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Galaxy mergers produce pairs of supermassive black holes (SMBHSs), which may be
witnessed as dual quasars if both SMBHs are rapidly accreting. The kiloparsec (kpc)-
scale separation represents a physical regime sufficiently close for merger-induced

effects to be important' yet wide enough to be directly resolvable with the facilities
currently available. Whereas many kpc-scale, dual active galactic nuclei—the low-
luminosity counterparts of quasars—have been observed in low-redshift mergers?,

no unambiguous dual quasar is known at cosmic noon (z = 2), the peak of global star
formation and quasar activity®>*. Here we report multiwavelength observations of
Sloan Digital Sky Survey (SDSS) J0749 + 2255 as akpc-scale, dual-quasar system hosted
by agalaxy merger at cosmic noon (z = 2.17). We discover extended host galaxies
associated with the much brighter compact quasar nuclei (separated by 0.46” or

3.8 kpc) and low-surface-brightness tidal features as evidence for galactic interactions.
Unlike its low-redshift and low-luminosity counterparts, SDSS J0749 + 2255 is hosted
by massive compact disk-dominated galaxies. The apparent lack of stellar bulges and
the fact that SDSS J0749 + 2255 already follows the local SMBH mass-host stellar mass
relation, suggest that at least some SMBHs may have formed before their host stellar
bulges. While still at kpc-scale separations where the host-galaxy gravitational
potential dominates, the two SMBHs may evolve into a gravitationally bound binary
systeminaround 0.22 Gyr.

Sloan Digital Sky Survey (SDSS) J0749 + 2255 is an optically selected
type 1(thatis, broad-line) quasaratz = 2.17 spectroscopically confirmed
by the SDSS legacy survey®. It was selected as a candidate kpc-scale, dual
quasar using Gaia astrometry®. Hubble Space Telescope (HST) optical
dual-band imaging of SDSS J0749 + 2255 has shown compact double
nuclei with a projected nuclear angular separation of 0.46” (ref.”).
Close compact optical double nuclei could represent a dual quasar, a
projected quasar pair intwo noninteracting galaxies, astrongly lensed
quasar or a star-quasar superposition. Previous very-long-baseline
array 15.0 GHz (Ku-band) imaging detected strong radio emissions
fromboth nuclei, ruling out star-quasar superposition’. Whereas mor-
phological differences in the very-long-baseline array 15.0 GHz image
of the two radio nuclei favour a dual quasar or a premerger projected
quasar pair atlarger physical separations, strong lensing could not be
conclusively ruled out’.

To unambiguously test the nature of SDSS J0749 + 2255, we have
conducted a comprehensive multiwavelength follow-up campaign.
Thenew observationsinclude HST infrared (IR) FI60W (H-band) imag-
ing, Keck adaptive optics (AO)-assisted IR (K,-band) imaging, HST/
Space Telescope Imaging Spectrograph (STIS) optical spatially resolved
slit spectroscopy, Gemini spatially resolved optical (GMOS) and near

infrared (NIR) (GNIRS) slit spectroscopy, Chandra Advanced CCD Imag-
ing Spectrometer (ACIS)-S X-ray 0.5-8.0 keV imaging spectroscopy
and very-large array (VLA) A-configuration (A-config) radio dual-band
(15 and 6 GHz) imaging. These multiwavelength observations estab-
lish SDSS J0749 + 2255 as a dual quasar hosted by an ongoing galaxy
mergeratz=2.17.

First, after we subtract the bright central quasars modelled by
two point-spread functions (PSFs), the deep HST IR image uncovers
two extended host galaxies underlying both compact quasar nuclei
(Fig.1). In addition, after we further subtract the best axisymmetric
models for the extended host galaxies, the final residual image shows
low-surface-brightness tidal features indicative of mergers (Fig. 1).
Detection of these faint tidal featuresis of great significance (over 100
for each integrated feature; Supplementary Information). Detecting
both tidal features and the extended host galaxies unambiguously
confirms SDSSJ0749 + 2255 as a dual quasar in a merger rather thana
strongly lensed quasar or a premerger projected quasar pair at larger
physical separations. Complementary higher-angular-resolution Keck
AO-assisted IR imaging independently supports the detection of the
extended host galaxies and the nondetection of a central foreground
lens galaxy. The alternative scenario of a foreground lens galaxy
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Fig.1|HST imaging.a-e, HST/WFC3 F160W (H-band) image and two-
dimensional structural decomposition results using GALFIT* modelling for
SDSSJ0749 +2255.a,Raw HST image. b, Our best-fit model consisting of two
PSFs for the central quasars and two Sérsic models for the two host galaxies.

¢, Two-PSF-subtracted image highlighting the detection of two host galaxies
underlyingboth quasarsinthe merger. d, Residualimage after subtraction of
two PSFsand two Sérsic models, showing detection of low-surface-brightness
tidal tailsindicative of ongoing galacticinteractions. e, One-dimensional radial

as a single extended source located between two compact quasar
nucleiis quantitatively ruled out by strong lensing mass model tests
(Supplementary Information). However, the tidal features seeninthe
HST image are too faint to detect in the shallower Keck AO image.

Second, Chandra ACIS-S detects both quasar nuclei in hard X-rays
(2-8 keV) as compact X-ray point sources whose spatial profiles are
consistent with the PSF (Fig. 2). The X-ray positional offsets between
the two nuclei are consistent with those of the HST optical nuclei. The
optically fainter northeast (NE) nucleus is brighter in the X-rays than
the southwest (SW) nucleus. This contradicts naive expectations from
astrongly lensed quasar, because gravitational lensing is in general
achromatic: the deflection angle of alight ray (and the lensing magni-
fication) does not depend on its wavelength, so consistent flux ratios
are expected at different wavelengths from different-lensed images
giventhe same underlying source spectrum. Whereas the wavelength-
dependent geometry of the different emission regions may resultin
chromaticeffects®, differencesin flux ratios between differentimages
at different wavelengths should be minor in a strongly lensed quasar.
However, the 2-8 keV X-ray flux ratio between the two nuclei (NE/SW)
is 45131, which is significantly different from that observed by HST in
the optical (0.229 + 0.001in F475W and 0.284 + 0.002 in F814W), dis-
favouring stronglensing. A caveatis that microlensing can cause such
flux ratio anomalies given the different optical and X-ray-emitting
regionsizes frequently observed® ", although the discrepancy for SDSS
J0749 + 2255 is seen as extreme. The X-ray-to-optical luminosity ratio
typically characterized by the spectral slopes ay is1.46 + 0.01 for the
NE nucleus and 2.32 + 0.13 for the SW nucleus (Supplementary Informa-
tion). The estimated unabsorbed hard X-ray (2-8 keV) luminosities
(assummgaredshlft ofz=2.17 for both X-ray point sources) are approx-
imately | 104258 erg 1 for the NE nucleus and approximately
10436263 erg s for the SW nucleus, both greatly exceeding the most
X-ray-luminous starburst galaxies'?. We also find significantly different
intrinsic absorbing columns in the two nuclei (4.7713 x 10?2 cm™for
the NE nucleus and below 10° cm™for the SW nucleus), lending further
support to the dual-quasar hypothesis.

Third, both quasar nuclei are detected as compact radio sources by
VLA A-config continuum imaging at 6 and 15 GHz (Fig. 3). The radio
point source centres are consistent with those of the HST optical
quasar nuclei. Radio flux ratios between the two nuclei (NE/SW) are
0.379 £ 0.001at 6 GHzand 0.351 £ 0.003 at 15 GHz, which are different
(by over 50) than those observed by HST in the optical (0.229 + 0.001
in F475W and 0.284 + 0.002 in F814W), disfavouring strong lensing
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profiles of the dataand best-fit model and their individual components.
Detection of both host galaxies and tidal tailsunambiguously confirms the
systemasadual quasarrather thanalensed quasarorapremerger projected
quasar pair at larger physical separations. In addition to the two Sérsic models
for the two quasar host galaxies, we have also considered the alternative
scenario of asingle Sérsic model for a central foreground lens galaxy, which
isdisfavoured by the databased on the reduced chi-squared (Xi)values.y,
surfacebrightness.

but with the caveat of flux ratio anomalies caused by microlensing.
The radio spectral indices are —0.397 + 0.004 for the NE nucleus
and -0.314 + 0.002 for the SW nucleus. The radio loudness parameter,
Rg cmp.500 1 coOmmonly defined as the flux density ratio at the rest-frame
6 cmand thatat 2,500 4, is 1,079 + 74 for the NE nucleus and 659 + 16
for the SW nucleus, placing both quasars in the radio-loud (that is,
R emyz.500 2 OVer 10) population according to the canonical definition®.

Finally, HST spatially resolved optical spectroscopy shows sig-
nificantly different rest-frame ultraviolet continuum spectral slopes
between the two nuclei (@, =-0.70 + 0.24 for the NE nucleus and
0.08 + 0.06 for the SW nucleus), independently confirmed by Gemini/
GMOS spatially resolved optical slit spectroscopy (Fig.4). However, the
GMOS spectra are only marginally resolved for the two nucleiand hence
the spectral slope measurements are not as reliable as the HST-based
results. The different spectral slopes disfavour a strongly lensed qua-
sar, although strong gravitational lenses may also produce different
spectral slopes due to varying reddening along different light paths
through the foreground lens galaxy'. There are noticeable differences
in the broad emission lines, but the low spectroscopic data quality
cannot conclusively rule out strong lensing based on the line shapes
alone. The best-fit systemic redshifts estimated from the optical-IR
spectra of the two quasar nuclei suggest a line-of-sight velocity offset
of roughly 310 + 50 km s™ (Supplementary Table 1), consistent with
expectations of typical orbital velocities in galaxy mergers”butincon-
sistent with strong lensing (which would produce identical redshifts
of the two quasars).

By modelling the PSF-subtracted, host-galaxy-only, two-band (HST
F160W and Keck AO K,) photometry of SDSSJ0749 + 2255, we estlmate
the stellar masses of the two host galaxies at around 104662 A1_ and
105083 p_(with the errors accounting for the lostatistical and partlal
systematic uncertainties from surface brightness profile fitting but
ignoring additional systematics from population synthesis modelling)
for the NEand SW nuclei. The massive hosts appear to be compactand
disk dominated (with best-fit Sérsicindices close to unity; Supplemen-
tary Information), typical of galaxies™ and hosts of single quasars” at
z>2.Thedisk dominance of the hosts in SDSS J0749 + 2255 is dramat-
ically different from the more bulge-dominated characteristics of
low-redshift, low-luminosity dual active galactic nucleus hosts'®. The
latter may be more subject to the stabilization effect of stellar bulges
preventing more efficient SMBH fuelling in the early merging stages,
resulting in low-luminosity active galactic nucleirather than the lumi-
nous quasars observed in SDSSJ0749 + 2255.
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Fig.2|X-rayimaging.a,b, Chandra ACIS-S X-ray image and best-fit Bayesian
AnalYsis of Multiple AGN in X-rays (BAYMAX) results for SDSSJ0749 +2255.
a,Binned Chandradata (0.5-8.0 keV), centred on the nominal X-ray coordinates
of quasar with best-fit locations of primary X-ray point source (red ‘’x’) and
secondary X-ray point source (red ‘+), with 95% confidence interval inred
contour. b, Joint-posterior distribution of the separation (r,inarcseconds)

and countratio (log(f), ratiobetween the number of counts associated with

By joint modelling of the optical-NIR spectrum (Supplementary
Information), we estimate the SMBH masses as around 10%°4M
and roughly 10°*%*M_ (with errors representing lo total uncertainties)
for the NE and the SW nuclei, respectively. Bolometric luminosities
estimated from the optical continua suggest Eddington ratios of about
0.12+0.03and 0.25 + 0.07 for the NE and SW nuclei, respectively. SMBH
masses and host total stellar masses are consistent with the empiri-
cal scaling relations observed in both single quasars at z=2 and local
inactive galaxies within uncertainties (Supplementary Information).
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Fig.3|Radioimaging. a-f, VLA A-config Ku-band (a) and C-band (d) continuum
images for SDSSJ0749 +2255.b,¢, The Ku-band model (b) and residual (c) images.
e,f, The C-band model (e) and residual (f) images. Contoursrepresent 10, 30,
60,120,200,300,400,600and 1,000 x lonoise levels. Green crosses denote
centroids of the fitted Gaussian components. The synthesized beamssizes are

secondary versus primary). Blue contour levels represent 68% and 95%
confidenceinterval. We find the best-fit separation r=1.54"*3-3%, and

log(f) =-1.43!535 at the 95% confidence interval. Although the estimated
separationis statistically larger than that estimated from HST imaging (0.46”),
the estimated position angle between the two X-ray point sources (35073;°, 95%
confidenceinterval) is consistent with that of the two resolved cores resolved
inthe HST imaging (330°).

SDSSJ0749 + 2255 represents arobust example of akpc-scale pair of
SMBHs in a galaxy merger at cosmic noon. It fills a long-standing gap
in the expected population of dual quasars hosted by high-redshift
ongoing galaxy mergers. Such systems are expected to be common
in hierarchical merger models, which have otherwise been successful
in explaining much of the quasar phenomenology’. In comparison,
the previous redshift record holder of kpc-scale dual quasars hosted
by confirmed galaxy mergers was LBQS 0103 - 2753 at z = 0.86, which
was serendipitously discovered®.

[
Residual

udy per beam

Residual

showningreyinthebottomleft-hand corner. The restoringbeamsizes are
0.11”x 0.10” (position angle (PA) = -54.0°) in the Ku-band and 0.44” x 0.21”
(PA=70.9°)inthe C-band. Theroot meansquarenoise levelsare 8.2 pJy per
beaminthe Ku-band and 5.3 pJy perbeamin the C-band.
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Fig.4|Opticaland NIRspectroscopy.a-d, Spatially resolved optical (a) and
NIR (bfor]J-band, ¢ for H-band, and d for K-band) spectroscopy from HST/

STIS (a), Gemini/GMOS (a) and Gemini/GNIRS (b-d) for SDSSJ0749 +2255.
Orange and cyan curvesrepresent Geminispectrafor the NEand SW nuclei,
respectively; green and magenta curvesrepresent HST spectra for the NEand
SW nuclei, respectively. Labelled are the major strong emission lines detected.
Circled cross symbols denote the telluric absorptionregion. e-h, Flux ratios
between the two nuclei, with the HST-based flux ratio shown inred (e) and the

A handful of galactic-scale (below 10 kpc) dual quasar candidates
were known atz>1 (refs. ”2°?), However, none of these has been con-
firmed to be hosted by ongoing galaxy mergers—as expected inbona
fide dual quasars (Supplementary Information). The establishment
of SDSS J0749 + 2255 as a dual quasar hosted in a galaxy merger con-
clusively demonstrates that at least some high-redshift, kpc-scale,
dual-quasar candidates may indeed be dual quasarsrather than gravi-
tational lenses or premerger projected quasar pairs at large separa-
tions. Onlarger (thatis, over 10 kpc) scales, it has long been suggested
that most wide-separation (3” —10”) double quasars are quasar pairs
rather than gravitational lenses based on statistical arguments®
There are approximately tens of known ‘binary’ quasars at z >1with
projected separations of over 10 kpc?, and even a quasar ‘quartet’.
However, the separations of most of these systems are still too large
(approximately over tens of kpc) for the host galaxies of the quasar
pair to be in direct galactic interactions. Unlike SDSS J0749 + 2255,
none of these hasbeen observed with tidal features as direct evidence
for ongoing interactions.

Despite significant merit and intense theoretical interest, direct
evidence for compact binary SMBHs—SMBHs that are gravitationally
bound to each other—is still lacking?. Their separations (typically less
than afew parsecs) are too small to resolve beyond the local universe
with current facilities. High-redshift, kpc-scale, dual quasars represent
promising progenitors of low-redshift compact binary SMBHs. Using
astellar dynamical friction argument, we estimate that the 3.8 kpc
SMBH pair in SDSS J0749 + 2255 may form a compact bound SMBH
binary in fewer than approximately 0.22:339 Gyr (Supplementary Infor-
mation). Future infraredintegral field unit spectroscopy with the James
Webb Space Telescope will map the stellar and gas kinematics, enabling
better predictions onthe subsequent SMBH pair orbital evolution and
the impact of dual quasar on their host galaxies.
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Gemini-based flux ratio (for both GMOS (e) and GNIRS (f-h)) in black. The two
nuclei have significantly different rest-frame UV continuum spectral slopes
and strengths of the broad and narrow emission lines. The discrepancy
between STIS-and GMOS-based flux ratios is probably caused by differencesin
slit coverage and/or observation time. We adopt STIS spectrato estimate the
continuum power-law spectralindices, because STIS cleanly separated the two
nuclei.

The confirmation of SDSS J0749 + 2255 as a dual quasar provides a
proof of concept for combining multiwavelength facilities to discover
high-redshift, kpc-scale dual quasars’. The discovery underscores the
need forhigh-resolutiondeep NIRimaging, whichis crucial for detection
of merging galaxy hosts and for robust distinguishing of high-redshift
dual quasars fromlensed quasars and premerger projected quasar pairs
atlarger physical separations. Future high-resolution, wide-area deep
surveys will uncover a larger sample of high-redshift dual quasars at
the peak epoch of galaxy and SMBH assembly.
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Data availability

The SDSS spectrum (Plate, 1,203; FibrelD, 576; MJD, 52669) is publicly
available at https://www.sdss.org/. The HST, Chandra, VLA, Gemini and
Keck dataare all available through their separate public data archives
(HST programme nos. GO-16210 and GO-16892, Chandra GO-23700377,
VLA 20B-242, Gemini2020B-FT-113 and 2022A-Q-139). Source data are
provided with this paper.

Code availability

The code used to model the HST and Keck data is publicly available at
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html.
The code used for the lensing mass modelling test is publicly avail-
able at https://github.com/oguri/glafic2. The code used to perform
the optical-NIR spectroscopic analysis is publicly available at https://
github.com/legolason/PyQSOFit. The BAYMAX code used to model
the Chandra datais available on reasonable request.
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