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A B S T R A C T 

We present a spectroscopic follow-up program targeting closely separated dual quasar candidat es select ed from imaging of 
Sloan Digital Sky Survey (SDSS) quasars with the Subaru Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP). Using 

2D image decomposition, our selection identifies point spread function-like companions within 0.6–4 arcsec separation 

( � 30 kpc) around the SDSS quasar . W e newly confirm 6 broad-line dual quasars and 11 offset quasars (quasar–galaxy 

pairs), spanning 1 . 5 < z < 3 . 3 for the duals and predominantly z < 0 . 6 for the offset systems. No obvious lensed quasars 
w ere discov ered from this program. We obtained 99 spectra of these candidates from NTT/EFOSC2 (New Technology 

Telescope ESO Faint Object Spectrograph and Camera version 2), Gemini/GMOS-N (Gemini Multi-Object Spectrograph 

on Gemini N orth), Keck/NIRES (N ear-Infrar ed Echellette Spectrometer), and Subaru /FOCAS (Faint Object Camera and 

Spectrogr aph) . F rom the spectr a, we measure the emission-line properties of these dual black holes (BHs). At z > 1 . 5 , 
the confirmed duals exhibit high BH mass ( M BH 

= 10 

8 . 5 –10 

10 M �) with high bolometric luminosities ( L bol = 10 

45 . 5 –10 

47 . 5 

erg s −1 ), yet accrete at moderate Eddington ratios ( λEdd = 0.01–0.4). From the spectroscopically confirmed samples, we 
estimate the dual fraction of SDSS quasars with separations of 0 . 6 –4 arcsec to be 0.2 per cent–1.2 per cent at z < 0 . 8 , 0.08 

per cent–0.24 per cent at 0 . 8 < z < 1 . 5 , and 0.06 per cent at 1 . 5 < z < 3 . 3 . These values ar e br oadly consistent with other 
recent optical studies, but lower than theoretical expectations of a rising dual fraction at cosmic noon. How ev er, w e not e 
that these fractions, especially at high z, still need a more accurate assessment of selection and observation effects. 

Key words: methods: observational – quasars: individual: HSC-SSP – quasars: supermassive black holes. 

1

D  

i  

o  

G
t  

P  

W
a
p
t

�

t  

e  

V  

2  

t  

2
p
n  

t  

o
S  

A

©
P
C
r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag411/8501218 by Southam
pton U

niversity user on 06 M
ay 2026
 INTRODUCTION  

ual supermassive black holes (SMBHs; M BH 

� 10 6 M �) are an
nevitable outcome of galaxy mergers in the hierar chical gr owth
f structure (M. C. Begelman, R. D. Blandford & M. J. Rees 1980 ).
as inflows triggered by mergers can fuel the SMBHs, igniting 

hem as quasars (T. Di Matteo, V. Springel & L. Hernquist 2005 ;
. F. Hopkins et al. 2006 ; P. F. Hopkins & E. Quataert 2010 ).
hen both SMBHs are simultaneously accreting, they appear as 

 dual quasar system on kiloparsec scales. The frequency and 

roperties of such systems are therefore the key to understanding 
he statistical importance and physical mechanisms of mergers in 
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riggering quasars, which is still under debate (e.g. S. L. Ellison
t al. 2011 ; J. Silverman et al. 2011 ; E. Treister et al. 2012 ; C.
illforth et al. 2014 ; B. Villarroel et al. 2017 ; V. Marian et al. 2019 ,
020 ; Y. Zhao et al. 2022 ; S. Tang et al. 2023 ). Dual quasars also
race the small-scale clustering of quasars (J. F. Hennawi et al.
006 ; S. Eftekharzadeh et al. 2017 ) and r epr esent pr ogenitors of 
arsec-scale SMBH binaries, which are expected to generate the 
anohertz gr avitational- w ave back gr ound now reported by mul-

iple pulsar timing arr ay collabor ations (G. Agazie et al. 2023 ) and
f future space-based detections with the Laser Int erferomet er 
pace Antenna (LISA; P. Amaro - Seoane et al. 2017 ; M. Colpi &
. Sesana 2017 ). 
Of particular inter est ar e duals with physical separations �30

pc, corresponding to the later stages of mergers prior to coa-
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escence. Simulations show that tidal torques and shocks reduce
as angular momentum, boosting both star formation and SMBH
ccretion and increase the likelihood that both SMBHs are active
P. F. Hopkins & E. Quataert 2010 ; S. Van Wassenhove et al. 2012 ;
. R. Capelo et al. 2015 , 2017 ). Cosmological simulations broadly
ndicate that the dual-AGN (active galactic nucleus) fraction in-
r eases towar d z ∼2 –3, with comoving number densities of order
0 −4 –10 −3 Mpc −3 for L bol >10 43 erg s −1 and separations �30 kpc,
lthough predictions vary with model assumptions and selection
riteria (L. K. Steinborn et al. 2016 ; Y. M. R osas-Guev ar a et al.
019 ; M. Volonteri et al. 2022 ; V. Saeedzadeh et al. 2024 ). Wide-
eld surveys are therefore essential to identify such systems in
tatistically meaningful numbers. 

Early systematic searches were driven by Sloan Digital Sky
urvey (SDSS) imaging and spectroscopy (e.g. J. F. Hennawi et
l. 2006 ; N. Inada et al. 2008 , 2012 ; J. F. Hennawi et al. 2010 ;
. Kayo & M. Oguri 2012 ; A. More et al. 2016 ), demonstrating
n e x cess of quasar pairs on � 100 kpc scales (S. Eftekharzadeh
t al. 2017 ). How ev er, SDSS’s fibre collision issue, seeing-limited
maging, and spectroscopic depth bias such samples toward rel-
tively wide separations (typically a few arcseconds) and bright
uasars ( i � 20 ). Mor e r ecently, Gaia has enabled all-sky sear ches
t sub-ar csecond scales. ‘Varstr ometry’ e xploits small-scale astr o-
etric jitter from unresolved pairs with independently varying

ight curves (H.-C. Hwang et al. 2020 ; Y. Shen et al. 2021 ; Y.-C.
hen et al. 2022 ), while the Gaia Multi-Peak method identifies
ultiple peaks in the along-scan light profile (F. Mannucci et al.

022 , 2023 ; A. Ciurlo et al. 2023 ; M. Scialpi et al. 2024 ). While
owerful, these approaches are limited to bright quasars ( G �
0 . 5 ) and are prone to contamination from host galaxies, making
hem most effective at z � 1 . 

Building on the method of J . D . Silverman et al. ( 2020 ) as
escribed in Section 2.1 , we initiated an image-based dual-quasar
earch within the Subaru Hyper Suprime-Cam Subaru Strategic
rogram (HSC-SSP) footprint. The HSC Wide layer reaches i � 26
5 σ ) with median seeing ∼0 . 6 arcsec (H. Aihara et al. 2022 ), en-
bling discovery of pairs several magnitudes fainter than the Gaia
elections. Our candidates are typically detected as one quasar
ith SDSS but two separate sources with HSC, with angular sepa-

ations �0 . 6 arcsec (seeing limited), placing our parameter space
quarely between SDSS-resolved pairs and Gaia sub-arcsecond
andidates (see S. Tang et al. 2025 for a literature summary and
ur HSC-selected sample). In a companion w ork, w e hav e also
uned the pipeline to select out more closely separated pairs
ith <0 . 6 arcsec in HSC (Q. Wang et al. 2026 ). Importantly, this

mage-based approach can be scaled to next-generation wide-
eld surveys such as the Rubin Observatory Legacy Survey of 
pace and Time (LSST). 

In J . D . Silverman et al. ( 2020 ) and S. Tang et al. ( 2021 ), we
 eported spectr oscopic follow-up of 32 HSC-selected candidates
nd confirmed six dual quasars. Here, we present additional
pectroscopy for 90 HSC-selected candidates, confirming six
ual quasars and eleven quasar–galaxy pairs – 17 physical pairs

n total. 
The paper is organized as follows. Section 2 describes sample

election, observing setups, data reduction, and analysis. Sec-
ion 3 summarizes our classification using spectroscopy and HSC
maging, and presents emission-line and BH property measure-

ents for the duals. Section 5 discusses success rates, selection
iases, and caveats. We adopt a flat Lambda-cold dark matter cos-
ology with �� =0 . 7 , �m 

=0 . 3 , and H 0 =70 km s −1 Mpc −1 . 
NRAS 547, 1–40 (2026) 

l  
 METHODS  

.1 Candidate selection 

he parent sample of this work was constructed following the
r ocedur e in J. D. Silverman et al. ( 2020 ). Briefly, we matched the
DSS DR14 quasar catalogue (DR14Q; I. Pâris et al. 2018 ) against
he Subaru HSC-SSP footprint. The DR14Q contains 526 265
pectroscopically confirmed quasars selected by colour and mag-
itude criteria up to z ∼ 5 (G. T. Richards et al. 2001 , 2002 ; A.
. Myers et al. 2015 ). For HSC imaging, we used the s20a_wide

elease, included in Public Data Release 3 (PDR3; H. Aihara et al.
022 ), which covers 1264 deg 2 in the i band, of which 881 deg 2 
eaches the full 5 σ depth of i � 26 . 2 mag. This overlap yielded
9 482 SDSS quasars imaged in HSC and with i -band CModel
hotometry. 
We then applied the 2D image decomposition tool GaLight

X. Ding et al. 2022 ) to the HSC i -band data to identify dual-
uasar candidat es. A candidat e is defined as an SDSS quasar with
n additional unresolved source det ect ed [ i -band point spread
unction (PSF) magnitude brighter than 24.5] within a projected
adius of 0 . 6 –4 arcsec. The lower bound is set by the typical HSC
eeing ( ∼ 0 . 6 arcsec), while the upper bound complements SDSS-
ased searches, which were largely limited to pairs with wider
eparations. This pr ocedur e yielded 1007 candidates, of which 30
 ere locat ed at surv ey edges and lacked full multiband coverage.
emoving these leaves 977 candidate pairs. We then visually in-

pect ed and reject ed 89 sources contaminat ed by art efacts, satu-
ated stars, and extended for egr ound g alaxies. We further rejected
ve confirmed lens systems from literature (N. Inada et al. 2008 ,
012 ; N. Jackson et al. 2012 ). Our final s20a_wide parent sample
ist consists of 883 dual quasar candidates. We did not reject the
bjects that have galaxy-like photometry to identify potential type
–type 2 pairs and offset quasars (more discussions about such
airs will be presented in Araujo et al., in pr eparation). Her e,
e r eport spectr oscopic follow -up observ ations of 90 candidates
rawn from the s20a_wide sample. 
Fig . 1 pr esents gri -composit e HSC cut outs (10 arcsec per side)

f the 90 observed systems. The SDSS J2000 designation of the
nown quasar is shown at the top of each panel, with its spec-
r oscopic r edshift not ed at the bott om left, and the angular sepa-
 ation plot ted as a scale bar at bottom right. The confirmed dual
uasars and offset quasars are marked with red and blue frames,
espectively. For these physical pairs, we note their projected sep-
ration ( R ⊥ 

in kpc) in the panel. 
Table 1 lists basic information for the observed candidates.

olumn (2) gives the spectroscopic redshift of the known
DSS quasar from DR14Q . F or close pairs, the standard HSC
ipeline forced photometry (S. Huang et al. 2017 ) can suffer
r om deblending failur es. Ther efor e, r efined photometric

easur ements fr om GaLight ar e adopted. Columns (3)–(6)
rovide the PSF-fitted coordinates of the quasar (qso_RA
nd qso_DEC) and its companion (com_RA and com_DEC),
easured using GaLight . Each system was modelled as two

SFs plus, where required, additional Sérsic profiles for extended
omponents. The PSFs w ere generat ed from the HSC pipeline
sing psfex (E. Bertin 2013 ; J. Bosch et al. 2018 ). We assume
onsistent source positions across all five bands, with reported
oor dinates measur ed fr om the i -band images. Based on these
ositions, w e comput e angular separations (Sep, arcsec) and
rojected physical separations ( R ⊥ 

, kpc). Columns (9) and (10)
ist the PSF magnitudes of the quasar and companion in the g
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Figur e 1. HSC colour ed images of all 90 candidates that ar e observ ed in this w ork. The side length of each cut out stamp is 10 ar csec. N orth is to the up, 
and east to the left side. The spectroscopic redshifts of the SDSS quasars are labelled at the bottom left. The angular separations between the two sources 
of each pair are plotted as a scale bar at the bottom right. The confirmed 6 dual quasars and 11 offset quasars are marked with solid and dashed frames, 
respectively. For these physical pairs, their projected physical separations ( R ⊥ ) are noted at the top left. 
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and. The full table, including photometry in all five bands for
ll 90 candidates, is available in the online version. 

.2 Observations 

ong -slit spectr oscopy was carried out with four ground-based 

acilities. For each target, we determined the relative positions of 
he two sour ces fr om the HSC i -band images and rotated the slit
osition angle (PA) to simultaneously cover both. 

.2.1 NTT/EFOSC2 

e observed 60 targets using the ESO Faint Object Spectrograph 

nd Camera version 2 (EFOSC2, B. Buzzoni et al. 1984 ) on the
.58-m NTT at La Silla. Observations were conducted during 
hr ee pr ograms in 2021–2022: 105.20MF (P107, PI: K. J ahnke),
08.22F0 (PI: M. Onoue), and 109.23BF (PI: M. Onoue). In total,
ix nights of data were successfully obtained. The instrumental 
etups and weather conditions are summarized in Table 2 . We
sed a fixed 1 arcsec slit with either grism no. 5 (5200–9350 Å)
r no. 6 (3860–8070 Å), both offering 2.06 Å pixel −1 and ∼15.5

FWHM (full width at half-maximum) resolution. The CG375 
rder-blocking filter was applied in runs using grism no. 6 (P108
nd P109). Seeing varied between 1 arcsec and occasionally 2 
rcsec. The wavelengths are calibrated with the Ar/He lamps, and 

ux es ar e calibrated with standar d stars E G 21, E G 274, and LTT
788 (J. Oke 1990 ). 

In Table 2 , the rows of the companions that are found at the
ame redshift of the known SDSS quasar (velocity offset < 500 km
 

−1 ) are highlighted with bold fonts. Otherwise, the companion is
 projected source. The superscripts ‘G’, ‘K’, and ‘S’ on top of the
ource names indicate additional observations with Gemini (Ta- 
le 3 ), Keck (Table 4 ), and Subaru (Table 5 ) on the same source.
hey are noted with superscript ‘N’ (refer to NTT) in those tables
MNRAS 547, 1–40 (2026) 
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M

Table 1. Basic information of the observed dual quasar candidates. 

Name Specz qso_RA qso_DEC com_RA com_DEC Sep R ⊥ qso_g com_g ... 
(J2000) (deg) (deg) (deg) (deg) (arcsec) (kpc) (AB) (AB) ... 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) ... 

1 000129.98 + 001911.3 1.9599 0.37492 0.31985 0.37409 0.32030 3.4 28.52 21.80 22.74 ... 
2 000157.44 + 030147.6 0.4440 0.48934 3.02992 0.48921 3.02945 1.8 10.29 20.67 21.07 ... 
3 010123.64 + 010045.3 0.2749 15.34851 1.01260 15.34795 1.01309 2.7 11.31 20.75 21.34 ... 
4 011728.83 + 023309.9 1.7552 19.37019 2.55275 19.37032 2.55344 2.5 21.14 21.02 22.20 ... 
5 020130.46–004448.9 1.4915 30.37693 −0.74691 30.37660 −0.74768 3.0 25.38 21.29 21.78 ... 
6 020425.44 + 003741.6 1.9921 31.10602 0.62821 31.10553 0.62757 2.9 24.28 20.72 20.35 ... 
7 020452.73–010822.4 2.5790 31.21977 −1.13957 31.21899 −1.13903 3.4 27.25 21.37 21.43 ... 
8 021322.99–042134.3 1.9053 33.34584 −4.35956 33.34530 −4.35956 1.9 15.98 19.21 21.16 ... 
9 021907.35–022715.2 1.1836 34.78065 −2.45426 34.78098 −2.45456 1.6 13.24 18.61 19.25 ... 
10 022225.92 + 003401.7 1.2360 35.60796 0.56717 35.60772 0.56672 1.8 14.99 21.74 21.61 ... 
... ... ... ... ... ... ... ... ... ... ... ... 

N otes. Column (2): spectr oscopic r edshift of the known SDSS quasar in each pair. Columns (3)–(6): PSF positions of the known SDSS quasar (qso_RA 

and qso_DEC) and the companion source (com_RA and com_DEC) in each pair. Columns (7) and (8): the separation between the two nuclei in arcsec 
and projected physical distance (kpc), assuming them to be at the same redshift. Columns (9) and (10): g -band PSF magnitudes (after decomposing the 
host galaxy if det ect ed) of the known SDSS quasar (qso_g) and the companion (com_g) source. The full table, including 90 sources and photometry 
of the other four bands, is available via the online version. 
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orrespondingly. The classification of these sources is based on
he combined spectrum. The above mentioned three tables also
ollow the same format as this table. 

.2.2 Gemini/GMOS-N 

e observed 30 candidates with the Gemini Multi-Object Spec-
rograph on Gemini North (GMOS-N; I. Hook et al. 2004 )
n queue mode during thr ee pr ograms: GN-2020A- Q -108, GN-
020B- Q -116, and GN-2021A- Q -121 (PI: J. Silverman). Observa-
ional details are listed in Table 3 . A slit width of 0 . 75 arcsec was
sed in 2020A, while 1 arcsec slits were used in 2020B and 2021A.
We employed the B 600 grating with the CG455 filter and the

 831 grating with the OG515 filter. The central wavelength set-
ing (in μm) is reported in Table 3 . The B 600 grating provides a
ispersion of 0.45 Å pixel −1 and spectral resolution R = λ/ �λ ≈
688 , while R 831 offers 0.34 Å pixel −1 and R ≈ 4396 . Under
ueue scheduling, observations were executed in median condi-
ions, corresponding to a typical seeing of ∼ 0 . 5 arcsec at Mau-
akea (R. Lyman, T. Cherubini & S. Businger 2020 ). CuAr lamps
ere used for wavelength calibration, and the spectrophotomet-

ic standards HZ 44 and Feige 66 (J. Oke 1990 ) were observed for
ux calibration. 

.2.3 Keck II/NIRES 

e observed four targets with the N ear-Infrar ed Echellette Spec-
rometer (NIRES; J. C. Wilson et al. 2004 ) on the 10-meter Keck II
elescope. The observations were conducted during half a night
n 2022 February 22 (Program ID: U197, PI: X. Prochaska). The
bserving setups and weather conditions are summarized in Ta-
le 4 . These targets were selected for follow-up after the NTT
nd Gemini runs to obtain complementary near-infrared spec-
r oscopy. A daptive optics was not employed because the natural
eeing was sufficient to resolve the two sources. The slit width
f NIRES is fixed at 0 . 55 arcsec . NIRES provides simultaneous
overage of 0.94–2 . 45 μm across five echelle orders, with a mean
pectral resolution of R ≈ 2700 . We used an ABBA dithering se-
uence to enable accur ate subtr action of the near-infr ared sky
NRAS 547, 1–40 (2026) 
ack gr ound. Wavelength calibration was performed using night-
ky OH lines, and the standard star Feige 110 was observed for
ux calibration. 

.2.4 Subaru/FOCAS 

e observed four targets with the Faint Object Camera and Spec-
rogr aph (F OCAS; N. Kashikaw a et al. 2002 ) on the 8.2-m Sub-
ru telescope. The observations were conducted during half a
ight on 2023 September 5 as filler time in Program S23B-116
PI: S. Tang). The observing setups and weather conditions are
ummarized in Table 5 . These targets were selected as follow-ups
o the NTT sample to achieve higher SNR ratios and to detect
dditional diagnostic emission lines. We used the VPH850 grating
n combination with the SO58 order-sorting filter, which provides
 wavelength coverage of 5800–10350 Å at a spectral resolution
f R ≈ 1500 . A slit of type SCFCSLLC08 with 0 . 5 arcsec width
as used for all targets. Wavelength calibration was performed
sing ThAr arc lamps, and the standard star BD + 28D4211 was
bserved for flux calibration. 

.3 Data analysis 

.3.1 Spectrum reduction 

ll spectroscopic data in this work were reduced using the Python
pectroscopic Data Reduction Pipeline ( PypeIt , J. X. Prochaska
t al. 2023 ), a semi-aut omat ed package for astronomical spec-
roscopy. The general procedures follow the documentation of 
ypeIt ( https://pypeit.readthedocs.io/en/latest/ J. X. Prochaska
t al. 2020 ). 

In brief, the pipeline first trims the overscan region and ap-
lies a bad-pixel mask appropriate for each instrument. For Gem-

ni/GMOS data, which ar e r ead out in thr ee C CDs with four
mplifiers each, PypeIt mosaics the 12 amplifier outputs into
 single frame, an essential step for optimizing the wavelength
olution. Flat frames are then used to trace the slit edges (and
he echelle orders for Keck/NIRES), while arc frames provide a
D wavelength solution across the det ect or. In the case of NIRES,
hich lacks arc lamps, the sky emission lines in the science expo-

https://pypeit.readthedocs.io/en/latest/
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Table 2. Observation setups, weather conditions, and classifications of the candidates observed with NTT/EFOSC2. The slit width is fixed to 1 arcsec. 

Name Grism + Filter PA Date Seeing Airmass Exposure Type Note 
(J2000) (deg) (dd.mm.yy) (arcsec) (s) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

000129.98 + 001911.3 Gr no. 6 + CG375 118 04.09.22 1.9 1.2 1000 × 3 quasar ( z = 1.946) (i-b), (ii-a), (iii-a), (iv-a2, b3) 
000157.44 + 030147.6 Gr no. 6 + CG375 118 05.09.22 0.9 1.5 1000 × 3 A star (v-a) 
010123.64 + 010045.3 Gr no. 5 131 05.09.22 0.8 1.5 800 × 3 LRG ( z = 0.275) (v-cd) 
011728.83 + 023309.9 Gr no. 6 + CG375 11 04.09.22 1.7 1.2 1000 × 3 G star –
020130.46–004448.9 Gr no. 6 + CG375 23 05.09.22 0.8 1.5 1000 × 4 O star (v-a) 
020425.44 + 003741.6 Gr no. 6 + CG375 38 04.09.22 1.3 1.2 800 × 3 O star (v-a) 
020452.73–010822.4 Gr no. 6 + CG375 125 05.09.22 1.0 1.3 1200 × 3 O star (v-a) 
022225.92 + 003401.7 Gr no. 6 + CG375 29 05.09.22 1.7 1.2 1000 × 3 O star (v-a) 
022325.00–003612.6 Gr no. 6 + CG375 92 05.09.22 1.8 1.1 600 × 3 LRG ( z = 0) (v-bcd) 
023546.83 + 024814.3 Gr no. 6 + CG375 118 05.09.22 1.8 1.2 1000 × 3 F star (v-ad) 
023606.55–020410.3 Gr no. 6 + CG375 11 04.09.22 1.4 1.1 1000 × 3 A star (v-a) 
023629.70 + 020327.5 Gr no. 6 + CG375 64 04.09.22 1.7 1.2 1000 × 3 A star (v-d) 
085244.38 + 050325.6 Gr no. 5 and Gr no. 6 2 14.04.21 0.9 1.2 600 × 6 K star (v-bc) 
090033.55 + 025727.9 Gr no. 6 + CG375 63 07.02.22 0.7 1.4 1000 × 3 K star –
090500.09 + 033609.1 Gr no. 6 + CG375 135 07.02.22 0.75 1.3 1200 × 3 K star –
090550.30 + 003948.1 Gr no. 5 31 09.04.22 0.8 1.2 600 × 3 Unclassified Spatially unresolved 
092725.37–011652.9 Gr no. 6 + CG375 79 07.02.22 0.5 1.1 1000 × 3 F/A star (v-a) 
094713.15 + 024743.6 Gr no. 6 + CG375 35 07.02.22 0.55 1.2 1000 × 3 F/A star –
100547.80 + 013348.4 Gr no. 6 + CG375 71 07.02.22 0.6 1.2 1200 × 3 quasar ( z = 2.055) (i-b), (ii-a), (iii-a), (iv-a2, b3) 
101419.40–002834.2 Gr no. 6 57 15.04.21 0.9 1.2 800 × 1 QG ( z = 0.34?) (v-a), slit misaligned, promising 
101444.48–015244.2 Gr no. 6 20 14.04.21 0.95 1.1 1200 × 3 A star (v-f) 
102614.83 + 040730.6 Gr no. 6 + CG375 17 09.04.22 0.7 1.3 800 × 3 Quasar ( z = 1.18?) (i-b), (ii-b), (iii-a) 
103737.45 + 005836.6 Gr no. 6 + CG375 116 09.04.22 0.7 1.2 1000 × 3 Quasar ( z = 1.708) (i-b), (ii-b), (iii-a) 
104122.84–005618.4 Gr no. 6 53 13.04.21 0.8 1.1 600 × 4 F/A star (v-ad) 
104802.22 + 050301.0 Gr no. 6 + CG375 5 07.02.22 0.65 1.3 800 × 3 Quasar ( z = 2.019) (i-a), (ii-b), (iii-a) 
105302.94 + 033355.8 Gr no. 6 40 13.04.21 0.85 1.2 1000 × 3 A star (v-ad) 
105409.83 + 042435.6 Gr no. 6 + CG375 116 09.04.22 0.8 1.2 800 × 3 F star –
105716.18 + 033930.0 Gr no. 6 17 14.04.21 0.95 1.2 600 × 3 F star –
110556.18 + 031243.1 Gr no. 5 59 09.04.22 0.8 1.4 300 × 3 SFG/QG ( z = 0.356) (i-b), (ii-a), (iii-c), (v-a) 
111006.87 + 033107.1 Gr no. 6 146 14.04.21 0.9 1.2 800 × 3 F star –
112144.76 + 011421.9 Gr no. 6 154 13.04.21 0.9 1.2 600 × 3 F star (v-a) 
112753.39–020142.7 K Gr no. 6 78 14.04.21 0.9 1.2 1200 × 3 SFG (z = 2.292) (i-b), (ii-a), (iii-a), (iv-a2, b3) 
113613.37 + 033840.9 Gr no. 6 77 13.04.21 1.0 1.3 600 × 3 K star –
114222.52 + 012443.8 Gr no. 6 164 15.04.21 0.9 1.2 800 × 3 unclassified Faint but likely LRG 

121745.76 + 022109.5 Gr no. 5 40 15.04.21 0.9 1.2 800 × 3 SFG ( z = 0.281) (i-b), (ii-a), (iii-c), (v-bc) 
121912.94 + 035142.2 K Gr no. 6 + CG375 82 07.02.22 0.7 1.2 800 × 3 F star (v-a) 
123101.66 + 031118.2 G Gr no. 6 47 14.04.21 0.9 1.3 400 × 3 F/A star (v-abcd) 
123916.97 + 014654.2 Gr no. 6 62 13.04.21 0.9 1.3 1000 × 3 G star –
124153.74 + 003648.0 Gr no. 6 110 14.04.21 0.9 1.3 1200 × 3 G star –
125141.90 + 031140.9 Gr no. 6 1 13.04.21 1.2 1.2 800 × 3 F star (v-a) 
125258.75–004236.1 Gr no. 5 87 09.04.22 0.7 1.2 1000 × 3 G star (v-a) 
133709.29 + 011351.1 Gr no. 6 + CG375 60 09.04.22 1.0 1.2 1200 × 3 G star –
134722.75 + 015504.9 Gr no. 5 114 09.04.22 1.2 1.3 600 × 3 LRG ( z = 0.399) (v-ab) 
134826.86–005943.9 Gr no. 5 169 15.04.21 0.9 1.2 800 × 3 F star (v-d) 
135619.16 + 001813.3 Gr no. 6 1 15.04.21 0.9 1.3 800 × 3 Unclassified Too faint 
141235.36 + 004104.1 Gr no. 6 108 15.04.21 0.9 1.5 800 × 3 Unclassified Too faint and blended 
142944.25 + 042202.6 Gr no. 6 + CG375 160 09.04.22 1.3 1.4 1000 × 2 K star (v-ad) 
143452.74–002828.0 Gr no. 6 + CG375 128 09.04.22 1.1 1.4 1000 × 2 K star (v-c) 
143822.97–015557.9 Gr no. 6 158 13.04.21 0.75 1.2 1000 × 3 F/A star –
144145.09 + 023743.0 Gr no. 6 1 13.04.21 0.8 1.3 600 × 3 F star (v-a) 
144407.63–010152.7 Gr no. 5 130 09.04.22 1.1 1.6 1000 × 2 Unclassified Too faint and blended 
144551.13–000650.3 Gr no. 6 122 14.04.21 0.9 1.4 800 × 3 F star (v-d) 
150257.02 + 023917.7 Gr no. 6 131 14.04.21 0.9 1.5 800 × 3 LRG ( z = 0.085) (v-a) 
150414.02 + 020112.0 Gr no. 6 52 14.04.21 0.9 1.5 800 × 3 LRG ( z = 0.325) (v-b) 
215824.40 + 035217.5 S Gr no. 6 + CG375 122 04.09.22 2.0 1.4 1000 × 4 A star (v-a) 
220239.30 + 000650.0 Gr no. 6 + CG375 52 05.09.22 1.0 1.4 1000 × 3 A star (v-d) 
222050.95–001744.5 S Gr no. 6 + CG375 25 04.09.22 1.7 1.2 1000 × 3 F star (v-d) 
231402.87 + 001430.2 S Gr no. 6 + CG375 45 04.09.22 1.7 1.2 400 × 3 F star (v-ad) 
231854.69–012725.9 S Gr no. 6 + CG375 133 05.09.22 1.5 1.5 1000 × 3 quasar ( z = 2.346) (i-a), (ii-a), (iii-a), (iv-a2, b2) 
232610.23–010427.8 Gr no. 6 + CG375 29 04.09.22 1.9 1.2 800 × 3 O star –

Notes. The classified type of the companion source of the pair is listed in column (8). The basis of classification is noted in column (9), as detailed in Section 3.1. 
The superscripts ‘G’, ‘K’, and ‘S’ on top of the source names indicate additional observations with Gemini, Keck, and Subaru on the same source. The bold lines 
highlight the confirmed physical pairs. 
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Table 3. Observation setups, weather conditions, and classifications for the candidat es observ ed with Gemini/GMOS-N. The slit width is 0 . 75 arcsec 
in 2020A and 1 arcsec thereafter. Observations were carried out in queue mode; when multiple nights contributed to a source, only the principal date 
are listed. 

Name Grism + Filter PA Date Airmass Exposure Type Note 
(J2000) (deg) (dd.mm.yy) (s) (spec) 
(1) (2) (3) (4) (5) (6) (7) (8) 

021907.35–022715.2 B600:0.580 + CG455 131.7 16.08.20 1.4 120 × 2 K star (v-bc) 
021322.99–042134.3 B600:0.580 + CG455 89.5 16.08.20 1.3 847 × 3 Quasar ( z = 0.97) (i-b), (ii-b), (iii-a) 
090613.75 + 041923.1 R831:0.860 + OG515 40.7 22.12.20 1.1 847 × 7 unclassified Too faint 
092919.16 + 041414.2 B600:0.680 + CG455 143.2 16.02.21 1.1 300 × 3 QG ( z = 0.369) (v-bcf) 
092919.16 + 041414.2 B600:0.680 + CG455 74.7 16.02.21 1.1 300 × 3 QG ( z = 0.369) (v-bf) 
100701.56 + 052315.4 B600:0.680 + CG455 144.8 16.02.21 1.1 600 × 3 QG ( z = 0.539) (v-bf) 
101719.42 + 010534.6 B600:0.630 + CG455 176.1 22.02.21 1.1 600 × 3 Unclassified Featureless but promising 
111347.70 + 023830.3 B600:0.630 + CG455 8 20.04.21 1.5 600 × 3 Quasar ( z = 1.596) (i-a), (ii-b), (iii-a) 
115302.69 + 011027.8 R831:0.800 + OG515 73 14.04.21 1.1 600 × 3 SFG ( z = 0.075) (i-a), (ii-b), (iii-c) 
122349.29 + 021449.1 B600:0.680 + CG455 153.8 22.03.21 1.1 600 × 3 QG ( z = 0.408) (v-ab) 
123101.66 + 031118.2 N B600:0.630 + CG455 46.6 21.03.21 1.1 300 × 2 F/A star (v-abcd) 
123939.06 + 003439.8 K R831:0.860 + OG515 127.4 15.01.21 1.1 847 × 3 Quasar ( z = 2.134) (i-a), (ii-a), (iii-a), (iv-a2, b3) 
124604.03–010954.6 B600:0.660 + CG455 51.9 20.05.20 1.2 847 × 3 LRG ( z = 0.31?) (v-a) 
125156.49 + 015249.7 B600:0.630 + CG455 149.2 30.04.21 1.1 600 × 3 SFG/QG ( z = 0.33) (i-a), (ii-a), (iii-c), (v-bef) 
130550.51–012331.5 B600:0.630 + CG455 75.9 15.04.21 1.1 600 × 3 SFG (z = 0.251) (i-a), (ii-a), (iii-c) 
141003.70 + 015901.8 B600:0.630 + CG455 132.8 24.03.21 1.1 600 × 3 G star (v-c) 
141712.26 + 521655.8 R831:0.800 + OG515 103.8 15.04.21 1.2 600 × 6 Unclassified Common absorptions, promising 
142526.50–004421.5 R831:0.860 + OG515 5.4 23.05.20 1.1 847 × 1 QG ( z = 0.52) –
143316.38 + 005145.5 B600:0.660 + CG455 131.6 20.05.20 1.2 847 × 3 M1 star (v-e) 
144308.16–004913.4 B600:0.660 + CG455 84.2 20.05.20 1.2 847 × 4 Unclassified Featureless but promising 
145201.59–011945.3 R831:0.800 + OG515 58.5 17.04.21 1.3 600 × 3 Quasar ( z = 1.876) (i-b), (ii-a), (iii-a), (iv-a1, b3) 
145347.46 + 003927.0 B600:0.660 + CG455 131.8 21.05.20 1.2 847 × 3 Unclassified Featureless but promising 
151434.38 + 434507.1 B600:0.630 + CG455 73.5 24.03.21 1.1 300 × 3 SFG ( z = 0.33) (i-a), (ii-b), (iii-c) 
152750.12 + 422035.5 R831:0.800 + OG515 30.5 30.04.21 1.1 180 × 3 M1 star (v-e) 
153342.05 + 442106.5 B600:0.630 + CG455 118.4 24.03.21 1.1 500 × 3 Quasar ( z = 1.325) (i-b), (ii-b), (iii-a) 
221926.32–004612.9 B600:0.580 + CG455 55.1 13.08.20 1.3 847 × 4 SFG ( z = 0.333) (i-a), (ii-b), (iii-c) 
222327.52 + 033902.0 B600:0.630 + CG455 49.2 14.05.21 1.6 600 × 3 SFG ( z = 0.35) (i-a), (ii-a), (iii-c) 
231148.54 + 004426.0 B600:0.580 + CG455 59.9 13.08.20 1.1 847 × 2 SFG ( z = 0.194) (i-a), (ii-b), (iii-c) 
232443.06 + 023922.7 B600:0.630 + CG455 50.2 14.06.21 1.3 600 × 6 F star –
232821.40–004045.2 R831:0.800 + OG515 9.5 02.08.21 1.1 600 × 6 M1 star (v-e) 
233225.33 + 000042.5 B600:0.630 + CG455 135.4 04.07.21 1.3 600 × 12 Quasar ( z = 3.271) (i-b), (ii-a), (iii-a), (iv-a2, b3) 

Table 4. Observation setups, weather conditions, and classifications for the candidat es observ ed with Keck/NIRES, the width of the slit is fixed to 
0 . 55 arcsec . 

Name PA Date Seeing Airmass Exposure Type Note 
(J2000) (deg) (dd.mm.yy) (arcsec) (s) (spec) 
(1) (2) (3) (4) (5) (6) (7) (8) 

112753.39–020142.7 N 77.6 10.02.22 1.0 1.2 300 × 4 SFG ( z = 2.292) (i-b), (ii-a), (iii-a), (iv-a2, b3) 
121912.94 + 035142.2 N 81.9 10.02.22 0.8 1.4 300 × 4 F star (v-a) 
123939.06 + 003439.8 G 127.4 10.02.22 1.4 1.1 300 × 4 Quasar ( z = 2.134) (i-a), (ii-a), (iii-a), (iv-a2, b3) 
130047.68 + 041320.4 18.7 10.02.22 1.0 1.2 300 × 8 Unclassified Too faint, unable to extract spectrum 

Table 5. Observation setups, weather conditions, and classifications for the candidates observed with Subaru /FOCAS, the width of the slit is fixed to 
0 . 55 arcsec . All of the sources are also observed with NTT. 

Name PA Date Seeing Airmass Exposure Type Note 
(J2000) (deg) (dd.mm.yy) (arcsec) (s) (spec) 
(1) (2) (3) (4) (5) (6) (7) (8) 

215824.40 + 035217.5 N 122 05.09.24 0.4 1.1 1200 × 3 F star –
222050.95–001744.5 N 25 05.09.24 0.3 1.1 1000 × 2 F star (v-d) 
231402.87 + 001430.2 N 45 05.09.24 0.3 1.1 600 × 2 F star (v-ad) 
231854.69–012725.9 N 133 05.09.24 0.4 1.1 1200 × 2 Quasar ( z = 2.346) (i-a), (ii-a), (iii-a), (iv-a2, b2) 
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Table 6. Parameters of the virial BH mass calibration (equation 1 ). Lumi- 
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ur es ar e used dir ectly for w avelength calibr ation. Subsequently,
he sky back gr ound is modelled and subtracted with an improved
lgorithm from D . D . Kelson ( 2003 ), yielding reduced 2D spectra.

We then extracted 1D spectra for each component of every 
air. Because PypeIt ’s aut omat ed extraction is not optimized for
lended sources with separations of � 1 arcsec, we implemented 

 custom three-step method: (1) from the reduced 2D spectrum, 
e binned the image along the wavelength axis to enhance Signal 

o Noise ratio (S/N) and fit a double-Gaussian profile at each 

ow; (2) the Gaussian centres were then fit with a second-order
olynomial to trace the spatial positions of the two spectra; and 

3) using these traces, we refit double Gaussians at each wave- 
ength position on the original 2D frame, and extracted the Gaus-
ian areas as the photon counts. The resulting spectra were flux-
alibrated using the sensitivity functions derived from standard 

tars within PypeIt , and rescaled t o mat ch HSC phot ometry t o
orrect for slit losses (see Appendix A for a comparison between 

ur measurements of the PSF magnitudes and the HSC pipeline- 
enerated CModel magnitudes). 

.3.2 Spectrum fitting 

or the confirmed quasar–quasar and quasar–galaxy pairs, we fit 
he 1D spectra with the PyQSOFit package (H. Guo, Y. Shen &
. Wang 2018 ; H. Guo et al. 2019 ; Y. Shen et al. 2019 ). When a
ource was observed with multiple telescopes, we first combined 

he spectra by resampling to a common w avelength arr ay and
 eight ed av eraging in the ov erlapping wav elengths befor e fitting .
ll fitting was performed in the rest frame. For quasars at z < 0 . 5 ,
e applied the prior-informed PCA method in PyQSOFit to sub- 

ract host-galaxy emission (W. Ren et al. 2024 ). 
For pure quasar spectra, the code first fits a pseudo - continuum

onsisting of a power -la w plus a thir d-or der polynomial plus an
e ii t emplat e in line-free windows: 6000–6250 and 6800–7000 Å
round H α, 4435–4630 and 5100–5535 Å around H β, and 2200–
700 and 2900–3090 Å ar ound Mg ii . Reg ar ding the Fe ii emis-
ion, the T. A. Boroson & R. F. Green ( 1992 ) model is applied
o the UV part between 1200 and 3500 Å, and the M. Vester-
 aar d & B . J. Wilkes ( 2001 ) model is applied to the optical part
etween 3686 and 7484 Å. More details about the compilation of 
he continuum and iron emission were discussed in Y. Shen et al.
 2019 ). After subtracting the pseudo - continuum, the emission-
ine-only spectra were modelled with single or multiple Gaussian 

omponents, including the H α composite (H α broad and narrow, 
N ii ] λλ6549,6585, [S ii ] λλ6718,6732), H β composite (H β broad
nd narr ow, cor e and wing components of [O iii ] λλ4959,5007),
 γ composite (H γ broad and narrow, [O iii ] λ4364), Mg ii , C iii ],
 iv , Ly α, and N v λ1240. 
The fitting returns the emission-line properties, including cen- 

r al w av elength, v elocity dispersion, FWHM, equivalent width
EW), peak position, int egrat ed flux, signal-t o-noise ratio (SNR),
nd continuum parameters. The parameter uncertainties are es- 
imated with the Markov chain Monte Carlo (MCMC) method. 
hese fitting r esults ar e then employed to classify the types of 
ources and measure the BH property. 

.3.3 BH property measurements 

or the broad-line AGNs with FWHM > 2000 km s −1 , we de-
ived their black hole (BH) masses using the single-epoch virial 

ethod, which is calibrated against reverberation mapping (S. 
aspi et al. 2000 ): 

 BH 

= 10 αL 

β

(
FWHM 

1000 km s −1 

)γ

M �, (1) 

here L is the relevant continuum or line luminosity. In this
 ork, w e adopt the calibrations of Y. Shen et al. ( 2011 ) for H α,
. Vesterg aar d & B . M. Peterson ( 2006 ) for H β and C iv , and A.

chulze et al. ( 2017 ) for Mg ii . The corresponding parameters are
isted in Table 6 . The total uncertainties include both measure-

ent errors (from the PyQSOFit MCMC fits) and the intrinsic 
ystematic uncertainty of the virial method, ∼0.4 dex (Y. Shen 

t al. 2011 ; A. Schulze et al. 2018 ). We note that the C iv BH
stimator is known to be systematically biased compared to the 
almer estimators due to its outflow-related origin (H. Netzer 
015 ; L. Coatman et al. 2016 ). The blueshift of the C iv line might
e used to mitigate this bias (L. Coatman et al. 2017 ), which, how-
ver, r equir es a r obust measur ement of the systematic r edshift
f the quasar. For our newly confirmed dual quasars with C iv
etections (Table 7 ), the spectrum coverages are all limit ed t o rest
avelengths < 3000 Å, and thus lack a robust redshift estimator.
e ther efor e did not apply any correction to the C iv -based BH
asses. 
Bolometric luminosities were estimated from the monochro- 
atic continuum luminosities as L bol = 3 . 81 × L 1350 , 5 . 15 ×
 3000 , and 9 . 26 × L 5100 , respectively (G. T. Richards et al. 2006 ).
he Eddington luminosity and Eddington ratio are then: 

L Edd = 1 . 26 × 10 38 M BH 

λEdd = L bol /L Edd 
(2) 

 R E S U LT S  

.1 Source type classification 

e classified the spectral types of the companion sources in each
air primarily by cr oss-corr elation with the SDSS spectral tem-
lates. 1 The abbreviations and the corresponding SDSS t emplat es 
re as follows: (1) quasar (SDSS t emplat es nos 30 and 33); (2)
RG (t emplat e 29): luminous r ed g alaxy (LRG); (3) QG (t emplat e
4): quiescent (‘early-type’) galaxy; (4) SFG (t emplat es 25–28): 
tar-forming (‘late-type’) galaxy; and (5) stars: classified by the 
orresponding st ellar t emplat es (t emplat es 1–23). We not e that
hese t emplat es are sufficient for the classification purpose of this
aper, and that more objective and complete galaxy templates can 

e found in, e.g. D. F r aix-Burnet, C. Bouveyron & J. Moultaka
 2021 ). The final classifications of our sources are listed in the
Type’ columns of Tables 2 –5 . Rows corresponding to physical
airs (dual quasars and quasar–galaxy pairs at the same redshift)
MNRAS 547, 1–40 (2026) 
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re highlighted in bold fonts. The basis of classification is noted
n the final columns of the tables. In particular, we considered the
ollowing conditions: 

(i) Emission-line detection. 

(a) More than two emission lines detected above 3 σ . 
(b) Only one emission line det ect ed abov e 3 σ . 
(c) Only t entativ e emission-line det ections below 3 σ . 

(ii) Emission-line position. 

(a) Velocity offset from the known SDSS quasar < 500 km
s −1 . 

(b) Velocity offset > 500 km s −1 . 

(iii) Emission-line width. 

(a) FWHM > 2000 km s −1 . 
(b) 1200 < FWHM < 2000 km s −1 . 
(c) FWHM < 1200 km s −1 . 

(iv) Lensing. 

(a) Comparison of the two spectra: 

(1) Nearly identical (standard deviation of the flux ra-
tios < 50 per cent of their median). 

(2) N on-identical (standar d deviation > 50 per cent of 
the median). 

(b) HSC imaging: 

(1) A third source det ect ed betw een the tw o objects. 
(2) A thir d sour ce det ect ed within 3 arcsec of the sys-

tem. 
(3) N o thir d sour ce det ect ed within 3 arcsec . 

(v) Absorption-line detection. 

(a) Ca ii H&K λλ3934.8, 3969.6. 
(b) Mg i λ5176.7. 
(c) Na i λ5895.6 (‘D’ line). 
(d) Balmer absorption lines. 
(e) TiO molecular bands. 

Our classification strategy is as follows. If at least one emission
ine is det ect ed abov e 3 σ (condition i), w e measure the v elocity
ffset relative to the SDSS quasar (Condition ii). Previous works
e.g. J. F. Hennawi et al. 2006 , 2010 ) used 2000 km s −1 as the
hreshold, accounting for both the expected peculiar velocities
f bound quasar pairs ( � 500 km s −1 ) and SDSS redshift un-
ertainties ( ∼1500 km s −1 ). Since none of our observed systems
av e v elocity offsets betw een 500–2000 km s −1 , the choice of 

his threshold within this range will not affect our r esults. Her e,
e adopt 500 km s −1 as the criterion. If the offset e x ceeds this

hreshold (condition ii-b), we classify the system as a projected
air. 
Meanwhile, we use the emission-line width to distinguish be-

ween quasars and g alaxies. Sour ces with FWHM > 2000 km s −1 

re classified as quasars; those with FWHM < 1200 km s −1 as
tar-forming galaxies (SFGs); and those in between as compos-
tes (L. Hao et al. 2005 ; Y. Shen et al. 2011 ). The 1200 km s −1 

hreshold is a very conservative assumption as the typical FWHM
f SFGs is 200–300 km s −1 . N evertheless, none of our sour ces
as FWHM in between 1200–2000 km s −1 . There are two offset
uasars with their companions having FWHM > 500 km s −1 :
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Table 8. BH properties of the confirmed dual quasars in this work. 

Name log L 1350 Å
bol log L 3000 Å

bol log L 5100 Å
bol log M 

C iv 
BH 

log M 

Mg ii 
BH 

log M 

H β
BH 

log M 

H α
BH 

log λEdd 
( erg s −1 ) ( erg s −1 ) ( erg s −1 ) ( M �) ( M �) ( M �) ( M �) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

0001 + 0019_N 45.84 – – 8 . 44 ± 0 . 45 – – – −0 . 71 
0001 + 0019_S 45.69 – – 9 . 48 ± 0 . 41 – – – −1 . 90 
1005 + 0133_N 46.37 – – 9 . 27 ± 0 . 55 – – – −1 . 01 
1005 + 0133_S 47.50 – – 9 . 81 ± 0 . 40 – – – −0 . 42 
1239 + 0034_N – 45.77 45.87 – 9 . 05 ± 0 . 40 9 . 82 ± 0 . 40 9 . 49 ± 0 . 40 −1 . 78 
1239 + 0034_S – 46.82 46.94 – 9 . 27 ± 0 . 40 9 . 93 ± 0 . 40 9 . 51 ± 0 . 41 −0 . 75 
1452–0119_N – 46.65 – – 9 . 12 ± 0 . 40 – – −0 . 58 
1452–0119_S – 45.98 – – 8 . 57 ± 0 . 40 – – −0 . 70 
2318–0127_N 46.50 – – 9 . 77 ± 0 . 40 – – – −1 . 38 
2318–0127_S 46.25 – – 9 . 84 ± 0 . 41 – – – −1 . 71 
2332 + 0000_N 45.65 – – 9 . 56 ± 0 . 41 – – – −2 . 02 
2332 + 0000_S 46.44 – – 9 . 97 ± 0 . 40 – – – −1 . 64 

Notes. Columns (2)–(4) list bolometric luminosities ( L bol ) estimated fr om monochr omatic luminosities at 1350, 3000, and 5100 Å. Columns (5)–(8) 
give BH masses ( M BH 

) derived from the virial method using broad emission lines. Column (9) reports the Eddington ratio ( λEdd ). Where multiple 
measur ements e xist, averages ar e adopted for λEdd . 
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112753.39 −020142.7 and J121745.76 + 022109.5, which we will 
iscuss in detail in Section 4.2 . We do not adopt the BPT diagrams

n our main classification pr ocedur e, as the spectra of most of our
ffset pairs do not cover both axes. It will be discussed in detail if 
vailable for specific cases. 

If the companion satisfies conditions (i), (ii-a), and (iii-a/b), 2 
e further assess whether the system could be a lensed quasar.

n the most str aightforw ard case, if the spectral ratio is non-
dentical across the wavelength range (condition iv-a2) and no 
hir d sour ce is det ect ed in the HSC image (condition iv-b3), we
an confidently reject lensing and classify the system as a dual 
uasar. For more ambiguous cases, we provide object-specific 
iscussions in Section 4 . 
If no emission lines are det ect ed, the source is most likely a

uiescent galaxy (QG) or a star (but can also be quasars merely
overed with weak emission lines). In such cases, we attempt to
atch the continuum shape to SDSS templates and identify red- 

hifts fr om str ong absorption featur es, including the F r aunhofer
ines (Ca ii H&K, Mg i λ5176.7, Na i λ5895.6), Balmer absorption,
nd TiO bands. 3 If the spectrum is featureless but has sufficient
/N, w e mat ch the continuum slope t o SDSS t emplat es t o assign a
lassification. Unclassified cases are generally due to blending or 
nsufficient S/N, as described in the ‘Note’ column of the tables. 

In t otal, w e hav e classified 6 syst ems as broad-line quasar pairs
nd 11 systems as offset quasars (quasar–galaxy pairs). The red- 
hifts of these pairs are between 0.2 and 3.3, the angular separa-
ions are between 1.3 and 3 . 8 arcsec , corresponding to projected
eparations between 5 and 31 kpc. The maximum flux ratio be- 
w een the tw o sources of each pair is ∼15, as estimated from the
pectrum. The faintest case has i -band magnitude of 22.6. 

.2 Physical properties of the dual quasars 

e present the broad emission-line properties of the confirmed 

ual quasars in Table 7 , measured with PyQSOFit (Section 2.3.2 ).
ithin each pair, the newly confirmed companion source is high- 

ighted in bold. For the broad component of each line, we report
 Because the primary source is an SDSS quasar, if the companion is a 
arr ow-line sour ce (condition iii-c), it automatically rules out lensing . 
 Line list from https://classic.sdss.org/dr6/algorithms/linestable.php 

w  

m
M  

r  
he SNR ratio (in σ ), FWHM (in km s −1 ), and EW (in Å). Lines not
overed by our observations are denoted with ‘–’, while covered 

ut undet ect ed lines (SNR < 1 σ ) are marked with ‘ · · · ’. 
From the continuum and emission-line fitting results, we es- 

imate the BH properties of the dual quasars as described in
ection 2.3 . Table 8 lists the bolometric luminosity ( L bol ), BH mass
 M BH 

), and Eddington ratio ( λEdd ) for our six newly confirmed
ual quasars. For the pair of J1239 + 0034, multiple estimators
f L bol and M BH 

are available, we adopt L 

5100 Å
bol and M 

H α
BH 

when
omputing λEdd . For the pair of J2318 −0127, although Mg ii is
et ect ed in the spectrum, L 3000 falls at the edge of the coverage,
hus L 

3000 
bol and M 

Mg ii 
BH 

were not measured for this case. 
Fig . 2 compar es the bolometric luminosities and BH masses

f our confirmed dual quasars (including six pairs from J. D.
ilverman et al. 2020 ; S. Tang et al. 2021 ) with the general SDSS
uasar population (S. Rakshit, C. Stalin & J. Kotilainen 2020 ,
hown as coloured contours). The left panel shows the z < 1
ystems, while the right panel presents the z > 1 . 5 systems. In
ach panel, the two quasars within a given pair are plotted with
he same coloured star symbols. Representative uncertainties for 
 BH 

and L bol are shown as error bars in the upper left. These
ncertainties are dominated by systematics: ∼0.4 dex for M BH 

rom the virial method (Y. Shen et al. 2011 ), and ∼0.13 dex for
 bol from optical/UV bolometric corrections (J. C. Runnoe, M. S. 
rotherton & Z. Shang 2012 ). Statistical fitting uncertainties are 
egligible in most cases, as indicated by the PyQSOFit MCMC 

nalyses. 
All the dual quasars newly confirmed in this work are at z >

 . 5 . As shown in Fig. 2 , they occupy the relatively high BH mass
 log M BH 

/M � ∼ 8 . 5 –10) and wide range of bolometric luminosity
 log L bol / erg s −1 ∼ 45 . 5 –47.5) region of the entire z > 1 . 5 SDSS
uasar population. The dashed lines indicate constant Eddington 

atios ( λEdd = 1 . 0 , 0 . 1 , 0 . 01 ). Most of our syst ems accret e at mod-
rat e t o low Eddingt on ratios ( λEdd ∼ 0 . 01 –0.4), consist ent with
he broader single quasar population of similar mass (e.g. M. L.
ones et al. 2016 ). 

All the low-redshift pairs in Fig. 2 w ere report ed in our earlier
ork, from which we found that BH masses and host stellar
asses of dual quasars are slightly elevated above the local M BH 

–
 ∗ scaling relation (S. Tang et al. 2021 ). How ev er, w e cannot

 obustly measur e host stellar masses for our new z > 1 . 5 dual
MNRAS 547, 1–40 (2026) 

https://classic.sdss.org/dr6/algorithms/linestable.php
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M

Figure 2. Bolometric luminosities versus BH masses for confirmed dual quasars by our project, including six pairs from our previous works. Each pair 
is labelled with two star marks of the same colour, and connected with a grey line. Left panel: z < 1 systems; and right panel: z > 1 . 5 systems. In each 
panel, the same coloured star marks indicate every two members of each pair. Representative uncertainties in M BH 

and L bol are shown in the top-left 
corner of each panel. Underlying contours show the 1 σ , 2 σ , and 3 σ distributions of SDSS DR14 quasars in the corresponding redshift range. Dashed 
grey lines indicate constant Eddington ratios ( λEdd = 1 . 0 , 0 . 1 , 0 . 01 ). 
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uasars from HSC imaging and SED fitting alone. At these red-
hifts, space-based imaging is generally r equir ed to r esolve quasar
ost galaxies (X. Ding et al. 2020 ). Alt ernativ ely, st ellar masses
an be appr o ximated by subtracting the gas mass from the dy-
amical mass in submillimeter interferometric observations (e.g.
. Bischetti et al. 2017 ; S. Molyneux et al. 2025 ). 
Crucially, neither our sample nor previous studies show com-

elling evidence that galaxy mergers systematically drive both
Hs t o near-Eddingt on accretion simultaneously. Inst ead, con-
rmed dual quasars exhibit λEdd distributions indistinguishable

rom those of single quasars, suggesting that while mergers can
rigger concurrent nuclear activity, the detailed fuelling and duty
ycle of each SMBH are controlled primarily by the local gas
upply and feedback processes rather than by a wholesale boost
n accretion efficiency (T. Kawaguchi, N. Yutani & K. Wada 2020 ).

e also note that these dual quasars probably have not reached
heir peak of activity among the mergers, given that their physical
eparations are still above the kpc level. Numerical simulations
uggested increasing AGN activities and accretion rate with de-
reasing separations between the BHs down to the sub-kpc scale
P. R. Capelo et al. 2015 ). The dual quasars provide observational
onstraints on the initial conditions of sub-kpc SMBH pairs.
ollow -up observ ations pr obing the ISM envir onment of the du-
ls will shed light on the BH growth mechanism in such systems.

 N OT E S  ON  INDIVIDUAL  S Y ST E M S  

or each observed system, we present a standardized ‘Discovery
anel’ to summarize the imaging and spectroscopic information.
ig. 3 illustrates the format using J000129.98 + 001911.3 as an
 xample. Fr om t op t o bott om, each panel contains: 

(i) HSC imaging. gri colour-composite cutouts with side
engths of 60, 20, and 10 arcsec. On the 60 and 20 arcsec views,
he spectroscopic slit is shown as a green rectangle, with its PA
abelled in the upper right corner. The 10 arcsec cutout includes
oth angular and physical scale bars, indicating the separation
etween the two sources. 
NRAS 547, 1–40 (2026) 
(ii) 2D spectrum. The reduced 2D spectrum from PypeIt (Sec-
ion 2.3.1 ), displayed with wavelength along the horizontal axis
nd spatial direction along the slit on the vertical axis (both in pix-
ls). The spectrum at the centre of the cutout always corresponds
o the SDSS quasar, which is also the source at the centre of the
mage cutouts in panel (a), circled in red. The format varies by
nstrument: a single row for NTT/EFOSC2 and Subaru /FOCAS,
hr ee r ows for Gemini/GMOS-N (corr esponding to its thr ee C CD
hips), and five rows for Keck/NIRES (corresponding to its five
chelle or ders, or der ed blue to r ed fr om t op t o bott om). The
pectra are normalized with Z -scale and linear stretch (typically
 min = median −1 . 5 σ , v max = median +3 σ ), with minor adjust-
ents applied in a few cases to enhance line visibility. 
(iii) 1D spectra. Extr acted spectr a of the known SDSS quasar

red) and the companion source (blue). We label the spectra
ith the relative location of the sources in the image (mostly by

N‘orth or ‘S‘outh, rarely by ‘L‘eft or ‘R‘ight). Grey shaded regions
ark wavelengths affected by strong sky emission or absorption.

he PyQSOFit -estimated redshifts 4 of both sources are shown in
he legend, along with vertical dashed lines marking the expected
ositions of key emission or absorption features. The spectra are
ux-calibrated and rescaled to HSC CModel photometry to cor-
ect for slit loss; the photometric flux points are shown as star
ymbols. In high-contrast cases, one spectrum may be rescaled to
acilitate comparison (e.g. ‘N ×2 ’ indicates the companion spec-
rum has been multiplied by two). 

(iv) Line-fitting results. For the confirmed dual quasars and
uasar–SFG pairs, we show the best-fitting results from PyQ-
OFit for the known SDSS quasar (left) and the companion
ource (right). The techniques of PyQSOFit are detailed in Sec-
ion 2.3.2 . The top panels show the fitting of the entire spectra,
omposed of the continuum (orange curve), iron template (cyan
urve), and emission lines (green for narr ow lines, and r ed for
road lines). The wavelength ranges which are used for the con-
inuum fitting are marked with the grey bars. The bottom panels
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Figure 3. Example of a standardized ‘Discovery Panel’ for J000129.98 + 001911.3. Panel (a): HSC three-colour images with side lengths of 60, 20, and 
10 arcsec, including slit orientation and source separation. Panel (b): PypeIt -reduced 2D spectrum. The spectrum at the centre (50 pixels) corresponds to 
the SDSS quasar (source circled in red in panel a). Panel (c): 1D spectra of the SDSS quasar (source "S") and the companion source (source "N"), rescaled 
to HSC photometry. Panel (d): PyQSOFit results for both 1D spectra. A detailed description of the Discovery Panel format is provided in Section 4 . The 
full figure set for all systems analysed in this work is available as Supporting Information online. 
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how zoom-in views of the emission lines, after subtracting the 
ontinuum and iron emission. For the quasar–QG/LRG pairs, we 
how the fitting results of the absorption lines of the companion 

ources instead. 

The complete set of Discovery Panels for all observed systems 
s available in the online Supporting Information associated with 

his article. The rest of those for the confirmed dual and offset
uasars ar e pr esented in Appendix B . We encourage readers to
se these figures as visual guides to the classifications presented 

elow, and as r esour ces for potential follow-up observations. 

.1 Dual quasars 

n this section, we present six dual quasars with at least one broad
mission line det ect ed in both sources at the same redshift. 
MNRAS 547, 1–40 (2026) 
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.1.1 J000129.98 + 001911.3 

his system was observed with NTT/EFOSC2 using the Gr no. 6
 CG375 setup with three exposures of 1000 s each (Fig. 3 ). The

eparation between the two sources is 3 . 4 arcsec , corresponding
o a projected distance of 28.5 kpc. The southern component
J0001 + 0019S) is the known SDSS quasar. From its spectrum,
e measure z = 1 . 9474 . 
In the spectrum of the northern source (J0001 + 0019N), we

etect a 6 . 0 σ broad emission line with FWHM = 2874 km s −1 at
542 Å. Interpr eting this featur e as C iv λ1549 yields a r edshift
f z = 1 . 9457 , which corresponds to a line- of- sight velocity off-
et of 64 km s −1 relative to the SDSS quasar. A tentative 2 . 1 σ
eature is also seen near the expected position of C iii ] λ1909 ,
hough with an unconstrained width (Table 7 ). An alt ernativ e
nterpretation of the 6 . 0 σ line as Mg ii λ2799 would imply a lower
edshift of z = 0 . 68 . How ev er, in that scenario, additional strong
ines ([Ne v ], [O ii ], [Ne iii ], H γ ) should fall within our spectral
overage, none of which are detected. We ther efor e conclude that
oth components are most likely at the same redshift ( z � 1 . 95 ). 

N e xt, we consider the lensing hypothesis. The flux ratio be-
ween the spectra of J0001 + 0019S and J0001 + 0019N is non-
dentical, varying between ∼1 and 3 across the observed wave-
ength range. Moreover, the C iv line profile of J0001 + 0019S is
ignificantly broader than that of J0001 + 0019N, and shows a
ouble-peaked feature which is unseen in the latter. Finally, no
dditional galaxies are det ect ed within a 4 arcsec radius in the
SC imaging. Taken together, these factors argue against the

ensing interpretation and favour the classification of this system
s a dual quasar system. 

.1.2 J100547.80 + 013348.4 

his system was observed with NTT/EFOSC2 using the Gr no.
 + CG375 setup with three exposures of 1200 s each (Fig. B1 ).
he two components are separated by 2 . 1 arcsec , correspond-

ng to a projected distance of 17.5 kpc. The southern source
J1005 + 0133S) is the known SDSS quasar, for which we measure
 = 2 . 0551 . 

In the spectrum of the northern source (J1005 + 0133N), we
etect a 5 . 3 σ broad emission line with FWHM = 5124 km s −1 

t 4730 Å. This feature is best identified as C iv λ1549 , yielding
 = 2 . 0525 , only 89 km s −1 offset from the SDSS quasar. While
 iii ] λ1909 is not det ect ed, w e identify a ∼ 3 σ emission feature at

he expect ed wav elength of He ii λ1640 , consist ent with the same
edshift. 

We also assess the lensing scenario. J1005 + 0133S appears
lightly bluer than J1005 + 0133N, and the overall spectral flux
atio is ∼8 across the observ ed wav elength range. Moreov er, C iii ]
s clearly det ect ed in J1005 + 0133S but absent in J1005 + 0133N,
ndicating intrinsic spectral differences between the two sources.
inally, the HSC imaging reveals no additional galaxies within a
0 arcsec radius. Taken together, these arguments strongly disfa-
or a lensing interpretation. We therefore classify J1005 + 0133
s a dual quasar system. 

.1.3 J123939.06 + 003439.8 

his system was first observed with Gemini/GMOS-N using the
831 + OG515 grating centred at 860 nm, with three expo-

ures of 847 s each (Fig. B2 ), and subsequently followed up with
eck/NIRES using four e xposur es of 300 s each (Fig. B3 ). The two
NRAS 547, 1–40 (2026) 
omponents are separated by 1 . 7 arcsec , corresponding to a pro-
ected distance of 14.1 kpc. The southern source (J1239 + 0034S)
s the known SDSS quasar, for which we measure z = 2 . 1371 . 

In the GMOS spectrum of the northern source
J1239 + 0034N), we detect a tentative 2 . 3 σ broad emission
ine at 5975 Å with FWHM = 6712 km s −1 , most consistent
ith Mg ii λ2799 . To verify this identification, we obtained

ollow-up NIRES spectroscopy. The NIRES data reveal a 2 . 6 σ
road H β emission line ( FWHM = 16950 km s −1 ) and a strong
 . 0 σ broad H α emission line ( FWHM = 8093 km s −1 ) at
he corresponding redshift. From these lines, we determine
 = 2 . 1338 for J1239 + 0034N, implying a velocity offset of 
06 km s −1 relative to the SDSS quasar. 

The continua of the two sources are nearly identical in color,
ith a flux ratio of ∼10. How ev er, their emission-line proper-

ies differ: H β is significantly stronger in J1239 + 0034S than in
1239 + 0034N relative to H α, indicating intrinsic differences
etween the quasars. In the HSC imaging, a faint galaxy ( i � 22 ,
 � 22 ) lies 4 . 7 arcsec from J1239 + 0034S at PA = −138 ◦. Given
ts faintness and projected separation, as well as the spectral
ifferences between the two quasars, it is unlikely to act as a

ensing g alaxy. We ther efor e classify J1239 + 0034 as a dual quasar
ystem. 

.1.4 J145201.59 −011945.3 

his system was observed with Gemini/GMOS-N using the R831
 OG515 grating centred at 800 nm, with three exposures of 600

 each (Fig. B4 ). The two components are separated by 2 . 6 arcsec ,
orresponding to a projected distance of 21.9 kpc. The northern
ource (J1452 −0119N) is the known SDSS quasar, for which we
easure z = 1 . 8753 . 
In the spectrum of the southern source (J1452 −0119S), we

etect a 6 . 9 σ broad emission line at 8044 Å with FWHM = 3339
m s −1 . This feature is best identified as Mg ii λ2799 , from which
 e det ermined z = 1.8755, with almost no line- of- sight velocity
ffset from the SDSS quasar. No additional emission lines are
et ect ed betw een 7000–9000 Å, but the iron emission t emplat e
rovides a good fit under this redshift assumption. 
The two sources exhibit nearly identical optical colours, with

n overall flux ratio of ∼5. The HSC imaging shows no additional
alaxy brighter than i = 23 within 5 arcsec of the pair. Given the
onsistent redshift interpretation and the absence of a potential
ensing galaxy, we classify J1452 −0119 as a dual quasar system. 

.1.5 J231854.69 −012725.9 

his system was observed with NTT/EFOSC2 using the Gr no.
 + CG375 setup with 3 ×1000 s e xposur e (Fig . B5 ) and subse-
uently followed up with Subaru /FOCAS with 2 ×1200 s expo-
ur e (Fig . B6 ). The two components ar e separated by 3 . 8 ar csec ,
orresponding to a projected distance of 31.1 kpc. The northern
ource (J2318 −0127N) is the known SDSS quasar, for which we
easure z = 2 . 3369 . 
In the combined EFOSC2 + FOCAS spectrum of the southern

ource (J2318 −0127S), w e det ect broad C iv , C iii ], and Mg ii
mission lines at the same wavelengths as in J2318 −0127N, each
ith significance � 4 σ . From these lines, we estimate z = 2 . 3461 ,

orresponding to a velocity offset of 239 km s −1 relative to the
DSS quasar. 
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The two quasars exhibit nearly identical optical colors with an 

verall flux ratio of ∼2. In the HSC imaging, a third red source
ies ∼ 4 arcsec south of the primary quasar. How ev er, this object
s classified as a point source in all five HSC bands (based on
he extendedness flag in the forced photometry catalogue), and 

s ther efor e most likely a for egr ound star rather than a lensing
 alaxy. Mor eover, the spectrum of J2318 −0127S shows narrow
bsorption features superimposed on the C iv and C iii ] emission
ines that are not present in J2318 −0127N. These intrinsic dif-
erences further disfavor a lensing interpretation. We therefore 
lassify J2318 −0127 as a dual quasar system. 

.1.6 J233225.33 + 000042.5 

his system was observed with Gemini/GMOS-N using the B600 
 CG455 setup centred at 630 nm, with 600 s × 12 exposures

Fig . B7 ). The two sour ces ar e separated by 2 . 3 ar csec , corr e-
ponding to a projected distance of 17.3 kpc. The southern source
J2332 + 0000S) is the known SDSS quasar, for which we measure
 = 3 . 2649 . Its spectrum shows a strong Ly α emission line. In the
orthern source (J2332 + 0000N), Ly α is det ect ed at ∼ 3 σ at a
onsist ent wav elength, and a t entativ e C iv line is seen at ∼ 2 σ .
rom these features we estimate z = 3 . 2706 for J2332 + 0000N,
orresponding to a velocity offset of 79 km s −1 from the SDSS
uasar. 

The continuum flux ratio of the two quasars is ∼5, while their
 y α flux r atio is significantly higher ( ∼14). In the HSC imaging,

he only additional bright source in the vicinity is a red point-
ike object located ∼5 ar csec fr om J2332 + 0000S, consistent
ith a for egr ound star rather than a lensing galaxy. Combined
ith the spectral differences between the two sources, we there- 

ore classify this system as a dual quasar rather than a lensed
uasar. 

Interestingly, both quasars in this system e xhibit narr ow C iv
bsorption lines superimposed on their C iv emission. N arr ow, 
ssociated absorbers of this kind are common in quasar spectra 
e.g . M. Vesterg aar d 2003 ; F. Hamann et al. 2011 ), and may origi-
ate from gas inflows, circumnuclear material, or the larger scale 
ir cumg alactic medium (CGM). At face value, the absorbers in
2332 + 0000 appear slightly r edshifted r elative to the C iv emis-
ion peaks, which could be int erpret ed as evidence for inflow. The
lose similarity of the absorption profiles in both quasars suggests 
hat the absorber may spans at least 17 kpc and may trace shared
alo g as. Coher ent metal-line absorbers ar e r eport ed with up t o
00 kpc from the centre (e.g. M. Landoni et al. 2016 ), supporting
n interpretation in terms of enriched CGM associated with the 
erging system. 
In summary, J2332 + 0000 is a dual quasar system at z ∼ 3 . 27 ,

nd its shared narrow absorption features make it a particularly 
ompelling laboratory for studying the int erplay betw een quasar 
ctivity and the CGM in merging environments. 

.2 Offset quasars 

n this section, we describe the offset quasars where the compan- 
on to the SDSS quasar is identified as a paired galaxy without
ignificant broad emission-line detection. The companion spectra 
re classified either as SFGs, based on the presence of narrow
mission lines, or as QGs and LRG, when dominated by absorp-
ion features. 
.2.1 J010123.64 + 010045.3 

his system, at z = 0 . 275 , was observed with NTT/EFOSC2 using
he Gr no. 5 grism for thr ee e xposur es of 800 s each (Fig. B8 ).
he angular separation between the two sources is 2.7 arcsec, 
orresponding to a projected physical distance of 11.3 kpc. The 
outhern source of the pair is the known SDSS quasar. 

The companion source is brighter in the continuum, with a 
uasar-to - companion flux ratio of ∼ 0 . 5 . Its spectrum shows sig-
ificant Mg i λ5176 . 7 and Na λ5895 . 6 absorption features at the
ame redshift as the quasar (bottom panels of Fig. B8 ). Further-
ore, the continuum shape does not match any stellar template 

n the SDSS library, while well r epr oduced by the LRG t emplat e
edshift ed t o z = 0 . 275 . We ther efor e classify this system as a
uasar–LRG pair. 

.2.2 J092919.16 + 041414.2 

his system, at z = 0 . 37 , was observed with Gemini/GMOS-N
sing the B600 + CG455 grating centred at 680 nm. It is at least
 triple system, consisting of a quasar flanked by two elliptical
alaxies and connected by a curved optical feature. We refer 
o the quasar as J0929 + 0414A, the brighter southern galaxy as
0929 + 0414B, and the fainter western galaxy as J0929 + 0414C.
he projected separations are 2.1 arcsec (10.8 kpc) between A and
, and 1.6 arcsec (8.2 kpc) between A and C. 
We obtained two sets of spectra, each with 3 × 300 s expo-

ur es, at PAs of 143.2 ◦ (Fig . B9 ) and 74.7 ◦ (Fig . B10 ) t o cov er
he quasar with either galaxy. Because of the complex morphol- 
gy, HSC photometry rescaling is not applied. From the flux- 
alibr ated spectr a, the continuum flux r atios are ∼2 (A/B) and ∼5
A/C). Both J0929 + 0414B and J0929 + 0414C show absorption
eatures typical of old stellar populations at the same redshift as
he quasar: Ca H&K λλ3934.8, 3969.6, the G -band λ4305.6, and

g i λ5176.7. The G -band absorption is also evident in the quasar
pectrum, confirming its association with the same galaxy group. 
he two galaxies have nearly identical spectra, but given that 

hey share the quasar’s redshift, they cannot be lens images. We
her efor e classify this system as a quasar–QG–QG triple system. 

Intriguingly, the HSC imaging reveals an arc-like structure 
ortheast of the quasar. The J0929 + 0414A spectrum obtained 

t PA = 74.7 ◦ is ∼60 per cent brighter than that at PA = 143.2 ◦,
ikely due to partial slit coverage of this arc. The morphology
esembles shock fronts seen in nearby interacting galaxies (e.g. M.
 odríguez-Bar as et al. 2014 ), suggestive of tidal debris or merger-
riven gas compression. Alt ernativ ely, the feature could represent 
 lensed back gr ound g alaxy, which cannot be ruled out without
eeper spectroscopy or higher resolution imaging. 
Comparable systems have been recently discovered at higher 

edshift, such as the remarkable double-ringed merging galaxy at 
 = 1 . 14 identified in the COSMOS field with James Webb Space
elescope ( JWST , P. Dokkum et al. 2025 ; M. Li et al. 2026 ), where
he central AGN appears offset within the merger structure. J0929 
 0414 may serve as a rare low-redshift analogue to test scenar-

os of merger-driven AGN triggering and the role of gas inflows
n shaping SMBH growth. Motivated by its appearance in HSC 

mages, we assign this system the nickname of the ‘clown’ galaxy.

.2.3 J100701.56 + 052315.4 

his system, at z = 0 . 539 , was observed with Gemini/GMOS-
 using the B600 + CG455 grating centred at 680 nm, with
MNRAS 547, 1–40 (2026) 
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 × 600 s e xposur es (Fig . B11 ). The two sour ces ar e separated
y 2.2 ar csec, corr esponding to 14.0 kpc. The southern source

s the known SDSS quasar. The continuum flux ratio between
he quasar and its companion decr eases fr om ∼18 at 5300 Å to
3 at 8000 Å, indicating that the companion is r elatively r ed.
he spectrum of the companion shows clear Ca ii H&K ab-
orption and weak G -band absorption at the same redshift as
he quasar, while no Balmer, [O ii ], or [O iii ] emission lines
re det ect ed. We ther efor e classify this system as a quasar–QG
air. 

.2.4 J110556.18 + 031243.1 

his system, at z = 0 . 354 , was observed with NTT/EFOSC2 us-
ng Gr no. 5 with 3 × 300 s e xposur es (Fig . B12 ). The projected
eparation between the two sources is 2.4 arcsec (11.9 kpc). The
orthern source is the known SDSS quasar. The continuum flux
atio between the quasar and its companion is ∼1.5, although
he 2D spectrum of the companion appears fainter than expected,
ikely due to a slight slit mis-centring. The companion spectrum
 xhibits narr ow H α and [N ii ] emission lines with FWHM ≈ 15 Å
 ∼685 km s −1 ) at z = 0 . 356 . Ca ii H&K absorption lines are also
ound at this r edshift. Other e xpected featur es, including H γ ,
 β, and [O iii ], ar e cover ed by our spectral setup but r emain
ndet ect ed. Ther efor e, this g alaxy is likely made up of a mixed
opulation of young and old stars. We classify this system as a
uasar–SFG/QG pair. 

.2.5 J112753.39 −020142.7 

his system was observed with NTT/EFOSC2 using Gr no. 6 +
G375 with 3 × 1200 s e xposur es (Fig . B13 ) and subsequently fol-

owed up using Keck/NIRES with 4 × 300 s e xposur es (Fig . B14 ).
he two sources are separated by 3.2 arcsec, corresponding to a
rojected distance of 26.3 kpc. The northern source is the known
DSS quasar, for which we measure z = 2 . 2867 . The two objects
how nearly identical colours in HSC imaging, with a continuum
ux ratio of ∼3. 
In the NIRES spectrum of the southern source (J1127 −0201S),
 e det ect a strong ( ∼ 6 σ ) emission line at ∼ 2 . 187 μm with
WHM = 13 . 6 Å ( ∼619 km s −1 ). Interpreting this feature as H α

ields z = 2 . 2924 , corresponding to a velocity offset of 161 km s −1 

elativ e t o the SDSS quasar. A t entativ e broad C iii ] emission
eature is also present in the NTT spectrum at the same redshift.
ow ev er, other key lines expected at this redshift, including C iv ,
 β, and [O iii ], are not det ect ed despit e being within the observed
av elength cov erage. 
We also considered alt ernativ e identifications of the 2.187 μm

eatur e. If interpr eted as H β, the implied redshift would be z ∼
 . 5 , which should place Ly α in the optical spectrum obtained
ith NTT. How ev er, no Ly α emission is observed at the expected
a velength, disfa vouring this scenario. 
The line width of the putative H α emission ( ∼ 600 km s −1 ) is

roader than typically seen in pure SFGs, where nebular recom-
ination lines generally exhibit FWHM � 200 –300 km s −1 (e.g.
. F. Schreiber et al. 2018 ). Also given the t entativ e broad C iii ]
etection, this suggests that the companion could host a narrow-

ine AGN (type 2) or a composite SFG + AGN. We ther efor e
lassify this system as a quasar–SFG pair, with the companion
ossibly hosting a narrow-line AGN. 
NRAS 547, 1–40 (2026) 
.2.6 J121745.76 + 022109.5 

his system is at z = 0 . 28 , observed using NTT/EFOSC2 Gr no.
 with 3 × 800 s e xposur es (Fig . B15 ). The two sour ces ar e sep-
rated by 3.0 ar csec, corr esponding to a projected distance of 
2.7 kpc. The southern source is the known SDSS quasar. The
ontinuum flux ratio between the quasar and its companion de-
r eases fr om ∼20 at 5500 Å to ∼10 at 9000 Å, indicating that
he companion becomes relatively redder toward longer wave-
engths. 

The companion spectrum shows clear narrow H α and [N ii ]
mission lines, with FWHM � 12 Å ( ∼529 km s −1 ) at z = 0 . 281 .
he [O iii ] and H β lines are also within the spectral cover-
ge, but only t entativ ely det ect ed with peak fluxes of F λ � 2 ×
0 −18 erg s −1 cm 

−2 Å−1 . Weak Mg i λ5176.7 and Na i λ5895.6 ab-
orptions are also found at corresponding wavelengths, sug-
esting a mixed old and young stellar population of this
alaxy. 

Both the [N ii ]/H α and [O iii ]/H β ratios of the companion are
lose to unity. This places the source in the composite region of 
he standard BPT diagram (J. A. Baldwin, M. M. Phillips & R.
erlevich 1981 ). The relatively narrow-line widths ( ∼500 km s −1 )
r e br oader than e xpected for pur e H ii r egions but consistent
ith ionized gas in galaxies hosting weak or obscured AGN (e.g.
. C. Fernandes et al. 2010 ). 
We ther efor e classify this system as a quasar–SFG/QG pair,

ith the companion likely being a composite system where both
tar formation and AGN contribute to the ionization. 

.2.7 J122349.29 + 021449.1 

his system is at z = 0 . 408 , observed using Gemini/GMOS-N
600 + CG455 with 3 × 600 s e xposur es, centr ed at 680 nm (Fig .
16 ). The separation between the two sources is 2.4 arcsec, corre-
ponding to a projected distance of 13.1 kpc. The northern source
s the known SDSS quasar. The quasar and the companion have
imilar colors in HSC imaging. Because the photometry of this
yst em is unreliable, w e did not apply photometric rescaling to
he spectrum. From the Gemini data, we measure a continuum
ux ratio of ∼3 between the quasar and the companion, although

he true ratio is likely higher given that the slit was slightly offset
rom the companion. 

The companion spectrum shows Ca ii H&K and G -band ab-
orption features at the same redshift as the quasar (Fig. B16 ). The
ontinuum slope matches with the SDSS galaxy template at this
 edshift. N o additional emission featur es ar e secur ely det ect ed.

e ther efor e classify this system as a quasar–QG pair. 
Inter estingly, the quasar itself e xhibits str ong spectr al v ariabil-

ty. The original SDSS spectrum taken at MJD = 52283 shows
r ominent br oad Balmer emission lines. In contrast, the later
emini/GMOS-N spectrum (MJD = 59295) r eveals only narr ow

mission lines, with the broad components having disappeared.
his dramatic transition identifies the quasar as a changing-look
GN, with the accretion state changes probably driven by disc

nstabilities and/or variations in accretion rate (e.g. C. Ricci & B.
rakhtenbrot 2023 ). 

.2.8 J125156.49 + 015249.7 

his system is at z = 0.33, observed with Gemini/GMOS-N B600
 CG455 centred at 630 nm with 600 s ×3 exposures (Fig. B17 ).
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he separation between the two sources is 1.5 arcsec, which cor-
esponds to 7.1 kpc. The southern source of the pair is the known
DSS quasar. The continuum flux ratio between the quasar and 

he companion source is ∼7. The companion spectrum shows 
olid detections of the [ O ii ] and [ O iii ] lines at the same redshift
s the quasar, while the position of the H β line rather shows
 weak absorption. The blue side of the spectrum shows Ca ii
&K doublet absorption and the other F r aunhofer -lik e absorp-

ion features. The tidal features in the HSC image indicates that
his system is in a late merg er stag e. Considering these evidences,
e consider two possible scenarios for the companion source: (1) 

t is under a transition stage from star formation galaxy to post-
tarburst galaxy. It has little or no ongoing star formation but with
ome residual ionized gas ( [ O ii ] and [ O iii ] ) – possibly e x cited
y ev olv ed stars or shocks. (2) It is a QG, and the gas is ionized
y an obscured AGN. Therefore, we classify this system a bona 
de physical pair, with the ionization source of the companion 

o be confirmed. Ther efor e, we suggest the companion source a
uiescent or post-starburst galaxy, and the [ O iii ] line indicates a 
otential obscured AGN residing in it. 

.2.9 J130550.51 −012331.5 

his system is at z = 0.251, observed with Gemini/GMOS-N B600 
 CG455 centred at 630 nm with 600 s ×3 exposures (Fig. B18 ).
he separation between the two sources is 1.3 arcsec, which 

orresponds to 5.1 kpc. The northern source of the pair is the
nown SDSS quasar. The continuum ratio between the quasar 
nd the companion source reduces from ∼27 at ∼4800 Å to ∼6 at
7500 Å. An intriguing feature of this system is the extremely 

xtended [ O iii ] emission line. As shown in the 2D spectrum,
he [ O iii ] line-emitting region spatially ext ends bey ond the two
uclei, reaching the outskirts of the galaxies. This feature is more
 xtended fr om the quasar t o the companion side than t o the
pposite side. In addition to the [ O iii ] doublet, the H β line is also
xtended on both sides, but less obviously. The physical mech- 
nisms attributed to this kind of extended emission-line region 

EELR) are still uncertain. Recent Intergal Field Unit (IFU) stud- 
es reported geometric connections between EELRs and radio 
missions, indicating connections with the AGN feedback effect 
B . Balmaver de et al. 2022 ). When following the reduction steps
Section 2.3.1 ), we extract the spectrum along the spatial axis at
he position of the [ O iii ] λ5007 line peak, which can be fit with
w o separat e Gaussian pr ofiles. Ther efor e, we suggest that the
ompanion source also contributes to the EELR, and this system 

s a quasar–SFG pair. 
Furthermore, the SDSS quasar in the pair is also a poten-

ial changing-look AGN. In our observation (MJD = 59319), the 
road H β line still exists, with FWHM = 7431 Å, EW = 66 Å, and
NR = 6.5. How ev er, the narrow H β becomes much w eaker than
n the SDSS spectrum (observed at MJD = 51692). 

.2.10 J134722.75 + 015504.9 

his system lies at z = 0 . 399 and was observed with
TT/EFOSC2 using Gr no. 5 with three ×600 s e xposur es

Fig . B19 ). The pr oject ed separation betw een the tw o sources
s 1.9 arcsec (10.2 kpc). The southern source is the known
DSS quasar. The continuum flux ratio between the quasar 
nd the companion decreases from ∼15 at ∼5500 Å to ∼8 at 
9000 Å. The companion spectrum shows t entativ e absorption 
eatures, including Ca ii H&K and Mg i , at a redshift consistent
ith the quasar, but no emission lines are det ect ed. HSC

maging reveals tidal features connecting the quasar and the 
ompanion, supporting an interacting system. We ther efor e 
lassify J1347 + 0155 as a quasar–QG pair. 

.2.11 J222327.52 + 033902.0 

his system lies at z = 0 . 35 and was observed with
emini/GMOS-N using the B600 + CG455 grating centred 

t 630 nm, with three ×600 s e xposur es (Fig . B20 ). The pr ojected
eparation is 2.7 arcsec (13.3 kpc). The southern source is the
nown SDSS quasar. The continuum flux ratio between the 
uasar and its companion is ∼3. The companion spectrum 

hows narrow [ O ii ] , H γ , H β, and [ O iii ] emission lines at the
ame redshift as the quasar . W e measure FWHM values of 
86 km s −1 for [O iii ] and H β, and 467 km s −1 for [O ii ]. The line
atio [ O iii ] /H β is 2.6. 

Because the spectrum does not cov er H α and [N ii ], w e cannot
pply the classical BPT diagram (J. A. Baldwin et al. 1981 ). Alter-
ativ ely, w e use the R 23 (( [ O ii ] λ3727 + [ O iii ] λλ4959, 5007)/H β,
. Pagel et al. 1979 ; L. J. Kewley & M. A. Dopita 2002 ) and O 32 ratio
 [ O iii ] λλ4959, 5007)/ [ O ii ] λ3727, L. J. Kewley & M. A. Dopita
002 ) diagnostics, which are sensitive to the ionization parame- 
er and gas-phase metallicity. Assuming the emission originates 
ur ely fr om star formation, we find log R 23 = 0 . 92 and log O 32 =
0 . 13 . These values correspond to an intermediate metallicity

12 + log(O/H) ∼ 8.4) typical of SDSS SFGs (K. Nakajima & M.
uchi 2014 ; M. Curti et al. 2016 ). Using the diagnostic diagrams
f L. J. Kewley & M. A. Dopita ( 2002 ), w e estimat e an ionization
arameter of log (q ion / cm s −1 ) ∼ 7 . 4 , intermediate between local
 z < 0 . 3 ) SDSS galaxies and z ∼ 1 galaxies (K. Nakajima & M.
uchi 2014 ). The ionization state of the companion is thus con-

istent with star formation activity. We ther efor e classify J2223 +
339 as a quasar–SFG pair. 

 DISCUSSION  

ombining the 90 newly observed candidates in this work with 

2 followed up by J. D. Silverman et al. ( 2020 ) and S. Tang et al.
 2021 ), w e hav e now obtained spectroscopic data for 122 dual
andidat es. Among them, w e confirm 12 broad-line dual quasars
nd 14 quasar–galaxy pairs. The overall classification status of 
ur program is summarized in Fig. 4 . From left to right, the pan-
ls show the redshift distribution, angular separation between 

he two point sources in each candidate pair, the i -band PSF
agnitude of the companion source, and the i -band magnitude 

ifference between the SDSS quasar and its companion. The grey 
istograms r epr esent 96 pr oject ed syst ems where the tw o com-
onents lie at differ ent r edshifts. The pink histograms denote 14
nclassified cases, mostly due to blending or insufficient S/N. 
he green and yellow bars correspond to the 12 confirmed quasar
airs and 14 quasar–galaxy pairs, respectively. The remainder of 
he sample, totaling 761 systems, remains unobserved. We fur- 
her divide these by companion colour into 212 ‘blue’ candidates 
 g − r < 1 ) and 548 ‘red’ candidates ( g − r > 1 ), shown as the
lue and red histograms in Fig. 4 . 

Based on these statistics, in this section we first attempt to
stimate the dual fraction at different redshifts, and then discuss
he caveats of our selection. 
MNRAS 547, 1–40 (2026) 
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M

Figure 4. Classification outcomes of our dual quasar survey as a function of (a) redshift, (b) angular separation, (c) i -band PSF magnitude of the 
companion, and (d) i -band magnitude difference between the SDSS quasar and the companion. A total number of 122 systems have been observed 
among 883 dual candidates. Grey histograms denote projected pairs (96 systems where the two components are at different redshifts), pink histograms 
show unclassified cases (14 systems, mostly due to blending or low S/N), green and yellow histograms correspond to confirmed broad-line dual quasars 
(12) and quasar–galaxy pairs (14), respectively. The blue and red histograms r epr esent unobserv ed candidat es with companion colour g − r < 1 (212 
systems) and g − r > 1 (548 systems). 
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.1 Dual fraction 

he redshift distribution of our candidate list (Fig. 4 panel a)
losely follows that of the SDSS DR14 quasar catalogue (I. Pâris
t al. 2018 ). Our confirmed dual quasars span 0 . 4 < z < 3 . 3 ,
hile the majority (13/14) of quasar–galaxy pairs are found at
 < 0 . 6 . This is consistent with the well-established cosmic down-
izing trend in AGN evolution: luminous quasars peak at z ∼ 2 –3
nd decline toward lower redshift, while Seyfert -lik e, moderate-
uminosity AGN dominate below z � 1 (e.g. N. Fanidakis et al.
012 ). These quasar–galaxy systems likely r epr esent mergers
osting two SMBHs in different accretion states, where the com-
anion galaxy shows a point-source morphology but lacks broad
mission lines. Such cases may still harbor obscured or low-
uminosity AGN, detectable through multi- w avelength diagnos-
ics (e.g. radio jets, hard X-rays, or mid-IR dust emission; R. C.
ickox & D. M. Alexander 2018 ). A key caveat is that our selection

 equir es one known SDSS quasar in each pair, inherently biasing
he sample toward luminous broad-line AGN and making us in-
omplete for the low- z population where most AGN are not SDSS
uasars (T. M. Heckman & P. N. Best 2014 ). 

Bearing that caveat in mind, w e estimat e the dual fraction
pecifically for SDSS quasars in three redshift r anges. A t z < 0 . 6 ,
he observed ratio between dual quasars and quasar–galaxy pairs
3:13) indicates that only ∼20 per cent of (major) merging sys-
ems hosting an SDSS quasar also harbour a companion with de-
ectable broad emission lines. According to our cross-match (Sec-
ion 2.1 ), there are 59 482 SDSS DR14 quasars imaged in the HSC-
SP s20a_wide release, of which 2672 lie at z < 0 . 6 . Among these,
13 are selected as dual candidates, comprising 47 ‘blue’ compan-
ons ( g − r < 1 ) and 65 ‘red’ companions ( g − r > 1 ). Our three
onfirmed dual quasars at z < 0 . 6 (indeed, all confirmed duals in
NRAS 547, 1–40 (2026) 
his work) fall into the blue category. They wer e discover ed fr om
0 observed blue candidates, corresponding to a blue-candidate
uccess rate of ∼15 per cent. If w e conservativ ely assume that
ll 51 red candidates are not broad-line quasars and that the
nobserved 27 blue candidates share the same success rate, the
xpect ed t otal number of dual quasars at z < 0 . 6 is ∼7, yielding a
ual fraction of 0.3 per cent (7/2672) for SDSS quasars with sep-
rations of 0 . 6 –4 arcsec . A more inclusiv e estimat e comes from
onsidering the quasar–galaxy pairs, which may host obscured
r moderate-luminosity AGN. Among the observed sample, 6
uch systems are identified from 20 blue candidates (30 per cent)
nd 7 from 14 red candidates (50 per cent). Extrapolating these
at es t o the unobserv ed candidat es implies a t otal of ∼53.7 dual
ystems (quasar pairs + quasar–galaxy pairs), corresponding to
n upper limit of ∼2.0 per cent (53.7/2672). We ther efor e r eport
 dual fraction of 0.3 per cent–2.0 per cent for SDSS quasars at
 < 0 . 6 with separations of 0 . 6 –4 arcsec . Extending the redshift
ange to z < 0 . 8 adds two confirmed dual quasars and increases
he parent SDSS ×HSC sample to 6351 objects; following the same
r ocedur e yields a dual fraction of 0.2 per cent–1.2 per cent at
 < 0 . 8 . These low-r edshift r esults ar e consistent with previous
ork (J. D. Silverman et al. 2020 ) and with simulations predicting

hat only a small fraction of merging SMBHs are simultaneously
uminous broad-line AGN at low z (L. K. Steinborn et al. 2016 ; Y.

. R osas-Guev ar a et al. 2019 ; M. Volonteri et al. 2022 ). 
In the int ermediat e bin, 0 . 8 < z < 1 . 5 , w e hav e not y et con-

rmed any dual quasars or quasar–galaxy pairs among 14 594
DSS ×HSC quasars. Adopting the z < 0 . 8 blue-candidate suc-
ess rate ( 5 / 28 ) as a conservative pr o xy and r ejecting r ed candi-
ates, the implied dual fraction is 0.08 per cent. If we additionally
ssume that the fraction of quasar–galaxy pairs among blue and
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ed candidates (6/28 and 7/84, respectively) persists in this bin 

nd that such companions host moderate-luminosity AGN, the 
orresponding upper limit fraction is 0.24 per cent. We therefore 
eport a dual fraction of 0.08 per cent–0.24 per cent for SDSS
uasars at 0 . 8 < z < 1 . 5 . 

At cosmic noon ( 1 . 5 < z < 3 . 3 ), we confirm 7 dual quasars and
 quasar–galaxy pair among 52 observ ed candidat es. Of the 52
andidates, 46 are blue, and all confirmed systems are blue, giving
 blue-candidate success rate of ∼15 per cent (7/46). Rejecting 
ed candidates and extending this rate to the unobserved blue 
andidates yields an expected total of 21.3 dual quasars (or 24.3 
ystems including the quasar–galaxy pair), corresponding to a 
ual fraction of 0.06 per cent (21.3/36 527–24.3/36 527) for SDSS 
uasars at 1 . 5 < z < 3 . 3 . Recently, Y. Shen et al. ( 2023 ) reported
n int egrat ed dual fraction of 0 . 062 ± 0 . 005 per cent for SDSS
R16 quasars selected with Gaia , at 0 . 3 –3 arcsec separation and
 . 5 < z < 3 . 5 . Although their methodology (astrometric selec-
ion with proper-motion filtering) differs from ours, our estimates 
re consistent with their results at cosmic noon. 

Theoretical models and simulations generally predict that the 
ual AGN fraction increases with redshift, reaching values of a 
ew per cent at cosmic noon, driven by the higher galaxy merger
 ate, elev ated gas fractions, and longer quasar duty cycles at ear-
ier cosmic times (e.g. L. K. Steinborn et al. 2016 ; P. R. Capelo et al.
017 ; Y. M. R osas-Guev ar a et al. 2019 ; M. Volonteri et al. 2022 ; N.
hen et al. 2023 ). In contr ast, our observ ational results indicate
n apparent decline in the dual fraction, from 0.3–2 per cent at
 < 0 . 6 to only 0.06 per cent at 1 . 5 < z < 3 . 3 . 

M. Volonteri et al. ( 2022 ) e xplor ed the impact of observational
election effects on the redshift evolution of the simulated dual 
raction. Applying selection criteria of log L bol > 44 , d < 30 kpc,
og (M BH , 1 / M �) > 7 , and log (M BH , 2 / M �) > 7 – which best match
he properties of our confirmed dual quasars (Fig. 2 ) – their sim-
lations predict a dual fraction of 1.4 per cent at z < 0 . 6 , rising

o 2.5 per cent by z ≈ 2 and remaining approximately constant at
igher redshift (see their fig. 16). 
The discrepancy between our observations and M. Volonteri 

t al. ( 2022 ) emerges at z � 0 . 6 , and likely has multiple con-
ributing causes. First, our observed dual systems are required 

o include at least one SDSS-selected quasar, biasing the sample 
owar d luminous, unobscur ed br oad-line AGN. As demonstrated 

y our low-r edshift r esults, a significant population of offset or
ual systems may host companions without detectable broad 

mission lines. Consequently, a potentially large population of 
bscur ed–unobscur ed and obscur ed–obscur ed dual quasars is 
ikely missed at high redshift. Second, a substantial fraction of the
 . 5 < z < 3 . 3 interval falls within the so - called redshift desert,
here the lack of strong emission lines in the wavelength cover- 

ge of ground-based optical and near-infrared spectroscopy sub- 
tantially hampers spectroscopic identification. Third, our selec- 
ion does not distinguish dual AGN systems from triple or more
GN syst ems, which w er e tr eat ed separat ely in M. Volont eri et
l. ( 2022 ). We expect this effect to be minor, how ev er, since the
umber density of multiple-AGN systems in the simulation is 
ppr o ximately one order of magnitude lower than that of dual
 GNs. F ourth, the rarity of luminous quasars in current cos-
ological simulations, owing to their limited volumes, leads to 

mall-number statistics in the simulated dual-quasar population, 
urther contributing to the apparent tension. 
m
.2 Selection effects and observational limitations 

n addition to the redshift dependence and the bias to the un-
bscur ed bright sour ces discussed above, the candidate selection 

f our program is also shaped by observational constraints tied 

o angular separation, i -band PSF magnitude of the companion, 
nd the i -band magnitude contrast between the pair, as shown by
he remaining three panels of Fig. 4 . 

By construction, our candidate selection requires two distinct 
oint sources in HSC imaging, with separations between 0 . 6 and
 arcsec (Section 2.1 ). This lower limit is set by the seeing, be-
ow which reliable deblending becomes challenging in ground- 
ased data. As shown in Fig. 4 , the number of selected candi-
at es rises t ow ard larger separ ations. This is partly a geometric
ffect: the probability of finding a projected neighbour scales with 

he surface density of back gr ound sour ces and the ar ea of the
earch annulus, πr 2 , so wider search r adii natur ally yield more
hance associations. At the smallest separations ( < 2 arcsec ), the
vailable area is small, and the number of random alignments is
orr espondingly r educed. In addition, PSF blending at < 1 ar csec
urther suppresses completeness by making it difficult to reliably 
eblend companions from the bright SDSS quasar. These com- 
ined effects explain the relative paucity of select ed candidat es at
lose separations, despite theoretical expectations that the intrin- 
ic dual fraction should increase at small physical scales during 
he final stages of SMBH inspiral (e.g. P. R. Capelo et al. 2017 ). Yet
ur spectroscopic follow-ups are still fairly effective in confirming 
he pairs both at separations above 2 arcsec (14/70 = 20 per cent),
nd below (12/52 = 23 per cent). In Q. Wang et al. ( 2026 ), we have
uned the selection method to push the separations of the candi-
at es t o < 0 . 6 arcsec (sub-5 kpc) with HSC, which are then fol-

owed up with Hubble Space Telescope ( HST ) grism spectroscopy.
Our selection also r equir ed a r eliable HSC i -band PSF mea-

urement for the companion source. As shown in Fig. 4 panel
c), the confirmed dual quasars predominantly occupy the bright 
egime ( i < 22 . 5 ), while fainter companions ar e mor e often clas-
ified as quasar–galaxy pairs or remain unclassified due to insuf- 
cient S/N in the spectroscopy. The total number of selected dual
andidates also decreases at the faint end. This also reflects the
imitations of our source selection method. Our GaLight -based 

election relies on the photutils.detect_sources func- 
ion to identify multiple point sources in HSC images (X. Ding
t al. 2022 ), which becomes increasingly inefficient when the two
omponents differ strongly in brightness (L. Bradley et al. 2024 ).
n practice, this sets a contrast limit of �i � 3 [as most of the
andidat es are distribut ed in panel (d) of Fig. 4 ], bey ond which
aint companions are not reliably deblended from the bright SDSS
uasar. As a result, this restricts us to nearly equal-luminosity 
airs, thus major mergers. 
Taken together, these considerations highlight that our selec- 

ion method and dual fraction estimates apply only to a restricted
ar ameter space: separ ations of 0 . 6 –4 arcsec , companion magni-
udes of i � 22 . 5 , and modest luminosity contrasts. Expanding
eyond this regime will r equir e higher r esolution imaging, e.g .
ith JWST (J. Li, M.-Y. Zhuang & Y. Shen 2024 ; J. Li et al. 2025 )

nd Euclid (L. Ulivi et al. 2025 ), and deeper spectroscopy to probe
ainter and more unequal pairs (e.g. Y. Matsuoka et al. 2024 ; M.
erna et al. 2025 , 2026 ). Multiwavelength approaches, such as
ith X-ray, will also be essential for confirming and recovering 
issed obscured dual AGNs (e.g. A. De Rosa et al. 2023 ). 
MNRAS 547, 1–40 (2026) 
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 CONCLUSIONS  

e have carried out a spectroscopic follow -up progr am target-
ng 90 dual quasar candidat es select ed from Subaru HSC-SSP
maging of SDSS DR14 quasars. Our selection is based on 2D
mage decomposition and identifies PSF-like companions within
 . 6 –4 arcsec ( � 30 kpc) of an SDSS quasar. From the spectra ob-
ained with NTT/EFOSC2, Gemini/GMOS-N, Keck/NIRES, and
ubaru /FOCAS, we draw the following conclusions: 

(i) We newly confirm six broad-line dual quasars and eleven
ffset quasars (quasar–galaxy pairs). Taken together with our
revious work, our program has now identified 12 dual quasars
nd 14 offset quasars. The dual quasars span 1 . 5 < z < 3 . 3 , while
ost quasar–galaxy pairs are found at z < 0 . 6 . 
(ii) For the confirmed duals at z > 1 . 5 , emission-line measure-
ents yield BH masses of M BH 

= 10 8 . 5 –10 10 M � and bolometric
uminosities of L bol = 10 45 . 5 –10 47 . 5 erg s −1 . Their Eddington ratios
re moderate ( λEdd = 0 . 01 –0.4), indicating that while mergers
an ignite both nuclei, simultaneous near-Eddington fuelling is
ot r equir ed. 
(iii) At z < 0 . 6 , our spectroscopic identifications are domi-

ated by offset quasars, where the companion exhibits a point-
ike morphology but no broad emission lines. These systems
ikely host moderate-luminosity or obscured AGN, consistent
ith the downsizing trend in which Seyfert -lik e activity domi-
ates at late cosmic times. The elevated fraction of offset quasars
t low redshift highlights the low duty cycle of quasar activity in
ergers. 
(iv) Using the full SDSS DR14Q ×HSC s20a_wide quasar sam-

le, w e estimat e the dual fraction of SDSS quasars within 0.6–4
rcsec separation to be 0.2 per cent–1.2 per cent at z < 0 . 8 , 0.08
er cent–0.24 per cent at 0 . 8 < z < 1 . 5 , and 0.06 per cent at 1 . 5 <
 < 3 . 3 . The lower values only consider quasar-quasar pairs, and
he upper values include quasar–galaxy pairs. These observed
ractions ar e br oadly consistent with r ecent optical sear ches, but
emain below theoretical expectations, which generally predict
n increasing dual fraction toward high redshift. 

(v) The apparent decline in observed dual fractions with red-
hift is largely attributable to selection and observation limits.
ur parent sample is anchored on luminous SDSS quasars, bi-

sing against pairs of moderate-luminosity AGN. Companions
ainter than i -band magnitude 22 or with contrasts of i -band

agnitude � 3 are rarely det ect ed by SExtractor deblending,
nd candidates with separations below 2 arcsec are suppressed
y both geometric probability and PSF blending. As a result, our
urvey is most sensitive to nearly equal-luminosity pairs with
nt ermediat e separations, and provides a lower bound on the true
ual AGN fraction. 

In summary, our spectroscopic campaign confirms that dual
uasars e xist acr oss a wide r edshift range but ar e intrinsically rar e

n optical surveys anchored on SDSS quasars. Their incidence is
trongly shaped by selection biases, and most low-redshift merg-
rs appear as quasar–galaxy pairs rather than dual broad-line sys-
 ems. Our results hav e established the incidence and properties
f luminous dual quasars in the SDSS + HSC era, but a com-
lete census of dual AGN r equir es deeper and higher-resolution
earches. Imaging and spectroscopy with HST and JWST will ex-
 end det ections t o smaller separations and higher contrasts, while
-ray and mid-IR observations are essential t o rev eal obscured
uclei. N e xt-generation wide-field surveys (e.g . Rubin/LSS T and
uclid) combined with high-resolution follow-up will be critical
NRAS 547, 1–40 (2026) 
o reconcile observations with theoretical predictions of SMBH
air growth across cosmic time. 
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P P E N D I X  A:  P H O  T  OMET RIC  C  OMPARISON  

ET W E E N  P S F  AND  C M O D E L  MAGNITUDES  

s described in Section 2 , we used GaLight to measure the
SF magnitudes of candidate sources through 2D image decom-
osition. In Fig. A1 , we compare these measurements with the
Model magnitudes provided by the HSC pipeline (J. Bosch et al.
018 ). The top row shows the five-band comparison for the SDSS
uasars in each candidate pair, while the bottom row shows the
ame for the companion sources. Red dashed lines indicate the
ne-to - one relation, and points are colour-coded by the redshift
f the SDSS quasar. On top left of each panel, the percentage indi-
ates the fraction of sources with consistent magnitudes (agree-
ent within ±0 . 2 mag) between the two methods. 
For the quasars, we find good overall agr eement acr oss all

ands, with consistency fractions above 80 per cent. The small
raction of outliers are primarily at z < 1 , where host galaxy
ight contributes significantly to the CModel fluxes, while our
SF magnitudes better isolate the unresolved nuclear compo-
ent. Since the PSF magnitudes are used to rescale the spectra
NRAS 547, 1–40 (2026) 

igure A1. Comparison between GaLight -measured PSF magnitudes ( x -axis)
uasars in each candidat e pair; the bott om row shows the companion sources. E

ndicating the 1:1 relation. Points are colour-coded by the redshift of the SDSS 
f sources with consistent measurements ( �m < 0 . 2 mag). 
o correct for slit loss (see Section 3.2 ), this comparison validates
ur approach. Importantly, all of our confirmed dual quasars lie
t z > 1 . 5 , where host-galaxy contamination is minimal, so the
hoice between PSF and CModel magnitudes does not affect our
easurements of emission lines or BH properties. 
For the companion sources (bottom row), the agreement is

ubstantially worse, with consistency fractions of only ∼63–67
er cent across the five bands. A notable 58 out of 883 companions
r e not r ecor ded at all in the HSC pipeline catalogue, typically due
o blending in pairs with < 1 arcsec separations. This highlights
he necessity of applying our own 2D image analysis techniques
o select out dual candidates rather than relying exclusively on the
atalogue (Section 2.1 ). Among the measured companions, many
f the most discrepant cases are associated with high-redshift
uasars ( z > 1 . 5 ), suggesting that a significant fraction of these
ompanions ar e for egr ound or back gr ound interlopers (i.e. pr o-
ected pairs). We also note that the companions’ g- and r-band

agnitudes are systematically fainter relative to their matched
uasars, suggesting a substantial population of contaminating
tars (S. Tang et al. 2021 ). In forthcoming w ork, w e plan to com-
ine PSF–CModel consistency checks with more sophisticated
olor-based selections using the full fiv e-band phot ometry, as an
dditional diagnostic to filter contaminants in future work. 

P P E N D I X  B :  ‘ D I S COVE RY  PAN E L S ’  OF  DUAL  

ND  OFFSET  QUASARS  

er e, we pr esent the ‘Discovery panels’ of dual and offset quasars
s described in Section 4 . The format of the panels is similar to
ig . 3 . Figs B1 –B7 pr esent the dual quasars, and Figs B8 –B20
resent the offset quasars. All these ‘Discovery panels’, including
he other observed sources are available via the MNRAS online
upporting Information. 
 and HSC pipeline CModel magnitudes ( y -axis). The top row shows SDSS 
ach panel corresponds to one HSC band ( g, r, i, z, y ), with the dashed line 
quasar, and the percentage in the top left of each panel gives the fraction 
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Figure B1. Discovery panel reporting the NTT/EF OSC2 spectrogr aph of SDSS J100547.80 + 013348.4. The bottom panels show the PyQSOFit results 
for both sources. This system is confirmed as a dual quasar (Section 4.1.2 ). 
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Figure B2. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J123939.06 + 003439.8. The bottom panels show the PyQSOFit results 
for both sources, performed on the combined spectrum including the Keck/NIRES part (Fig. B2 ). This system is confirmed as a dual quasar (Section 4.1.3 ). 
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Figure B3. Discovery panel reporting the Keck/NIRES spectrograph of SDSS J123939.06 + 003439.8. This is the same object as in Fig. B2 . For 
Keck/NIRES spectrograph, w e need t o find an offset star (left panel of a), then shift the slit to our objects (middle panel of a). The coordinate of the 
offset star and the offset distance are noted in these two panels. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag411/8501218 by Southam
pton U

niversity user on 06 M
ay 2026



24 S. Tang et al. 

MNRAS 547, 1–40 (2026) 

Figure B4. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J145201.59 −011945.3. The bottom panels show the PyQSOFit results 
for both sources. This system is confirmed as a dual quasar (Section 4.1.4 ). 
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Figure B5. Discovery panel reporting the NTT/EFOSC2 spectrograph of SDSS J231854.69 −012725.9. The bottom panels show the PyQSOFit results for 
both sources, performed on the combined spectrum including the Subaru /FOCAS part (Fig. B6 ). This system is confirmed as a dual quasar (Section 4.1.5 ). 
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Figure B6. Discovery panel reporting the Subaru /FOCAS spectrograph of SDSS J231854.69 −012725.9. This is the same source as in Fig. B5 . 
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Figure B7. Discovery panel reporting the NTT/EF OSC2 spectrogr aph of SDSS J233225.33 + 000042.5. The bottom panels show the PyQSOFit results 
for both sources. This system is confirmed as a dual quasar (Section 4.1.6 ). 
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Figure B8. Discovery panel reporting the NTT/EFOSC2 spectrograph of SDSS J010123.64 + 010045.3. This system is confirmed as a quasar–QG pair 
(Section 4.2.1 ). The bottom two panels show the fitting of Mg and Na absorption lines of the companion’s spectrum. For the absorption fitting plots in 
general, the window is centred at the expected position of the absorption lines at the redshift given in the 1D spectrum panel. The data are plotted as 
the black points with 1 σ flux err or. N ote that the flux level might be different from what is plotted in panel (c) in some cases, this is because we rescaled 
the spectrum in panel (c) for visibility. The rescaling factor is noted in the labels of panel (c). The fitting is performed on the original spectrum before 
r escaling . We apply double Gaussian model to the Ca H&K and single Gaussian to the other lines with scipy.opt.curve_fit . The best-fitting models 
are plotted as the red curve. The line centres are marked with the vertical blue dashed line. The best-fit ting par amet ers are not ed on top left of each panel, 
which include: (1) the continuum level; (2) the depth of the absorption, defined as the distance of the peak from the continuum floor; (3) the width of 
the line, which is the σ of the Gaussian profile; and (4) significance of the line, defined as the depth divided by the uncertainty of the depth. The same 
format applies for the rest of the samples with absorption line fitting panels. 
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Figure B9. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J092919.16 + 041414.2, covering the quasar and the lower left 
companion. This system is confirmed as a quasar–QG–QG triple system (Section 4.2.2 ). The bottom panels show the fitting of the Ca H&K, G band, 
and Mg absorption lines of the companion’s spectrum. 
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Figure B10. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J092919.16 + 041414.2, covering the quasar and the lower left 
companion. This is the same system as in Fig. B9 , but covering different companions. We observed this system twice instead of once with the slit covering 
both of the companions for tw o reasons: (1) t o bett er deblend the quasar emission from the companions with the method described in Section 2.3.1 ; and 
(2) to cover the ‘arc’ structure above the quasar. The bottom panels show the fitting of the Ca H&K, G band, and Mg absorption lines of the companion’s 
spectrum. 
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Figure B11. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J100701.56 + 052315.4. This system is confirmed as a quasar–QG pair 
(Section 4.2.3 ). The bottom panels show the fitting of the Ca H&K and G -band absorption lines of the companion’s spectrum. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag411/8501218 by Southam
pton U

niversity user on 06 M
ay 2026



32 S. Tang et al. 

MNRAS 547, 1–40 (2026) 

Figure B12. Discovery panel reporting the NTT/EFOSC2 spectrograph of SDSS J110556.18 + 031243.1. This system is confirmed as a quasar–SFG/QG 

pair (Section 4.2.4 ). The bottom-left panel shows the comparison between the spectrum of the companion (red curve) and an SDSS galaxy template (black 
curve) at z = 0.354. The bottom-right panel shows the PyQSOFit results of the companion’s spectrum. 
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Figure B13. Discovery panel reporting the NTT/EFOSC2 spectrograph of SDSS J112753.39 −020142.7. This system is confirmed as a quasar–SFG pair 
(Section 4.2.5 ). The bottom panels show the PyQSOFit results on the combined spectrum including the Keck/NIRES part (Fig. B14 , of both the quasar 
and the companion). 
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Figure B14. Discovery panel reporting the Keck/NIRES spectrograph of J112753.39 −020142.7. This is the same system as in Fig. B13 . 
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Figure B15. Discovery panel reporting the NTT/EF OSC2 spectrogr aph of SDSS J121745.76 + 022109.5. This system is confirmed as a quasar–SFG pair 
(Section 4.2.6 ). The bottom panels show the PyQSOFit results for both the quasar and the companion. 
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Figure B16. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J122349.29 + 021449.1. This system is confirmed as a quasar–QG pair 
(Section 4.2.7 ). The bottom panels show the fittings of the Ca H&K and G -band absorption lines of the companion’s spectrum. 
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Figure B17. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J125156.49 + 015249.7. This system is confirmed as a quasar–SFG pair 
(Section 4.2.8 ). The bottom panels show the PyQSOFit results of both the quasar and the companion. 
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Figure B18. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J130550.51 −012331.5. This system is confirmed as a quasar–SFG pair 
(Section 4.2.9 ). The bottom panels show the PyQSOFit results of both the quasar and the companion. 
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Figure B19. Discovery panel reporting the NTT/EF OSC2 spectrogr aph of SDSS J134722.75 + 015504.9. This system is considered as a t entativ e quasar–
QG pair (Section 4.2.10 ), given that the companion spectrum is relatively faint and the absorption lines are not very significant. The bottom panels show 

the fitting of the Ca H&K and Mg absorption lines of the companion’s spectrum. 
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Figure B20. Discovery panel reporting the Gemini/GMOS spectrograph of SDSS J222327.52 + 033902.0. This system is confirmed as a quasar–SFG 

pair (Section 4.2.11 ). The bottom panels show the pyQSOFit results of both the quasar and the companion. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© The Author(s) 2026. 
Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons A t tribution License 

( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag411/8501218 by Southam
pton U

niversity user on 06 M
ay 2026

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODS
	3 RESULTS
	4 NOTES ON INDIVIDUAL SYSTEMS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	A PHOTOMETRIC COMPARISON BETWEEN PSF AND CMODEL MAGNITUDES
	B DISCOVERY PANELS' OF DUAL AND OFFSET QUASARS


