribution of the logarithm of the sum of luminosities for true
quasar pairs and control pairs. True quasar pairs are shown in blue,
while control pairs are shown in gray.

We constructed the control pair sample by imposing that the
angular separation between the two objects exceeded 5.7◦ (1
radian), and restricted the maximum allowed redshift difference
to ∆z ≤ 0.003. We also verified that the histograms of ∆z for the
true pairs and control pairs were quite similar. This consistency
in distribution ensured that there were no significant differences
in the redshift differences between the two groups, indicating
that the selection criteria for both the true and control pairs were
comparable. We generated 500 sets of control pairs, each con-
taining the same number of detected pairs, resulting in 615 con-
trol pairs per set. We focused on assembling the new set using a
random algorithm to avoid any selection bias10.

Figure 8 illustrates the differences between the true quasar
pairs and the control pairs. The mean luminosity ratio of L1/L2
shows significant variations between these two datasets. When
calculating the fraction of real pairs satisfying the condition
Ftrue pair(L1/L2 > 0.75), and comparing it to the corresponding
fraction for the control pairs, Fcontrol pair(L1/L2 > 0.75), we can
define the ratio of these fractions as R = Ftrue pair/Fcontrol pair.
The purpose of calculating Fcontrol pair(L1/L2 > 0.75) was to
determine whether the control pairs can mimic the histogram of
quasar pairs with L1/L2 > 0.75.

The results show that R > 1, indicating that the two sets
of pairs have fundamentally different properties, likely reflect-
ing different accretion mechanisms that affect the luminosity
ratios L1/L2. Our analysis finds that 62.32% of true pairs exhibit
L1/L2 > 0.75, while only 57.56% of control pairs meet this cri-
terion. Thus, the calculated value of R = 1.08 indicates that
true pairs are more likely to show a luminosity ratio L1/L2 >
0.75 compared to their control sample counterpart. Moreover,
our findings are consistent across all 500 control datasets,
each containing 615 pairs, reinforcing the robustness of our
conclusions.

10 While our focus is on the redshift interval z ∈ [2.2, 2.8], it is note-
worthy that a similar analysis has been conducted across other redshift
bins, yielding comparable results.

Fig. 10. Distribution of luminosity ratios for true quasar pairs and sim-
ulated pairs is illustrated. True quasar pairs are shown in blue, while
simulated pairs are shown in gray.

Another approach to investigate the validity of random-
generated data sets compared to true pairs is to analyze the
behavior of the total luminosity of the pair, i.e., the sum of the
member luminosities. This is motivated by the possibility of a
different behavior for quasars in association relative to randomly
selected objects (noting that the results from the luminosity ratio
analysis could imply that both quasars in a pair have either low
or high luminosities).

As shown in Fig. 9, the distribution of the logarithm of
summed luminosities differs between true pairs and control
pairs. The histogram for true pairs exhibits a narrower spread
around its mean, indicating that these pairs are more closely
clustered in terms of their luminosity ratios. In contrast, the
histogram for the control pairs exhibits a broader spread, indi-
cating a larger luminosity variability among them. This dif-
ference in distribution reinforces the notion that true pairs are
more consistent in their luminosity characteristics, whereas con-
trol sample pairs tend to display a wider range of luminosity
ratios.

Our analysis reveals a significant difference between the
two datasets, suggesting that the mechanisms driving the lumi-
nosity characteristics of quasars in association are intrinsi-
cally distinct. These differences may largely arise from the
co-evolution of quasars with their surrounding environments,
which influences their accretion processes and, consequently,
their luminosity profiles Porciani et al. (2004). Such interactions
with the environment can significantly shape the properties of
quasars, leading to observable variations in luminosity distribu-
tions Eftekharzadeh et al. (2015).

Next, we attempted to further quantify the differences
observed between true quasar pairs and their control counter-
parts. Our main goal was to evaluate whether a modified set of
pairs from the control sample, hereafter referred to as “simu-
lated” quasar pairs, could effectively approximate the real data.
In this approach, we focused on the tercile of the control sam-
ple associated with the less luminous quasar and increased its
luminosity by 30%.

Figure 10 shows that this procedure creates a simulated
quasar pair sample with a distribution of luminosity ratios L1/L2
that closely resembles the actual data, highlighting the strength
of the similarity effect.

Fundamentally, this observation indicates that true pairs
exhibit closely similar luminosity values. In contrast, control
pairs show a more pronounced disparity between their most
luminous and least luminous members. This distinction rein-
forces the hypothesis of a common cosmic evolution of our pair
sample.

In the final stage of characterizing the quasar pairs, we per-
formed a comparative analysis of their color-color map against
that of the entire selected sample. As illustrated in Fig. 11, the
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Fig. 11. Top panel: Color-color map for the entire subsample of quasars.
Bottom panel: Color-color map for the detected quasar pairs. Here,
log(N) represents the logarithm of the number of quasar pairs within
each region of the color-color map. Note that in some cases, the maxi-
mum or minimum values may lie outside the displayed data range.

color-color map derived from the PSF magnitudes in the g, i, r,
and z bands for the complete subsample reveals a range of values
given by −6.04 ≤ (g − r) ≤ 5.64 and −3.68 ≤ (r − z) ≤ 7.15
Lyke et al. (2020). However, for the detected quasar pairs, these
maximum and minimum values are significantly constrained to
−1.55 ≤ (g−r) ≤ 2.21 and −1.17 ≤ (r−z) ≤ 2.53. Notably, 90%
of the data points associated with the quasar pairs fall within the
interval (r − z) × (g − r) ∈ [−0.10, 0.85] × [−0.17, 0.42]. These
results indicate older stellar populations or dust effects, along
with the possibility that bluer colors signify ongoing star forma-
tion. This is consistent with the current understanding of quasar
environments and their host galaxies Kauffmann & Heckman
(2009). For 90% of the detected quasar pairs, we obtain (i −
z) × (r − i) ∈ [−0.06, 0.69] × [−0.13, 0.30]. Again, the neg-
ative minimum values suggest the presence of younger, hotter
stars, while the positive maximum values indicate the influence
of older stars or dust obscuration. These interpretations are well
supported within the framework of quasar studies Richards et al.
(2006). Different sequences of color-color maps are displayed in
Fig. 12

Fig. 12. Different color-color maps for the quasar pairs.

6. Cross-correlation of quasar pairs

We broadened our investigation by analyzing the cross-
correlation between quasar pairs and individual quasars. The
rationale for examining the cross-correlation is that within a
defined redshift range, quasars act as tracers of mass distribu-
tion, albeit with an inherent bias. Consequently, we analyzed
the clustering behavior of quasar pairs relative to the underly-
ing background represented by the quasar sample not included
in these pairs. This approach deepens our understanding of the
large-scale structure of the Universe and refines our mapping of
the cosmic web, especially as these entities engage and coexist
with galaxies in the vast Universe Menard & Bartelmann (2002).

To ensure that the identified pairs are physical composite
objects located within the same dark matter halo and likely
experiencing similar accretion processes – rather than being
merely coincidental nearby quasars – we implemented a series
of verification tests. Among these, we conducted an analysis
of the cross-correlation of signals between the quasar sample
and the corresponding subsample of pairs, as stated previously.
We followed the same protocol as before. Using the corrfunc
package Sinha & Garrison (2020), we calculated ξ(s, µ), sub-
sequently converting this to the number of pairs using the
convert-3d-counts-to-cf routine. This enabled us to derive
the Landy & Szalay (1993) estimator for the cross-correlation,

ξpq(s, µ) =
DqDp − DqRp − DpRq + RqRp

RpRq
, (5)

where Dq represents the set of quasars in the subsample, and
Dp denotes the dataset of the quasar pairs, using the mid-
vector between the two quasars to represent each pair. We
generated an associated random set that satisfied the specifica-
tions outlined in the corrfunc manual Sinha (2013). Specif-
ically, we ensured that the size of the random set and the
data set was consistent with the relationship N(Rp) = 3N(Dp).
The latter approach improved statistical robustness and mit-
igated any potential biases in our correlation measurements.
We integrated the previous method with a bootstrap algorithm
Mohammad & Percival (2022). By applying the bootstrap tech-
nique, we derived confidence intervals and improved the robust-
ness of our cross-correlation analysis. This iterative process
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Fig. 13. Top panel: Comparison of the two-point cross-correlation func-
tion, derived using the LS estimator between quasar pairs and individual
quasars within the 1.2 ≤ z ≤ 2.8 redshift window. The cross-correlation
is shown alongside autocorrelation for the full sample in that interval
and for isolated quasars. Bottom panel: Linear regressions for the three
cases are depicted on a logarithmic scale to visualize their slopes. The
estimates of (γ, s0) remain consistent across all three cases.

allowed us to quantify the uncertainties associated with our
measurements, ultimately enhancing the statistical significance
of our findings. We considered one bin in the µ-variable with
µmax = 1 Sinha (2013) and 60 bins in the separation s-variable.
The resampling number employed in the bootstrap method11 was
set to Nrs = 10012, consistent with the approach outlined in
Mohammad & Percival (2022).

We aimed to illustrate the overall behavior of the cross-
correlation amplitude across the entire redshift range of interest,

11 The bootstrap algorithm offered several advantages in our statistical
analysis. Specifically, it provided a more robust estimate of uncertainties
by allowing replacement resampling, which better captured the under-
lying distribution of the data. It was particularly beneficial when the
quasar pair dataset size was small compared to the larger quasar sample,
ensuring that we accounted for variability and improved our confidence
in the derived results.
12 We investigated various values of the resampling number Nrs and
found that the results remain largely invariant, showing no significant
variation across the different configurations tested.

1.2 ≤ z ≤ 2.8. We subsequently revisited this cross-correlation
function under various scenarios, which involved adjusting the
redshift bins and exploring different combinations of cuts based
on L1/L2 and log10

(
L1 +L2

)
/L�. These cuts are well-founded, as

supported by the luminosity analysis of quasar pairs presented in
Section 5.

In Figure 13, we present the cross-correlation function for
this specified interval, comparing its signal to both the auto-
correlation of all quasars and that of isolated quasars–those not
associated with any pairs. Our analysis indicates that the cross-
correlation between pairs and isolated quasars does not pro-
duce a stronger signal than the overall cross-correlation derived
from the complete sample within this interval. We observe that
the cross-correlation signal between pairs and quasars consis-
tently surpasses the autocorrelation signal of quasars by a sig-
nificant margin. The signal is clearly stronger than the autocor-
relation for separations of s < 25 Mpc h−1. While both corre-
lation signals exhibit a similar decline at larger separations, as
illustrated in the log-log plot in Fig. 13, the correlation scale for
quasar pair correlations is approximately s0,pq ' 21.41, nearly
doubling the correlation length of the quasar sample, which
is s0,qq ' 12.25. This observation indicates that quasar pairs
within this range demonstrate significant clustering, implying
a stronger spatial association influenced by underlying physical
processes. Such clustering is one reason why quasar pairs can
be regarded as proxies for protoclusters Muldrew et al. (2015),
Alberts & Noble (2022).

We now focus on the cross-correlation function on differ-
ent scales, 2.2 ≤ z ≤ 2.8 (cf. Fig. 14). The analysis reveals
that the cross-correlation signal is considerably stronger for sep-
arations s < 20 Mpc h−1. In other words, quasar pairs within
this range exhibit a more significant clustering tendency, sug-
gesting a closer spatial relationship among these objects. The
cross-correlation function of quasar pairs with quasars is found
to be 5.98 times higher than the autocorrelation function of
quasars when considering separations s < 20 Mpc h−1. At large
separations, both signals exhibit a similar decline, demonstrat-
ing a consistent behavior in the correlation functions. To gain
insight into how the correlation length for the cross-correlation
of quasar pairs with quasars compares to the quasar-quasar
case, we observe that the condition ξpq(s0,pq) = 1 corresponds
to a scale of approximately s0,pq ' 18.94. In contrast, for
the autocorrelation case, where ξqq(s0,qq) = 1, the scale is
around s0,qq ' 9.64. Visual examination indicates a signifi-
cant difference in correlation lengths between these two sce-
narios, highlighting the influence of the cross-correlation on the
spatial distribution of quasar pairs13. As expected, the correla-
tion length of the quasar pairs is greater than that of individual
quasars.

We explored the implications of excluding quasar pairs from
our sample and focused solely on the two-point correlation func-
tion derived from the modified dataset (autocorrelation). This
allowed us to better understand the characteristics and clustering
behavior of the remaining quasars. The signal maintains a low

13 To better understand the significance of our earlier results, we con-
sider the formulation of the signal-to-noise ratio in the context of cross-
correlation: S/N ∝

√
NqNpξpq(s). This expression highlights that a

nonzero pair detection is fundamentally encoded in the amplitude of
the cross-correlation function, ξpq(s), when juxtaposed against the back-
ground of the quasars Menard & Bartelmann (2002). Here, the interac-
tion between the number of quasars Nq and the number of potential
counterparts Np amplifies the measurement sensitivity, allowing gen-
uine correlations to be discerned amidst the noise inherent in the quasar
distribution.
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Fig. 14. Top panel: Two-point cross-correlation function obtained using
the LS estimator between quasar pairs and individual quasars at inter-
mediate redshift. The 2PCF for the entire sample, computed using a
bootstrap method for resampling, is also included. Bottom panel: The
same 2PCF functions are shown on logarithmic scales.

level, similar to that observed in the full sample. Specifically,
within the linear regime, we find the power-law parameters to be
s0 = (10.84±1.99) Mpc h−1 and the exponent is γ = (1.36±0.06).
These results are consistent with our previous findings, reinforc-
ing the robustness of our analysis.

Another important aspect is the impact of splitting the sub-
sample in the redshift range 2.2 ≤ z ≤ 2.8 into two smaller
subsets: 2.2 ≤ z ≤ 2.5 and 2.5 ≤ z ≤ 2.8. This parti-
tion allowed us to investigate potential differences in clustering
behavior and correlation properties between these two redshift
intervals, providing a clearer understanding of how the quasar
pair distribution evolves with redshift. For brevity, we present
the correlation functions for the redshift range 2.2 ≤ z ≤ 2.5, as
these results are sufficient to support our conclusions. Examining
the cross-correlation reveals notable variability in the residuals
correlating with the level of the independent variable. We con-
clude that the assumption of constant variance does not hold, as
confirmed using the Breusch-Pagan algorithm. To address this,
we performed a weighted linear regression analysis. A weight
coefficient of R2

WLR = 0.80 is obtained, along with the follow-
ing parameter estimates: γ = 2.77 ± 0.44 and s0 = (16.27 ±

Fig. 15. Top panel: Two-point correlation function derived using the LS
estimator for the cross-correlation between quasar pairs and individual
quasars within the redshift interval 2.2 ≤ z ≤ 2.5. The 2PCF for the
entire subsample is included, computed using the resampling bootstrap
method, as well as the 2PCF for isolated quasars not belonging to any
pair. Bottom panel: The same 2PCFs are presented on a logarithmic
scale.

3.27) Mpc h−114. Overall, we find that the cross-correlation func-
tion of quasar pairs with quasars exhibits a significantly stronger
signal compared to both the isolated case (quasars not belonging
to pairs) and the standard quasar-quasar correlation. The differ-
ence is visually apparent in Fig. 15, where the enhanced cluster-
ing signal of the cross-correlation is clearly discernible.

We suggest an alternative approach to validate that the
observed cross-correlation is physically significant and not
merely a consequence of the chosen redshift bins. This involves
partitioning the original subsample within the redshift window
z ∈ [2.2, 2.8] into two distinct datasets by applying a cutoff on
the logarithm of the sum of the luminosities. By adopting this
approach, we further assess whether our results maintain physi-
cal relevance across different partitions, using the luminosities

14 For the other redshift partition (2.5 ≤ z ≤ 2.8), we encounter no sig-
nificant variance issues, allowing us to proceed with a standard linear
regression analysis. Indeed, when we conduct a comprehensive nonlin-
ear fit for the initial eight bins, we obtain a correlation length given by
s0 = (16.00 ± 1.94) Mpc h−1 and the exponent is γ = (1.65 ± 0.16).
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Fig. 16. Top panel: Comparison of two-point cross-correlation functions
obtained using the LS estimator between quasar pairs and individual
quasars in the 2.2 ≤ z ≤ 2.8 redshift window, shown with different
partition criteria. Bottom panel: The same two-point cross-correlation
functions are displayed on logarithmic scales to visualize their slopes.

of the quasar pairs as input. Figure 16 shows that the cross-
correlation signal persists regardless of the cutoff or partitioning
method employed. Although the error bars may appear larger,
even with the same bootstrap method applied, this increase is
primarily associated with the reduced sample size after parti-
tioning based on the criterion log10

(
L1 + L2

)
/L� ≶ 14.548.

This observation underscores the resilience of the correlation
across different approaches, reinforcing the validity of our find-
ings despite variations in data partitioning. As anticipated, lin-
ear regression may be less reliable in certain scenarios. For the
case where log10

(
L1 + L2

)
/L� > 14.548, the slope is found to be

γ = (2.00±0.40) and the correlation length is s0 = (16.00±1.70),
with a coefficient of determination R2 ' 0.80. In contrast, for the
opposite case where log10

(
L1+L2

)
/L� ≤ 14.548, the estimations

yield γ = (2.00 ± 0.63), s0 = (16.00 ± 4.15), and R2 ' 0.68.
These findings warrant further exploration, which we under-

take in the next section through an investigation of the con-
vergence CMB lensing signal 7. Additionally, we will assess
whether the amplitude of the convergence signal is primarily
influenced by the more luminous or the less luminous quasar
pairs.
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Fig. 17. Radial convergence profiles of the quasar sample in the redshift
range 1.2 ≤ z ≤ 2.8, divided into redshift intervals and considering
quasar pairs. Inset Panel: Quasar pairs in the redshift range z ∈ [2.2, 2.8]
with their corresponding cosmic variance, showing a negligible signal-
to-noise ratio.

7. CMB lensing signal

In this section, we examine the association of mass with quasars
and quasar pairs using CMB κ convergence maps. Given previ-
ous results and the fact that the hosts of quasars are galaxies,
we expect a higher κ convergence signal in the neighborhood of
quasar pairs compared to the vicinity of isolated quasars. Previ-
ous studies for similar samples have shown a lensing signal at
κ ∼ 2 · 103 at angular distances below one degree Geach et al.
(2019), Petter et al. (2022), Eltvedt et al. (2024). Taking this
into account, we followed the methodology of Toscano et al.
(2023) and calculated radial convergence profiles using the CMB
data products released in 2018 by the Planck Collaboration
Planck Collaboration VIII (2020). We reconstructed the map
from the spherical harmonic coefficients kLM

15, using all avail-
able L values e (LMax = 4096) and a smoothing scale of 0.2◦,
which corresponds roughly to 3.5 Mpc/h. We used the individ-
ual redshift of each quasar to project the angular scale of each
object to its corresponding distance scale (in Mpc) in order to
compare the lensing results with the correlation results obtained
above. As in the previous section, we considered isolated quasars
and those in pairs, applying the same criteria for the distinction
of these two sub-samples.

We conducted a general analysis of the CMB convergence
signal across the redshift interval z ∈ [1.2, 2.8] (associated with
the full sample) and estimated the cosmic variance within this
range (see Fig. 17). The signal appears to fall within the bounds
of the cosmic variance estimation; however, quasar pairs in the
redshift range [1.2, 2.2] exhibit a larger amplitude compared to
the overall sample and the cosmic variance, confirming the pre-
vious analysis of the quasar-quasar pairs cross-correlation func-
tion (cf. Fig. 13). This behavior is consistent with the maximum
amplitude expected from theory, considering that the source is
located at z ∼ 1100. Therefore, we further examined the red-
shift range z ∈ [1.2, 2.2], where 2126 pairs were established, to
maximize the signal-to-noise ratio.

Figure 18 shows the radial convergence profiles for isolated
quasars and quasar pairs in this redshift range. For isolated
quasars, we further divided the sample into two new subsets:
high-luminosity and low-luminosity quasars, according to the
median luminosity of the total sample. It is clear that even with

15 https://pla.esac.esa.int/#home
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Fig. 18. Radial convergence profiles for quasar pairs in the redshift
range 1.2 ≤ z ≤ 2.2, categorized by luminosity levels (dotted lines
for high- and low- luminosity pairs). For comparison, the profiles of
isolated quasars are shown with dashed lines. The results indicate that
the amplitude of the radial convergence for quasar pairs consistently
exceeds that of isolated quasars. Moreover, high-luminosity quasar pairs
contribute significantly to a signal that surpasses the expected cosmic
variance.

this sub-sampling, there is no difference in signal for the isolated
quasars. However, as in the case of the cross-correlation func-
tion, quasar pairs exhibit a signal significantly higher than that of
the isolated quasar sample. Furthermore, dividing the pairs into
high- and low-luminosity pairs based on the median of L1 + L2,
we find that the most luminous quasars contribute the strongest
signal to the total sample. This significance is confirmed by con-
sidering random positions in the CMB map to estimate the cos-
mic variance of the sample of pairs, showing a high noise-signal
relation.

8. Summary and discussion

In this study, we constructed a subsample from the SDSS DR16
quasar catalog, focusing on the redshift range (z ∈ [1.2, 2.8]),
where the sample exhibits good completeness. We conducted
a comprehensive analysis of this subsample, with particular
emphasis on the detection of quasar pairs. To achieve this, we
first calculated the projected distance in Mpc between the two
members of each quasar pair.

We performed an extensive exploratory analysis of the lumi-
nosity distribution of the quasar pairs, examining how they differ
from both control and simulated pairs. Moreover, we computed
the cross-correlation function between quasar pairs and the over-
all quasar population, revealing a distinctly amplified signal
above the background of isolated quasars. We investigated how
this correlation is influenced by various scenarios, including par-
titioning the redshift interval into two segments, separating the
data according to the radio luminosity ratio L1/L2, and applying
a cutoff in log10(L1 + L2)/L�. The main amplitude of the cross-
correlation signal remains consistent under these conditions. We
also addressed the observational capabilities for detecting quasar
pairs using the SDSS camera, discussed the possibility of con-
tamination of the quasar pair sample by foreground galaxies, and
contrasted the numerical comoving density of the quasar pairs
with that of the quasar subsample.

We demonstrate that the CMB convergence signal remains
within the bounds defined by cosmic variance estimates for the
redshift interval z ∈ [1.2, 2.8]. When we refine our focus to a

narrower redshift range, z ∈ [1.2, 2.2], the CMB convergence
signal associated with quasar pairs exhibits a heightened ampli-
tude, surpassing not only that of the total quasar pair sample,
but also the estimated cosmic variance, as illustrated in Fig. 17.
Furthermore, our analysis confirms that the amplitude of the
cross-correlation between quasar pairs and individual quasars
consistently exceeds that of the quasar autocorrelation within
the same redshift range (see Fig. 13). By integrating the cross-
correlation function with the CMB convergence signal, we
achieved a substantially enhanced detection rate of quasar pairs
at lower redshifts, culminating in a total of Np = 2126.

We further validated our detection through an additional
observational test, focusing on the amplitude of the CMB lensing
signal associated with quasar pairs distinguished by high and low
luminosities, using the mean luminosity as the cutoff between
these two groups. Our analysis reveals that the most luminous
pairs of quasars are the dominant contributors to the overall sig-
nal for the sample, as illustrated in Fig. 18.

This work provides a valuable foundation for further investi-
gation into the characterization of the large-scale structure of the
Universe by integrating the cross-correlation function obtained
from quasar catalogs with an in-depth analysis of the CMB con-
vergence lensing signal.

Data Availability

The data that support the findings of this study will be available
on reasonable request.
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