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Galaxy mergers occur frequently in the early Universe1 and 
bring multiple supermassive black holes (SMBHs) into the 
nucleus, where they may eventually coalesce. Identifying 
post-merger-scale (that is, less than around a few kpc) dual 
SMBHs is a critical pathway to understanding their dynami-
cal evolution and successive mergers2. Whereas serendipi-
tous discovery of ~kpc-scale dual SMBHs at z < 1 is possible3, 
such systems are elusive at z > 2 but critical in constraining 
the progenitors of SMBH mergers. The redshift z ≈ 2 also 
marks the epoch of peak activity of luminous quasars4, and 
therefore the probing of this spatial regime at high redshift 
is of particular importance in understanding the evolution of 
quasars. However, given stringent resolution requirements, 
there is currently no confirmed <10 kpc physical SMBH pair 
at z > 2 (refs. 5–8). Here, we report two sub-arcsec double qua-
sars at z > 2 that were discovered from a targeted search with 
a novel astrometric technique, demonstrating a high success 
rate (≳50%) in this systematic approach. These high-redshift 
double quasars could be the long-sought kpc-scale dual 
SMBHs, or sub-arcsec gravitationally lensed quasar images. 
One of these double quasars (at z = 2.95) was spatially 
resolved with optical spectroscopy, and slightly favours the 
scenario of a physical quasar pair with a projected separation 
of 3.5 kpc (0.46″). Follow-up observations of double quasars 
discovered by this targeted approach will be able to provide 
observational constraints on kpc-scale dual SMBHs at z > 2.

The principles of the astrometry-based technique are three-
fold9,10. First, the unresolved source contains multiple components. 
Second, these components have unsynchronized flux variations 
that cause astrometric jitter in the photocentre of the system. Third, 
this photocentre jitter is detectable with astrometric measurements. 
Extragalactic targets that fulfil these requirements include unresolved 
physical pairs (or multiples) of quasars and small-scale gravitationally 
lensed quasars. In the case of physical pairs, the variability of each 
quasar is stochastic and uncorrelated11; in the case of gravitationally 
lensed quasars, the variability from each image is also unsynchronized 
owing to lensing time delays12. Assuming that the pair of quasars have 
comparable mean fluxes and root-mean-square (r.m.s.) fluctuations, 
the relation between the expected astrometric jitter σastro, the separa-
tion of the pair D, and the variability amplitude of the system is10
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D
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where ¯f  and 
√

⟨Δf2⟩ are the total mean and r.m.s. fluxes of the unre-
solved system. This relation can be generalized to non-equal-flux 
pairs, for which the expected astrometric jitter is reduced10, which 
renders this technique less efficient. Considering typical fractional 
r.m.s. fluctuations of quasars of ~10% (ref. 11), the expected astro-
metric jitter is ~10 mas for 0.2″ separations, which corresponds to 
sub-kpc to kpc projected separations at cosmological distances.

Ground-based and seeing-limited imaging cannot easily resolve 
quasar pairs or lensed quasars with sub-arcsec separations, and 
diffraction-limited imaging with the Hubble Space Telescope (HST) 
or ground-based adaptive optics cannot probe large volumes.  
However, the anticipated astrometric jitter from such systems is well 
within the reach of the Gaia astrometry satellite13,14, which covers  
the entire optical sky with roughly uniform photometric and astro-
metric sensitivities. This enables a novel targeted approach to  
systematically discover such systems with high efficiency.

We design a targeted search for sub-arcsec pairs among lumi-
nous quasars that appear to be singles in seeing-limited surveys, 
and focus on the z > 2 regime in which mergers are expected to be 
more common. First, we select bright, spectroscopically confirmed 
quasars from the Sloan Digital Sky Survey (SDSS)15,16 at z > 2. We 
require that Gaia detects only a single source within a 3″ radius of 
the SDSS position, and therefore the quasar is unresolved at the 
Gaia resolution of ~0.2″–0.8″ depending on the scanning scheme 
of Gaia. The redshift cut ensures that host galaxy emission is negli-
gible and that the optical light is dominated by the quasar light. At 
lower redshifts at which the more extended host galaxy is detectable 
with Gaia, the astrometric solution may be compromised given the  
scanning directions of Gaia and the astrometric modelling10,17. 
Then, we restrict the selection to objects for which Gaia detects sig-
nificant astrometric excess noise18—a proxy for the astrometric jitter 
signal expected from an unresolved quasar double. The full details 
of target selection are provided in the Methods. Our selection of 
small-scale quasar pairs using Gaia is therefore markedly different  
from the use of resolved multiple Gaia sources19, and can probe 
much smaller pair separations.

This astrometric selection with Gaia resulted in 15 candidates. 
Four of them were randomly observed by an HST Snapshot pro-
gram (Methods and Extended Data Fig. 1). We show the two-band 
composite images of these four candidates (Fig. 1 and Extended 
Data Fig. 2). Two of them (J0749 and J0841) reveal two point-like 
cores separated by ~0.5″ with comparable fluxes and similar 
colours, with no obvious detection of extended features. In addition,  
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the optical spectra from SDSS (Fig. 2 and Extended Data Fig. 3) that 
enclose all light within a 2−3″ diameter fibre rule out an obvious  
quasar–star superposition or (unrelated) projected quasar pairs. 
Therefore, these two objects are strongly favoured for physical  
quasar pairs or lensed quasars. Additional observations confirming 
their double-quasar origin are provided in Methods and Extended 
Data Fig. 4. The third object, J0905, has two resolved point-like 
components with different colours and a very small flux ratio in 
the blue band. Therefore, J0905 is most likely a quasar–star super
position that cannot be easily ruled out from the SDSS spectrum, as  
further reasoned in Methods. The remaining object, J1326, is a  
single point source under an HST resolution of ~0.1″, which indi-
cates that Gaia astrometric excess noise is caused by pairs within 
0.1″ or is due to unknown Gaia systematics. Extended Data Fig. 5 
shows the imaging decomposition results of the HST data.

We estimate the frequency of z > 2 SDSS quasars that are  
apparent singles in seeing-limited surveys but are in fact doubles 
(or multiples) on sub-arcsec scales by using the statistics from our 
targeted search with astrometry. Assuming that the frequency is not 
a function of limiting magnitude, we had 15 targets selected with 
Gaia astrometric excess noise for HST follow-up, out of ~11,000 
parent quasars, or 0.14%. This is a hard lower limit, as most of  
these quasars could be doubles at smaller separations and/or their 
variability amplitude is low; therefore the astrometric jitter would 
be well below the Gaia astrometric excess noise cut that we imposed 
during target selection. Among the four randomly observed targets  
with HST, two are double quasars on sub-arcsec scales, which gives 
a success rate of 50%. This is again a lower limit, as the separa-
tion can be below the HST resolution of ~0.1″ in the fourth object. 
The combined lower limit of the frequency is therefore ~0.1%. 
Incidentally, this rate is consistent with the estimated rate of <0.4% 
for lensed quasars at >1″ image separations20. We can also compare 
to the kpc-scale physical pair fraction extrapolated from small-scale 
quasar clustering measurements at z < 2 (ref. 21), which suggested 
a pair fraction of ~0.05% (Methods). The anticipated frequency  
of kpc-scale physical quasar pairs may be substantially higher at 
z > 2 (Methods).

To further illuminate the nature of the double quasars discovered 
by Gaia astrometry, we acquired optical slit spectroscopy for one of 
the double-cored targets (J084129.77 + 482548.5, referred to here as 
J0841) with Gemini under excellent seeing conditions. The system 
is spatially resolved in the slit spectroscopy (Methods and Extended 
Data Fig. 6) at the locations of the two HST cores. The two spa-
tially resolved spectra (Fig. 2) are rather similar quasar spectra. The 
flux ratio of the two cores averaged over the optical spectral range 
is ~1.5, which is consistent with that measured from HST imaging.

Although there are spectral differences in the two cores of J0841 
(Methods and Extended Data Fig. 7), notably in the strengths of 
the broad emission lines, the possibility of lensing cannot be ruled 

out conclusively. We therefore model the system as a gravitationally 
lensed quasar in which the lens galaxy is undetected in HST imag-
ing (Methods). There are only three other gravitationally lensed 
double quasars with <0.8″ separations known at z > 2.5 (ref. 22–24), 
all of which were serendipitously discovered, unlike J0841, which is 
from a targeted search. The black line in Fig. 3a is the required lens 
velocity dispersion at a given lens redshift. We further use the HST 
non-detection to place 3σ upper limits of the lens galaxy, indicated 
by the coloured lines, which lie below the lens model constraint at 
z < 1.5. This suggests that a lens galaxy at z > 1.5 is not ruled out by 
HST non-detections. We caution that our detection limit estimates 
for extended sources may be overly optimistic, and that more con-
servative non-detection limits will lead to less stringent constraints 
on the lensing hypothesis (see Methods for details).

In addition, we can estimate the lensing probability by using the 
abundance of lens galaxies and the impact parameters of the lensing 
system. The red line in Fig. 3b is the cumulative number of lenses 
that could have produced a lensed quasar as in J0841. Taking into 
account the parent quasar sample, the lensing magnification bias 
and the probability of observing the lensed quasar in our follow-up, 
we estimate a total probability of ~5% that J0841 is a doubly lensed 
quasar. Based on the same statistical arguments, we can estimate the 
total number of sub-arcsec lensed quasars expected from our parent 
sample to be ~2−3, which is fewer than the number of double qua-
sars anticipated from our systematic search (Methods). However, 
given the uncertainties in the assumptions in our statistical argu-
ments, the existing data are insufficient to rule out the possibility 
that the sub-arcsec double quasars discovered by astrometry are 
dominated by the lensed population.

Conversely, many observed high-redshift double quasars at >1″ 
are physically associated rather than lensed images6,8,25,26, and our 
initial results with this systematic approach can place some inter-
esting constraints on the <10 kpc dual supermassive black hole 
(SMBH) population at z > 2. Our targeted search with Gaia astro
metry preferentially selects pairs with projected ~kpc physical sepa-
rations at z > 2 and with comparable fluxes, that is, typically from 
major mergers. If we assume that all of the sub-arcsec pairs discov-
ered with the astrometric technique are kpc-scale physical pairs  
on their way to coalescence, their frequency is ~0.1% among all 
optically selected z > 2 quasars. As quasars light up stochastically, 
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Fig. 1 | HST two-band composite images of two double quasars. a,b, The 
separations of resolved double cores in angular and physical units are 
marked. The double cores in J0749 (a) and J0841 (b) have similar colours, 
which indicates that both are most likely quasars, either from a physical 
pair or as multiple images of a gravitationally lensed quasar.
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Fig. 2 | Spatially resolved optical spectroscopy of J0841. The red and 
cyan lines are for the northwestern (NW) and southeastern (SE) cores, 
respectively. The grey dotted line denotes the flux ratio between the two 
cores. The circled-cross symbol denotes the telluric absorption region 
masked out in the red and cyan spectra. The black line is the spectrum from 
SDSS (with offset for clarity) that covers both cores. The two cores have 
similar spectral appearances, albeit with differences in the strengths of the 
broad emission lines (Methods).
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not all kpc-scale dual SMBHs are both quasars at the same time, and 
we will observe only a fraction of them as quasar doubles. The duty 
cycle of quasars is roughly 1% at z > 2 based on recent SDSS quasar 
clustering measurements27, and we assume that being in a kpc-scale 
binary does not alter the duty cycle. Therefore, the frequency of ~kpc 
dual SMBHs among all optical quasars at z > 2 would be ~10%. The 
dynamical evolution of the dual SMBH from tens of kpc to ~10 pc is 
determined by dynamical friction2,28, although gas drag may not be 
negligible in high-redshift gas-rich mergers. With dynamical fric-
tion alone, in general the SMBH pair spends about a factor of ten 
less time28 on hundreds of pc scales than on the kpc scales probed 
by our observations. Therefore, by extrapolating our results on kpc 
scales to scales a factor of ten smaller, we expect ~1% of z > 2 optical 
quasars to be sub-kpc dual SMBHs, and ~0.01% of them will appear 
as sub-kpc double quasars.

An alternative scenario for J0841 is that it is a physical quasar 
pair, but not from the merger of two galaxies. High-redshift galaxies 
in formation are often clumpy29, with massive clumps separated by 
up to 10 kpc. It is possible that these clumps, which constitute the 
bulk stellar mass of the galaxy, each contain an SMBH at the centre. 
The formation of these galactic clumps through disk instabilities 
may have also facilitated gas inflow within each clump to feed onto 
seed SMBHs. In this scenario, the growth of the two SMBHs may 

be synchronous, resulting in rather similar spectral appearances 
and physical properties such as black hole mass when witnessed as 
a close pair of quasars. However, deep infrared imaging and kine-
matics studies are required to test this scenario of multiple SMBH 
formation in clumpy high-redshift galaxies.

The novel technique based on precision Gaia astrometry and 
physical causes of astrometric jitter in unresolved distant sources 
opens a new window to systematic discovery and characterization 
of sub-arcsec physical quasar pairs at high redshift, after the con-
tamination from lensed quasars is properly quantified with detailed 
follow-up observations. This population of quasar pairs is expected 
to exist, but so far has been observationally elusive. The efficiency of 
this approach is demonstrated to be high based on follow-up obser-
vations with HST imaging and slit spectroscopy. The technique is 
most effective for pairs with comparable fluxes, which produce the 
most significant astrometric jitter in the systemic photocentre10. As 
spatially integrated spectroscopy can be used to rule out obvious 
quasar–star pairs, and as galaxies are generally too faint to affect 
the photocentre at z > 2, spatially resolved optical imaging provides 
strong evidence for the double quasar nature (either a physical pair 
or lensed images) to be confirmed by additional observations, as 
demonstrated here.

Further confirmation of quasar doubles selected with this tech-
nique but with separations below HST resolution can be achieved 
with the James Webb Space Telescope (with a factor of a few better 
resolution in the optical range than HST) and/or radio interferom-
etry, as well as adaptive-optics-assisted near-infrared slit spectro
scopy. In particular, near-infrared spectroscopy will cover narrow 
emission lines of these high-redshift quasars to identify potential 
velocity offsets in the narrow-line emission, which can also signal 
physical quasar pairs without the need to spatially resolve the pair30. 
This targeted approach provides candidates with high purity, and 
enables efficient follow-up observations to confirm the nature of 
physical pairs or lensed images. In turn, the observations will lead  
to much improved statistics of high-redshift small-scale dual 
SMBHs, and to a much better understanding of the kpc to sub-kpc 
environment of high-redshift quasars and of the sub-arcsec lensed 
quasar population.

Methods
Varstrometry selection. Our technique combines astrometry and variability in 
unresolved quasar doubles, referred to as ‘varstrometry’ for convenience10,31. Gaia 
measures source properties with a window size13 of roughly 1.2″ × 2.8″. Depending 
on the scanning direction of Gaia, it is possible that close pairs with sub-arcsec 
separations are still unresolved and that Gaia measures the system as a single point 
source. However, ~80% of the pairs with separations ≳1″ are resolved by Gaia 
Data Release 2 (DR2)32. Therefore, the varstrometry technique probes sub-arcsec 
separations in unresolved Gaia DR2 sources. The Gaia astrometric solution has 
an extra noise term, astrometric_excess_noise, that describes the r.m.s. residuals 
that cannot be accounted for by measurement uncertainties. With zero parallax 
and proper motion in the astrometric solution, this quantity is then equivalent 
to the r.m.s. astrometric jitter defined in equation (1) for unresolved quasar pairs 
or lensed images. At low redshift, extended host galaxy light and the random 
orientation of the galaxy relative to the Gaia scanning direction may induce 
additional systematic errors in the photocentre measurements that can contribute 
to astrometric_excess_noise as well10.

To select a clean sample to test the efficiency of the varstrometry technique in 
finding sub-arcsec double quasars, we start from the spectroscopically confirmed 
quasars from the SDSS DR7 and DR14 quasar catalogues15,16. We restrict the 
selection to z > 2 quasars so that host galaxy emission is negligible in the Gaia G 
band and we require that there is only a single Gaia match within a 3″ radius of the 
SDSS position. We further limit the selection to the brightest quasars with G < 19.1 
so that Gaia can measure photometry and astrometry to superb precision, which 
yields 13,247 quasars. To ensure robust astrometric measurements, we further 
restrict to objects with Gaia visibility_periods_used > 8, which yields 11,537 
objects. We then select 15 of them with astrometric_excess_noise > 1.45 mas.  
We visually inspect the SDSS spectra of the 15 targets and remove two objects  
with obvious stellar features (therefore likely a quasar–star pair), and end up  
with 13 targets.

As a small number of quasars with high astrometric_excess_noise may fall 
slightly below the G = 19.1 flux limit, we impose a secondary selection with 
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Fig. 3 | Lensing probability. a, The black line is the required stellar velocity 
dispersion for the lens at various redshifts. The different coloured lines are 
the 3σ upper limits from the non-detection of the lens galaxy in J0841 in 
HST F814W, for point sources (dotted lines) and extended sources (solid 
lines), respectively. b, The points are the differential number of lenses at 
various redshifts, estimated using the stellar velocity dispersion function 
and impact parameter for a hypothetical lensed quasar in J0841 (detailed 
in Methods). The red line is the cumulative number of lenses for lens 
redshift greater than the threshold.
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astrometric_excess_noise > 3 mas and G < 19.5. Only three additional targets meet 
these cuts, and one of them with stellar features in the SDSS spectrum is removed, 
which leaves two additional targets. These two targets have nearly identical 
Gaia magnitudes (G = 19.3) and astrometric_excess_noise. Our final target 
sample therefore includes 15 objects, and their distribution in the G magnitude 
versus astrometric_excess_noise plane is shown in Extended Data Fig. 1. For 
the parent sample statistics, however, we still use the sample of 11,537 objects 
with G < 19.1 that dominates our target selection, as the selection to G < 19.5 is 
highly incomplete. We note that one of the two confirmed double quasars, J0841, 
was from the ancillary selection. If we restrict our statistical constraints on the 
double-quasar frequency strictly to the main target selection, then we have a 
slightly lower success rate, >1/3 instead of >50%. The resulting double-quasar 
frequency in the parent quasar sample becomes slightly lower than ~0.1% but still 
roughly in line. As our statistical estimates are all approximate, we ignore this  
detail in our following analysis.

The Gaia magnitude and astrometric_excess_noise cuts in our selection are 
imposed both to reduce potential contamination from systematics and to yield a 
reasonable sample size for an HST program. If we were to lower these thresholds, 
we would have more candidates albeit with a potentially higher contamination rate. 
As we have confirmed a very high success rate with our stringent Gaia cuts, the 
next step would be to lower the Gaia magnitude cut and astrometric_excess_noise 
cut to increase the target sample size, and to quantify the success rate at these less 
stringent Gaia cuts.

With these Gaia astrometric parameters and the assumption of a total 
fractional photometric variability of 10%, equation (1) implies that our sample 
probes quasar doubles at separations between ~30 mas and ~1″. At z = 2, this 
angular separation range corresponds to projected separations between 250 
pc and 8.5 kpc, which are more stringent limits than have been systematically 
explored before5,6,8 at z > 2. However, as SMBH pairs spend much more time on 
kpc scales than on smaller scales owing to dynamical friction, we expect that our 
methodology will preferentially discover kpc-scale double quasars.

One caveat in the above derivation is that the mapping from astrometric 
jitter to physical separations is approximate at best. Because Gaia has not 
released time-resolved photocentre measurements and photometry, our analysis 
relied on published surrogates for the photometric variability and astrometric 
jitter. In addition, the assumption that the fractional variability is similar for 
both components may break down. Therefore, we do not necessarily expect 
good agreement between the HST-measured pair separation and the predicted 
separation via equation (1). It is also possible that a sub-arcsec pair, while fully 
within the astrometry measurement window, would suffer more from Gaia 
astrometric systematics than single sources would. Nevertheless, the targeting of 
high-z quasars with significant Gaia astrometric excess noise efficiently reveals 
systems with sub-arcsec companions that have compromised the Gaia astrometric 
solution, which justifies this overall targeting strategy.

Follow-up observations. The 15 SDSS–Gaia quasars were then included in an 
HST Snapshot program to acquire two-band optical imaging in UVIS/F475W and 
UVIS/F814W, with typical exposure times of 360 s (400 s) in F475W (F814W). 
Submitted targets are observed in HST Snapshot programs only if those programs 
fill the ‘gaps’ between regularly scheduled programs. Four of the 15 targets were 
randomly observed, with three showing doubles (Fig. 1 and Extended Data Fig. 2). 
The success rate is therefore very high, which demonstrates the efficiency of the 
varstrometry technique. The optical spectrum for J0841 is shown in Fig. 2, and the 
SDSS spectra for the remaining three targets are shown in Extended Data Fig. 3. 
Additional properties of the four targets are provided in Supplementary Table 1.

Image decomposition of the HST data with GALFIT33 indicates that all 
components in resolved doubles are consistent with point sources, with no 
evidence of extended host or additional components between resolved double 
cores. For the three resolved double cores, we measure a flux ratio in F475W 
(F814W) of 4.4 (3.6) for J0749, 1.3 (1.7) for J0841 and 46 (4.5) for J0905, with  
1σ fractional uncertainties of <10%. The GALFIT results are shown in Extended 
Data Fig. 5.

We obtained Gemini director’s discretionary time (DDT) for one of the 
three HST-resolved doubles, J0841. This particular target was chosen owing to 
visibility constraints and to the limited amount of DDT available for the highest 
image quality (the top 20%), which is necessary to spatially resolve the double 
from ground-based seeing-limited observations. With the approved DDT, 
J0841 was observed on 2020 May 21 UT by using optical slit spectroscopy with 
the Gemini multi-object spectrograph (GMOS) at Gemini-North (program 
GN-2020A-DD-106). We chose optical spectroscopy over near-infrared 
spectroscopy to ensure the detection of both cores in this high-redshift quasar, 
but future near-infrared slit spectroscopy to spatially resolve the narrow emission 
lines is warranted. The observations were carried out under superb conditions, 
with a seeing full width at half maximum (FWHM) of ~0.4″–0.5″, which was 
sufficient to resolve the double. We adopted the long slit with the R150 grating 
and a 0.75″ slit width. It offers a spectral resolution of R ≈ 420 (corresponding to 
σinst ≈ 210 km s−1), which spans the observed ~400–950 nm with a pixel scale of 
1.93 Å pixel−1 along the wavelength direction. The slit was placed across the two 
cores along a position angle of 132.0°. The total exposure time was 1,848 s, which 

was divided into two individual exposures dithered at two central wavelengths 
(700 nm and 720 nm) to cover the CCD chip gaps and to help reject cosmic rays. 
We reduced the data following standard IRAF procedures34 by using the PyRAF 
package (http://go.nature.com/3bzVBjg). The two-dimensional (2D) spectra were 
wavelength-calibrated using CuAr lamp lines and stored in vacuum wavelength. 
The white dwarf EG 131 was observed as the standard star for flux calibration 
during the same night.

To spatially resolve the double cores, we first collapse the 2D spectrum along 
the wavelength direction to construct a spatial profile (Extended Data Fig. 6). 
For J0841 at z = 2.95, the optical emission is dominated by the accretion disk and 
broad emission lines, and therefore both cores can be treated as point sources with 
the same point spread function (PSF) determined by seeing. The two cores are 
resolved clearly in the 2D spectrum, and the wavelength-collapsed profile provides 
a robust measure of the seeing profile. We found that a single Gaussian fits the 
PSF core well, with a measured FWHM of 0.4″, which is consistent with the seeing 
at the time of the observations, and with a spatial offset of 5.8 pixels (or ~0.47″) 
between the two cores, which is consistent with the separation measured from 
HST imaging. With the measured PSF, we then decompose the two cores at each 
wavelength to extract the one-dimensional (1D) spectra for both cores. We use a 
single Gaussian for each component, with the separation and Gaussian dispersion 
fixed from the spatial profile derived earlier, but allowing the amplitude of each 
Gaussian to vary in case the two components have different spectral shapes.  
The spatially decomposed 1D spectra for the two cores are shown in Fig. 2.

The two spectra are very similar in appearance with nearly identical redshifts, 
except for subtle differences in spectral shape, strengths of certain intervening 
absorption lines, and strengths of broad emission lines (Extended Data Fig. 7). 
In general, these spectral differences can be explained in the lensing scenario, 
but the different flux ratios in the continuum and in the broad emission lines 
require a microlensing event35, thereby reducing the lensing probability. A simpler 
explanation for the spectral dissimilarity is that J0841 is a physical quasar pair. 
With the assumption that the two quasars have the same black hole mass, the factor 
of 1.5 difference in continuum luminosity will not be reflected in their broad-line 
width difference, because broad-line width scales as L1/4 if the broad-line region 
is virialized36. Bearing in mind the large (~0.4 dex) systematic uncertainties, we 
estimate black hole masses for the two quasars in J0841 by using the single-epoch 
virial mass method36 as 109.4±0.4 M⊙ (southeastern) and 109.6±0.4 M⊙ (northwestern), 
for which the spectral fits were performed by using the public QSOFIT code37  
and the mass errors represent 1σ standard deviations and are dominated by 
systematic uncertainties.

For J0749, although we have not obtained spatially resolved spectra, a 15 GHz 
(2 cm wavelength) image obtained with the Very Long Baseline Array (VLBA) 
shows both cores (Extended Data Fig. 4), which confirms its double-quasar 
nature. These two quasars must be at the same redshift given the lack of multiple 
emission-line systems in the SDSS spectrum. The full analysis of these VLBA data 
(including data in additional frequency bands) will be presented elsewhere.

Lensing model of J0841. We perform simple lens modelling by using a singular 
isothermal sphere (SIS), which is shown to be a good approximation for sub-arcsec 
lensing38. The SIS model constrains the velocity dispersion of the lens galaxy as a 
function of the unknown lens redshift, as shown by the black line in Fig. 3a. From 
the HST non-detection of the lens (with exposure time of 400 s in F814W), we 
constrain the 3σ upper limit of the galaxy luminosity for a range of morphological 
types with different spectral shapes39. For each galaxy type, we consider both a 
point source and an extended source. For the point source case, the 3σ optimal 
extraction corresponds to a limiting AB magnitude of 27 in F814W. For the 
extended source case, we assume that all light is uniformly distributed within a 
0.2″ radius (that is, filling the area between the two cores) and reaches a limiting 
AB surface brightness of 24.1 mag arcsec−2. We then convert the galaxy luminosity 
to velocity dispersion by using empirical relations measured for local galaxies40. 
The scatter in velocity dispersion at fixed luminosity is ≲25% and we assume no 
evolution in these scaling relations.

We note that the limits for the extended source case are optimistic, as the lens 
galaxy can be more extended and blend into the PSF wings of the quasars. For 
this reason, we proceed with caution on our lensing probability assessment. This 
exercise is presented as a general methodology to test the lensing hypothesis, even 
though the current data are insufficient to draw definitive conclusions.

The upper limits on the velocity dispersion inferred from the HST 
non-detection are plotted against redshift in Fig. 3a for different galaxy types. 
Although the HST imaging is not deep enough, these upper limits meaningfully 
rule out a lens at z < 1.5. Lenses at higher redshifts are still possible considering the 
uncertainties in the estimated upper limits from HST non-detection. To further 
evaluate this possibility, we estimate the number of galaxies with sufficient velocity 
dispersion along the line of sight towards J0841 from random superposition. We 
use the stellar velocity dispersion function measured for local early-type galaxies41, 
which shows only mild evolution42 towards z ≈ 2. In the case of an SIS lens, the flux 
ratio of two images is given by r = (1 + y) / (1 − y), where y is the angular separation 
between the source and the lens centre normalized by the Einstein radius. For the 
flux ratio of r = 1.5, we have y = 0.2, so the impact parameter required to reproduce 
the observed flux ratio is 0.046″. Our selection strategy is able to randomly 
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discover lensed images with separations within a factor of two of the observed 
~0.4″ separation. The lower limit is set by the HST resolution and the upper 
limit is set by Gaia, that is, larger separations will be resolved by Gaia. This image 
separation range corresponds to a range of SIS velocity dispersions that enclose a 
factor of 

√

2 around the fiducial value, over which we integrate to obtain the lens 
galaxy number density at given lens redshift. The cumulative number of random 
intercepting galaxies at redshifts greater than a threshold is shown as the red line 
in Fig. 3b. The expected number is therefore ~6 × 10−6 for a z ≳ 1.5 lens. If we adopt 
a more conservative sensitivity (for example, by reducing by one magnitude) for 
the lens galaxy in the extended-source case, the lensing modelling can rule out a 
lens galaxy at z > 1.2 (as opposed to z > 1.5). The corresponding cumulative lens 
probability would increase from 6 × 10−6 to 8 × 10−6.

We further estimate the expected total number of sub-arcsec doubly lensed 
quasars with comparable image flux ratios, for the parent population of z > 2 
quasars. As the lensing probability increases towards higher source redshift, we 
can conservatively use the single-lensing probability estimated earlier for J0841 
at z ≈ 3. There are ~11,000 parent z > 2 quasars. To estimate the boost factor in 
source number density owing to lensing magnification bias43, we use the latest 
optical quasar luminosity function measured44 at z > 2 to derive a boost factor of 
~30. Therefore, we expect ~2−3 doubly lensed quasars out of the ~11,000 parent 
quasars. Our program revealed that at least half of the 15 quasars with the highest 
varstrometry signals should be sub-arcsec double quasars, which already exceeds 
the lensing expectation with this subsample of 15 objects alone. Considering that 
our selection is by no means complete, the general population of sub-arcsec double 
quasars at z > 2 may be too abundant to be explained by the lensed population. 
However, as mentioned earlier, the uncertainties in the non-detection limits make 
it difficult to rule out the possibility that these double quasars are dominated by 
the lensing population. Deeper limits (preferentially from infrared imaging) are 
required to improve this statistical constraint.

We now roughly estimate the probability that J0841 is an expected lensed 
quasar from our lensing probability analysis. Although the efficiency of our 
varstrometry selection of high-redshift quasar doubles is high (≳50%), we cannot 
formally estimate the completeness of the selection technique owing to the lack of 
detailed knowledge on Gaia time series data, astrometric modelling, the unknown 
distributions of pair separations, and variability amplitudes. Nevertheless, we 
do not expect that the completeness is very high, as the technique is likely to 
miss most genuine sub-arcsec pairs with smaller astrometric jitter. We do not 
expect the completeness to be very low either (<10%), otherwise there may be 
an overabundance of sub-kpc dual SMBHs. Therefore, we assume a reasonable 
completeness of 50% for our selection, which means that the 15 HST targets 
should include one sub-arcsec lensed quasar. The probability that it happens to 
be observed in the four randomly observed targets is 27% (that is, 1 − C4

14/C4
15). 

Therefore, the total probability of J0841 being a lensed quasar is 0.27. The 
conditioned probability that J0841 is a lensed quasar but also at z > 2.8 is further 
reduced to 0.27 (2,242 / 11,537) ≈ 0.05, where 2,242 is the number of z > 2.8 quasars 
in the parent sample. There is therefore still a small probability of J0841 being a 
lensed quasar. As we have likely underestimated the total number of lensed quasars 
in our sample, the actual probability of J0841 being a lensed quasar could be 
significantly higher, but deep infrared imaging is required to confirm the required 
lens in J0841.

Implications from small-scale quasar clustering. The expected physical pair 
frequency can be estimated from small-scale quasar clustering measurements8,21. 
Although there is no such clustering measurement on kpc scales, we use existing 
measurements at z < 2 and larger scales to derive some crude estimates. The 
small-scale quasar pair sample in ref. 21 enabled the measurement of the quasar 
correlation function on ≳15 kpc projected scales. Below ~50 kpc, there is evidence 
that the three-dimensional correlation function steepens to an r−3 power law, 
which would imply a constant pair fraction for each decade in scale. Based 
on the pair statistics from that work and with the assumption that their pair 
sample is complete, the extrapolated pair fraction on kpc scale is then ~0.05%. A 
somewhat higher pair fraction of ~0.26% ± 0.18% was recently reported based on 
ground-based imaging and spectroscopic follow-up45. Furthermore, it is possible 
that the abundance of kpc-scale quasar pairs is much greater at z > 2 given the 
increased specific merger rate and the enhanced probability that both SMBHs are 
quasars owing to merger-induced fuelling. This possibility is particularly relevant 
for the luminous quasars at z > 2, as in our bright Gaia sample. Therefore, we may 
expect a much higher kpc-scale quasar pair fraction at z > 2, which will be tested 
with our systematic search using varstrometry.

J0905 as a quasar–star superposition. The colour discrepancy in the double cores 
in J0905 suggests that the fainter and redder component is a star. The measured 
F475W–F814W colour for the redder component is consistent with an M2V star. 
We add an M2V star spectrum to the SDSS quasar spectrum of J0905 by fixing the 
flux ratio in the F814W band. The predicted flux ratio in the F475W band is 0.02, 
which is consistent with that measured from HST data, and the predicted flux ratio 
in the Gaia G band is 0.1. The stellar absorption features of the star are difficult 
to identify given the flux errors. Therefore, we could not have rejected J0905 as a 
quasar–star superposition from the SDSS spectrum.

Data availability
The SDSS spectrum for J0841 is publicly available at https://www.sdss.org/. The HST 
data are publicly available via the Mikulski Archive for Space Telescopes (MAST) 
at https://archive.stsci.edu with program no. HST-GO-15900. The raw data for the 
Gemini spectrum are publicly available at https://archive.gemini.edu/ with program 
ID GN-2020A-DD-106, and the reduced spectrum is provided in the data for  
Fig. 2. The catalogue data for parent SDSS quasars are available in refs. 15,16, and the 
astrometric data are publicly available from Gaia DR2 at https://gea.esac.esa.int/
archive/. Additional data (preliminary VLBA images) that support the plots within 
this paper and other findings of this study are available from the corresponding 
author upon reasonable request. Source data are provided with this paper.

Code availability
The GALFIT code used to decompose the HST images is publicly available at 
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html.
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Extended Data Fig. 1 | Gaia selection of candidate double quasars. The black dots are the parent z > 2 SDSS quasars with single Gaia matches. The red 
and cyan circles are our final sample of 15 targets (there are two objects in cyan circles that overlap with each other), and the crosses are excluded objects 
based on apparent spectral features that indicate a star-quasar superposition (see details of target selection in Methods). Measurement uncertainties 
are negligible. Most of the objects at G > 19.1 with high astrometric excess noise are excluded from our extended target selection (only the cyan circles are 
selected). The four targets that have been followed up by HST are indicated by filled circles, and the remaining targets are indicated by open circles.
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Extended Data Fig. 2 | HST 2-band composite images of the remaining two targets. The different colors in the two cores in J0905 suggest it is a 
quasar-star superposition, and J1326 is not resolved at the HST resolution of ~0.1″.
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Extended Data Fig. 3 | SDSS spectra for three targets observed by HST. The flux densities of J0905 and J1326 have been scaled for the clarity of the figure.
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Extended Data Fig. 4 | Preliminary analysis of VLBA imaging for J0749. Panel a shows the optical HST image and panels b, c show the VLBA detection of 
both optical cores in Ku-band (15 GHz) with few-milliarcsec (mas) resolution, indicating both cores are quasars. There are also morphological differences 
in the radio images of the two cores. The VLBA beam is shown in the bottom left corner with the green ellipse.
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Extended Data Fig. 5 | HST image decomposition. For each of the four systems shown in panels a-d, we show the original, model and residual 
(model − original) images, where the models are constructed with GALFIT. The reduced χ2 values are provided in the lower right corner of each row.
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Extended Data Fig. 6 | 2D spatial profile of J0841 in slit spectroscopy. Panel a: the two-dimensional spectrum around the CIV line, where two sources 
separated by ∼ 0

′′

. 46 (~5.8 pixels) are visible. Panel b: spatial profile of the wavelength-collapsed spectrum, which we used to measure the separation 
between the two sources in the slit spectrum. The points are the pixel data plotted with 1σ standard deviation error bars (the errors are very small), and the 
red line is a double-Gaussian model.
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Extended Data Fig. 7 | Spectral comparison of the two cores in J0841. The red and cyan lines are for the northwestern (NW) core and the southeastern (SE) 
core, respectively. The circled-cross symbol denotes the telluric absorption region masked out in the spectra. There are notable differences in the strengths 
of the broad emission lines after the flux of the SE core is scaled to roughly match the continuum flux of the NW core. There are also slight differences in the 
continuum shape and strengths in certain intervening absorption lines.
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