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Thetight correlations found between the mass of supermassive black
holes and the luminosities, stellar masses and velocity dispersions of their

host galaxies are often interpreted as a sign of their co-evolution. Studying
these correlations across redshift provides a powerful insight into the
evolutionary path followed by the quasar and its host galaxy. While the mass
of the black holeis accessible from single-epoch spectra, measuring the
mass of its host galaxy is challenging as the active nucleus largely overshines
its host. Here we present a technique to probe quasar-host relations beyond
thelocal Universe with strong gravitational lensing, hence overcoming

the use of stellar population models or velocity dispersion measurements,
both prone to degeneracies. We study in detail one of the three known

cases of strong lensing by a quasar to accurately measure the mass of its
host and to infer a total lensing mass within the Einstein radius. The lensing
measurement is more precise than any other alternative technique and
compatible with the local scaling relation between the mass of the black hole
and the stellar mass. The sample of such quasar-galaxy or quasar—quasar
lensing systems should reach a few hundred with Euclid and the Rubin-Large
Synoptic Survey Telescope, thus enabling the application of such amethod
with statistically significant sample sizes.

We present an exceptional case of strong lensing by an elliptical galaxy
displaying awell-visible substructure pointed to us by a quasar: SDSS
J0919 + 2720 (ref.1). The elliptical galaxy and SDSSJ0919 + 2720 share
the same redshift (z,=0.209), are separated by less than1”on the plane
oftheskyand actasagravitational lens on adistant star-forming source
atz,=0.558. Most of the lensing effect is produced by the main ellipti-
callens galaxy (Fig. 1), but the quasar and its host galaxy, even hidden
inthe glare of the quasar light, produce detectable lensing signal. We
take advantage of this fortunate lensing event and of the fact that the

quasar and the main elliptical lensing galaxy do not share the same
location to measure the total (dark + luminous) mass of a quasar host
galaxy with strong gravitational lensing.

Quasars are known to follow tight correlations between the mass
oftheir central supermassive black hole (SMBH) and the fundamental
properties of their host galaxy, such as the stellar mass M, , and stellar
velocity dispersion o, ,, related to the total mass M, .. The very exist-
ence of these scaling relations suggests a connection between the
quasar activity and the formation of its host galaxy (see, for example,
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Fig.1|The SDSSJ0919 + 2720 strongly lensed system. Top left: Colour
composite of the HST images in the F475W and F814W bands. The different
components of the system are indicated: the main lensing elliptical galaxy
atz=0.209 produces most of the lensing effect on the (blue) star-forming
galaxy at z=0.558. The bright blue quasar and its host galaxy, also at z=0.209,
actas asecondary deflector for which we can measure the total mass. Top

right: HST image, where the best-fit model of the gravitational arcs has been
subtracted. Bottom left: Best-fit model of the lensed arcs. Bottom right: Source
reconstruction using wavelet decomposition and sparse regularization. The pixel
sizeis 0.013”, three times smaller than the drizzled HST images (see Methods for
more detail on the lens modelling).

refs. 2,3). The physical process leading to these correlations remains
unclear since the gravitational influence of the SMBH is limited to
parsecscales while the typical scale of their host galaxy is three orders
of magnitude larger. On the one hand, active galactic nuclei (AGN)
feedbackin numerical simulations seems to reproduce the observed
correlations (see, for example, refs. 4,5), but on the other hand, they
could also simply result from the hierarchical assembly of multiple
mergers (see, for example, ref. 6). Discriminating between these sce-
narios requires measuring the bulge mass of quasar host galaxies not
only in the local Universe but also at higher redshift, where velocity
dispersion measurements are challenging but where lensing is both
precise and accurate. If the scatter in the My,—M;, , relation (where
My, is the mass of the black hole) increases with redshift, this would
support the hierarchical assembly scenario’.

Moreover, itis not well established if there is an offset between the
relations observed inthelocal and high-redshift Universe. For example,
Sexton et al.? did not find any evidence for an evolution of the My,-a, ,
relation with redshift. Onthe other hand, recent works by Ding et al.”*°
found a positive evolution of the Mg,,/M, , ratio, compatible withasce-
nariowhere the SMBH would grow at an earlier time and the bulge of its
host galaxy is catching up later. Ifboth of these results are correct, this
wouldimply that the bulge stellar mass increases without substantially
changing the total mass of the galaxy. Possible mechanisms leading
to the growth of the bulge without increasing the black hole mass nor
the total mass would involve a transfer of stellar mass from the disk to
the bulge through minor mergers or disk instabilities"2. The absence
of evolution in the My,-0, , relation (see, for example, refs. 8,13) sug-
gests that the offset found in earlier works (for example, refs. 14,15)

could result from selection effects on both Mg, and o, ;.. In that case,
the absence of change in these scaling relations across cosmic time
would thus indicate a close co-evolution between the SMBH and its
host, possibly regulated through AGN feedback or because they share
acommon gas reservoir',

Allthese studies are currently limited by the difficulty of measur-
ingM, ,and o, , at high redshift because of deblendingissues between
the quasar and stellar emission, uncertainties on the initial mass func-
tion (IMF) and selection effects due to the luminosity selection process
involved in most quasar samples (see, for example, ref. 17). Addition-
ally, converting o, ,into My, , requires breaking the mass-anisotropy
degeneracy. This canbe achieved by using spatially resolved kinematics
measurements, but these are very difficult in the distant Universe
because the quasar is often brighter than the stellar component. In
summary, measuring the total and stellar mass of the host both faces
important observational challenges and relies on questionable assump-
tions. In this Article, we propose a technique based on gravitational
lensing to measure the total mass of the host with excellent precision,
which also imposes a strict upper limit on the stellar mass within the
Einstein radius.

SDSS J0919 + 2720 provides a test bench to carry out the experi-
ment, at redshift z=0.209. It is one of the three known cases of lens-
ing by a quasar discovered by Courbin et al.". Other candidates were
proposed in early searches by Claeskens et al.”® and more recently by
Meyer etal.”, but they have not yet been confirmed by high-resolution
imaging. Among these three confirmed systems, SDSS J0919 +2720
is the only type  AGN displaying well-visible gravitational arcs. This
paper presents an analysis of such a system, where the lensing (total)
mass, the host stellar mass and the black hole mass are measured. SDSS
J0919 + 2720 is, for now, the most striking case of lensing by a quasar,
butafew hundred will be foundin the near future by wide-fieldimaging
surveys®, opening the path to measure robust scaling relations up to
redshifts close toz=1, thatis, wellbeyond the local Universe. Although
SDSS J0919 + 2720 requires complex lens models to disentangle the
mass of the quasar host from the mass of the nearby massive elliptical
galaxy, most future cases of lensing by a quasar should be massive
enough to produce an Einstein ring by themselves®, allowing us to
obtain a straightforward and model-independent measurement of
the lensing mass directly from the Einstein radius.

Throughout this paper, we assume a flat-A cold dark matter cos-
mology with the Hubble constant, H, =70 km s™ Mpc™, the matter
density, Q,,= 0.3, and the energy density due to the cosmological
constant,Q,=0.7.These cosmological parameters are used to compute
the angular diameter distances from the redshifts measurements. We
adopt the AB magnitude system.

Results

Lensing mass estimates

We use Hubble Space Telescope (HST) images (program GO-12233; Pl
Courbin) of SDSSJ0919 + 2720 taken in the F475W and F814W optical
bandstoreconstruct the total mass distribution of the system. Because
the positions of the quasar host and that of the main lens do not coin-
cide, our lens models are able to separate the total mass of the quasar
and its host from that of the mainelliptical lensing galaxy. To perform
the modelling, we fit simultaneously the two HST bands, imposing that
the light and mass profiles in the lens plane share the same centre in
both bands and fixing their position during the fit.

Following common practice for strong lens models, we describe
the mass of the main lens galaxy as a power-law elliptical mass distribu-
tion (PEMD) whose slope, y,, can vary during the fit. For the mass of the
quasar host galaxy, we consider a singular isothermal ellipsoid (SIE),
which by definition has a fixed slope of y,,.: = 2. We do not consider any
explicit point-mass component for the quasar mass as it is negligible
in front of the mass of'its host. The light of the source galaxy is recon-
structed with shapelets, leading to 103 linear parameters, directly
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Table 1| ABIC, total mass of the quasar host galaxy, My, ,,
and AXing for different lens modelling assumptions

Model Model Model ABIC | Mroth Ax?
mainlens quasar companion 0810\ Hts
{o]
galaxy hostgalaxy galaxy
— +0.06
PEMD SIE 0 10.27+0:0¢ 0.00
PEMD PEMD = 4 10.30*97 -1.08x10™
_ +0.05 -4
SIE SIE 9 10.03+0.05 572x10
PEMD NIE +point  — 23 10.27+0-07 5.07x10°7
mass -0.08
PEMD Pointmass — 25 10.08+g»82 7.07x10™
PEMD SIE SIE 66 10.17+015 -1.80x10*
PEMD — — 234 — 6.35x107°

ABIC and A)(izmg are computed relative to our baseline model that describes the main lensing
galaxy as a PEMD and the quasar host as an SIE.

optimized from the inversion of the lens equation, and 18 non-linear
free parameters simultaneously optimized in a Bayesian framework.
Our best-fit model is presented in Fig. 1. As a final step, we perform a
fully non-parametric reconstruction of the source, for the best-fit mass
model, on a pixelated grid regularized with wavelets®. This leads to a
high-resolution image of the star-forming source galaxy.

As the quasar host is not centred on the main lens galaxy,
our models have high sensitivity to its mass and we can measure
it in a very robust way. Our best model provides its Einstein
radius Ogp = 0.355" *3-92¢ which translates into a total mass of
10g,0(Mrorn/Mg) = 10.27+3-9¢ within the Einstein radius of 1.2 kpc in
thelens plane. Models generated with and without including the quasar
host galaxy have a very different Bayesian information criterion (BIC),
with ABIC =234 (see Table 1 and Methods for alternative modelling
assumptions). This strongly favours models with explicit modelling of
the substructure marked by the quasar and shows that we have high
sensitivity toit. We also measure the Einstein radius of the main galaxy,
Opm = 1.016" 29 = corresponding to a total mass of

~0.016
108,0(Mrotm/Mg) = 11187 9-%ithinaradius of 3.5 kpc. Our lens model

predicts a Iuminosity-weigglted line-of-sight velocity dispersion (as
describedinref.22) of g, , =111 + 3 km s* for the quasar host galaxy and
of g, ,,=227 + 3km s™ for the main galaxy. These estimates are obtained
by solving the spherical Jeans equations, assuming isotropic motion
of the stars. They are given here for reference, only as a dynamical
equivalent of the lensing measurement.

Asanadditional test, we verify the robustness of the fit by optimiz-
ingaseries of models with fixed My, ,in the range 10°M,, < My, < 102M,,.
For each value of My, we re-optimize all other free parameters, includ-
ing the source reconstruction, and we check whether the new model
optimization and source reconstruction compensate for the variations
introduced in the image plane. We then compute the corresponding
value of ABIC to determine whether the changes seen in the image
residuals are statistically significant. Figure 2 illustrates this process
and shows aminimum in ABICfor log,,(Mron/Mg) = 10.27, whichalso
happens to be the value we find when optimizing models where My,
is free. The plateau seen until My, , < 108M, can be interpreted as our
detection threshold. This plateau provides similar information to the
sensitivity maps of Despali et al.” and indicates that we are sensitive
to masses on the order of 108-10°M,, at the position of the quasar. This
is excellent given that the quasar is not located right on the lensed
image of the source, where mass sensitivity would be even better.

Stellar and black hole mass estimates

Strong lensing provides us with My, ,,, but the HST images also give
access to the stellar light of the quasar host, which we use to estimate
its stellar mass, M, ;.. This requires to model and remove the quasar
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Fig.2|Value of ABIC for different masses of the quasar host galaxy, with a
clear minimum for host total mass of 10g, , (Mo n/Mg) = 10.27. Theresults
for models with (analytic) shapelet decomposition of the source and fully
pixelized source regularized with wavelets. The ABIC values are computed
relative to the best model for each source reconstruction method. Note that the
two corresponding curves do not overlap other than at the minimum because the
two types of models have very different numbers of degrees of freedom. Still, the
positions of the minima agree well, showing that our results are robust against
the source reconstruction method.

light and therefore to model the instrumental point spread function
(PSF) accurately. We do this by using HST images of the open cluster
NGC136,takencloseintimeto the observations of SDSSJ0919 +2720
and with the same dithering pattern. This young cluster allows us to
build a model of the PSF using blue stars with colours matching that
of the quasar and close to its position on the detector.

We fit our PSF model at the quasar position as well as amodel for
thelight component of the main lensing galaxy and of the quasar host
galaxy. We measure the quasar host fluxinan aperture of 0.71”in diam-
eter, corresponding to twice the Einstein radius of the quasar host. The
modelling of the colour of the host (F475W - F814W =1.09 mag) trans-
latesintoastellar mass of log, (M, /M) = 9.80,assuming a Chabrier
IMF and solar metallicity. The typical uncertainty on the stellar mass
is 0.2 dex, similar toref. 9. Comparing this number with the total lensing
mass withinanaperture of 0.71” (2.4 kpcindiameterin thelens plane),
weinferastellar to total mass ratioM, /My, , 0f 0.34 £ 0.27. The stellar
mass of themain galaxy M, ., is estimated in asimilar way, thatis, from
photometry within an aperture of 2.03”, corresponding to twice the
Einstein radius of the main lens. We infer log,,(M, m/My) = 10.72 for
Chabrier IMF.

Finally, we compare the stellar and lensing masses with the
black hole mass M,;. SDSSJ0919 +2720 has been observed as part of
the Sloan Digital Sky Survey (SDSS) and with the Low Resolution
Imaging Spectrometer (LRIS) on the Keck Telescope’. Both spectra
show prominent broad emission lines in the optical, making it
possible to estimate the virial mass of the central black hole via
the so-called single-epoch method. Using the measured width of
the broad Ha line and the continuum flux at 6,200 A, we found a
black hole mass of log,,(Mgy/Mg) = 7.32 from the Keck spectrum
and log,,(Mpy/Mg) = 7.29 from the SDSS spectrum, with 0.35 dex
uncertainties.

Figure 3 shows how SDSSJ0919 + 2720 compares with other local
AGNs in the My,—M., ,, plane. The points corresponding to the stellar
mass inferred from photometry of the quasar host or from lensing
are well on the correlation. Both masses are measured in an aperture
of 2.4 kpc, matching the Einstein radius of the quasar host. The stellar
mass and total mass estimates do not differ by more than afactor of 3.
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Fig.3|My,—M., , relation forlocal (z < 0.08) AGNs taken fromrefs. 48,49 (grey
points). Our total mass estimates from lensing and our stellar mass estimates
from photometry (assuming Chabrier IMF), for the quasar host galaxy in the SDSS
J0919 +2720 system. The dashed line indicates the best-fit local relation. Data
presented as the median of the posterior distribution, and error bars correspond
tothelé6thand 84th percentiles.

Discussion

Scaling relations between the mass of quasars and that of their host
galaxies are a powerful diagnostic of their co-evolution. A change of the
relations with redshift may wellindicate achange in time of the physical
processes at play in quasar and galaxy formation and co-evolution’. But
for this to work, scaling relations must be established reliably, ideally
with one single method and over a broad redshift range.

Building scaling laws is notoriously difficult as it involves measure-
ments of the mass of the central black hole from emission line proper-
ties of the quasar and the mass of the host galaxy. The black hole mass
estimate involves assumptions on the geometry and dynamics of the
emitting material producing thelines and “measuring the mass of the
host galaxy is trickier than it sounds””. Using multi-band photometry
allows us to estimate its stellar mass with fairly large error bars as this
requiresassumptions onthestellar populations of the host, its metal-
licity and a choice of the IMF. Turning the stellar massinto a total mass
further assumes a mass-to-light ratio, not to mention that this ratio
may well be spatially variable across the galaxy.

Alternatively, the total mass can be estimated through a stellar
velocity dispersion measurement, provided the host galaxy can be
seen in the glare of the much brighter quasar. Although this has been
attempted in the past with HST and ground-based adaptive optics*
or even in spectroscopy with the Very Large Telescope”, the method
becomesvery difficult withincreasing redshift. Inaddition, theinterpre-
tation of the velocity dispersionitself depends on all the above assump-
tions on photometric stellar masses but also requires assumptions on
thelight profile of the host galaxy. For this reason, scaling relations using
velocity information have been limited so far to local or intermediate
redshift (z= 0.5) quasar host galaxies (see, for example, ref. 8).

Strong gravitational lensing offers an extremely valuable alterna-
tive to measure the total mass of quasar host galaxies independent of
any of the above assumptions: lensing measures the total mass in the
Einsteinradius, whichisavery well-defined aperture. SDSSJ0919 + 2720

providesthefirst clear case of aquasar acting asagravitational lens on
amore distant galaxy. We test a range of lensing models and find that
our mass estimates are robust and little affected by systematicerrors.
Wemeasureatotal mass of 1og, o (Mro,n/Mg) = 10.27* 30 within 2.4 kpc
with 16% precision. An additional source of error may come from line
of sight (LOS) structures. We could potentially misattribute the mass
within the Einstein radius to the host galaxy whereas it comes from a
LOS structure. However, it has been demonstrated onasample of time
delay lenses by the TDCOSMO collaboration that this effect does not
exceed afew percentand canbe accurately corrected®. Moreover, the
lensed sources inthis sample are at amuch higher redshift (z,=1.5-2.5)
than our source galaxy at a redshift of 0.55. These time delay systems
are probably much more affected by LOS effects than our low-redshift
lensed source. Inthe case of SDSSJ0919 + 2720, we can expect that LOS
effects are negligible and gravitational lensing thus much more precise
than any other existing techniques. Our measurement is well compat-
ible with scaling relations established in the local Universe, and given
the smallsize of the Einstein radius, we measure mostly the bulge total
mass. We note that lensing is probing a different quantity than M, ; or
eveno, , since the lensing mass is sensitive to the total projected mass
inacylinder.Itcanberelated toM, , by assuming a mass-to-lightratio
ortoo, , by solving the Jeans equation, assuming spherical symmetry
of the mass distribution. Consequently, comparing how this lensing
mass scales with the black hole massis well complementary to the other
scaling relations and will help to build a consistent picture among the
different galaxy evolution scenarios.

As lensing is not affected by the same errors as traditional tech-
niques, it might solve the question of the presence or not of an evo-
lution of the Mg,/M,, , ratio over redshifts. Such evolution was not
detectedinthe My,—0, relationinref. 8, up toredshifts of approximately
0.6, contradicting results found by previous studies'". Lensing could
settle this debate by measuring the total mass of the host on a similar
redshift range, hence discriminating between (1) ascenario where the
black hole grows firstandis caught up by its host galaxy to end up on the
relation observed locally and (2) ascenario where the two components
co-evolve together, with tight control of the growth of the host, pos-
sibly via AGN feedback. We, therefore, propose to use strong lensing
toestablish the scaling laws involving the total mass of the host galaxy.
Notonly will this complement other techniques based on pure stellar
mass measurements butit will also enable us to trace the evolution of
the stellar-to-total mass ratio of quasar host galaxies.

SDSS J0919 +2720 is only one case of strong lensing by a quasar,
butthe present detailed study with sharp HST images lends consider-
able hope tobuild scaling relations using reliable total masses with no
strong astrophysical assumptions and at redshift typical for lensing
galaxies, that is, up to z=1. We emphasize that this method does not
require the special geometrical configuration of SDSS J0919 + 2720,
wherethe quasarisseenasalensing substructure of the main deflector.
This configuration simply enlarges the Einstein radius and increases
the lensing magnification of the background source, which has made
this system easier to detect. However, more massive quasar host gal-
axies are able to produce a detectable Einstein ring by themselves.
Recent work® predicts the discovery of 80 such systems in the Hyper
Suprime-Cam wide survey and several hundred of themin future large
sky surveys such as Euclid and the Rubin-Large Synoptic Survey Tel-
escope. Euclid will certainly be the best place to look for such objects
as the instrumental PSF of 0.2” is two or three times smaller than the
typical Einstein radius of a (quasar host) galaxy, hence drastically
improving the light contrast between the foreground quasar and the
background lensed source. Euclid will also have sufficientimage reso-
lution to obtain precise mass estimates directly from the survey data.
The follow-up data needed to study the My,,—M,, , relation with this
technique will therefore be reduced to a single spectrum to measure
the black hole mass, which can easily be obtained from ground-based
3 mclass telescopes.
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Whenasample of quasi-stellar object (QSO) lenses becomes avail-
able, the main limitation in studying the My,~My, , relation will be the
uncertainty on the black hole mass, which currently reaches approxi-
mately 0.3 dex. The uncertainty onthe total mass obtained with lensing
will be negligible in comparison. However, the accuracy of black hole
mass measurements in the distant Universe will continue to improve
asmore measurements become available from reverberation mapping
(see, for example, refs. 27,28). These estimates can then be used to
calibrate measurements from single-epoch spectroscopy. Finally, we
expectthatalarge sample of quasar-galaxy and quasar—-quasar lenses,
comparable in size to all previous samples with velocity dispersions,
will become accessible in the next decade and allow us to robustly
determine the Mg,,~M,, , relation across cosmic time.

Methods

HST observations, data reduction and PSF measurement

Our HST data consist of six consecutive dithered exposures with the
F475W and F814 W filters from the Wide Field Camera 3 instrument on
board HST. The total exposure time of the combined drizzled frames
is 2,274 and 2,382 s in the F475W and F814W band, respectively, with
pixel scale of 0.04”. The noise level at each pixel position is estimated
from a Poisson noise component, scaled by the exposure map, and a
background noise component, estimated fromanempty region of the
image by using Sextractor®. The PSFis not built from the starsinthe
field of view of SDSSJ0919 + 2720 but rather from the observation of the
openstar cluster NGC 136 that was observed for one full orbit 4 months
before SDSSJ0919 + 2720 . Blue stars with the same colour as SDSS
J0919 + 2720 fall close to the quasar position on the charge-coupled
device (CCD) camera and allow us toreconstruct an exquisite PSF with
properties very close to the PSF of the quasar. This s crucial to deblend
the quasar host galaxy from the point source component. Three long
exposures of 350 seach and one short exposure of 60 s were taken using
both filters. We use sextractor on the dithered images to perform
the photometry of allsources, and we select the stars within1’ from the
position on the detector of SDSSJ0919 +2720. We then keep all stars
that have an F475W-F814W colour matching that of the quasar within
0.5 mag. We further restrict our selection to sources in the magnitude
range of 17.5-24.5 (18-25) in the F814W (F475W) band. We ensure that
the selected sources are point-like objects by removing all sources with
ellipticity larger than € = 0.9 and full width at half maximum (FWHM)
larger than 2.8 pixels (0.11”). Finally, we visually inspect the cutouts of
the selected stars and remove any star with companions. This results
inrespectively 12 and 9 useful starsin the F475W and F814W band. The
stars are then stacked using the publicly available Python package
AstroObjectAnalyser (https://github.com/sibirrer/AstroObjectAna-
lyser) to obtain a high signal-to-noise model of the PSF as well as an
estimate of the PSF errors at each pixel position.

Lens modelling

We use the Python strong lens modelling public package Lenstronomy
that implements parametric models for the mass distribution of the
lens as well as flexible shapelet-based reconstruction of the source. We
fit the images in the F475W and F814W band jointly. That is, the mass
profilesin the models are the same in both bands.

We model the lens light with two analytical Sérsic models at the
position of the main lens galaxy sharing the same centroid position.
The quasar light emission is modelled with a point source plus two
Sérsic profiles at the position of the quasar host. The centroid of the
two Sérsics are tied together and to the point source position. We
add a Sérsic profile to fit the light of the companion galaxy lying at
the south-east of the lens. As afirst step, we do not attempt to model
the gravitational arcs and fit only the light of the lensing objects. This
is used as a starting point for all other lens models. We note that this
parametric reconstruction of the lens lightis not completely sufficient
tomodelaccurately theinner part of the system.SDSSJ0919 + 2720 has

30

avery complexluminousstructure, probably due to absorption by dust.
However, this occurs only in the central part of the lens galaxy, so we
place amask of 0.84”in diameter at the centre of the frame.

The gravitational arcs are modelled using a PEMD profile at the
position of the main galaxy, along with external shear. The main lens gal-
axy is amassive early-type galaxy similar in terms of morphology, lens-
ing mass and redshift to the lens galaxies of the Sloan Lens Advanced
Camera for Surveys survey®'. We expect that the main deflector also
shares acomparable mass profile. Consequently, we adopt a Gaussian
prior on the logarithmic slope, y,=2.08 + 0.13, measured by Shajib
et al.*? on the Sloan Lens Advanced Camera for Surveys galaxies. We
use a Sérsic light profile superimposed onto a set of shapelets®~* for
the source galaxy and fix n,,,,, = 8 as the maximum order of the shape-
let basis. This ensures good source reconstruction of the small-scale
features at a fairly low computation cost. In our baseline model, we
place an SIE at the position of the quasar. This is required to fit the
gravitational arcs down to the noise level and improves the BIC by 234
as compared with a model without this substructure (Table 1). The
corresponding Einstein radius is directly inferred within a Bayesian
framework and later converted into an estimate of the mass within it
viathe lensing relation

_ [aGM@B <6y D,
O = @ DD (4]

where D, is the angular diameter distance to the lens, D; is the dis-
tancetothesource, Djis the distance between the lensand the source,
M(0 < 6;) is the mass enclosed within the Einstein radius, G is the
gravitational constant and cis the speed of light.

Pixelated source reconstruction

As an alternative to the reconstruction with shapelets and to further
refine the source model, we performed a pixelated reconstruction of
the source by using the Python package SLITronomy?"*, from our best
lens model. The source pixel values are regularized using priors based
onsparsity, wavelet transforms and positivity constraint. The optimi-
zation of the cost function uses automatic differentiation. We use two
types of wavelets including starlets, which are a set of basis functions
that have been shown to be particularly suitable to represent the light
profile of astronomical objects*. The multi-resolution properties of
the wavelets allow us to capture small-scale featuresin the light profile
that can not be fully modelled with shapelets. Inaddition, it ensures that
thereconstructed source image contains only pixel values that are 3¢
above the noise level (see ref. 21 for details). This technique allows us to
provide high-resolution de-lensed images of the source galaxy located
ataredshift of z,= 0.558. The reconstructionis done separately in each
band, and we use the combination of the available bands to produce the
colourimage of the source galaxy shownin Fig. 1 (bottomright). Also,
Supplementary Fig.1shows our best lens model, as well our shapelets
and pixelated source reconstruction for each individual HST band.

Black hole mass estimation

Spectroscopic observations of SDSSJ0919 + 2720 are available from the
SDSS seventh datarelease® and from Keck/LRIS'. The broad Ha, HB and
[Olll]emission lines of the quasar are visible in these data, making it pos-
sible to measure the redshift of the quasar (z,= 0.209). Also detected
are the [OlIl] and [Oll] emission lines of the background star-forming
galaxy atz,= 0.558, in both the SDSS and Keck/LRIS spectra.

To obtain an estimate of the black hole mass, we first subtract the
host component from the SDSS and Keck spectraby using pyQsofit?®,
which enables modelling of the host using principal component anal-
ysis (PCA) based on the host components from ref. 39. In practice,
rest-frame data below 3,450 A are ignored when the host decomposi-
tionis performed because the basis eigenvectors from the PCA are not
available at bluer wavelengths. We also correct for galactic extinction
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based on the extinction maps of Schlegel et al.*’. This is generally a
small correction, that is, amounting to less than 20% of the flux at the
wavelength of Ha, but it matters for getting amore reliable host-QSO
decomposition. Once areliable host-QSO decompositionisachieved,
we performalocalfit of the Ha (which has better signal-to-noise ratio
than HP) on the host-corrected spectra. The result of this fit is shown
inSupplementary Fig. 2. We considered the following two data sets: (1)
the SDSS spectrum, which is relatively noisy but properly calibrated
influx (where the fibreis 3”indiameter and therefore contains alarge
fraction of the host) and (2) the Keck long-slit spectrum published in
ref.1, which contains asmaller fraction of the host but is only corrected
for the instrumental response curve. Therefore, we obtain the black
hole mass from the FWHM of the broad Ha line measured using both
the Keck and SDSS spectra and from the quasar luminosity derived
only from SDSS. For the local fit of Ha, we perform a local fit of the
continuum, and fit narrow emission lines for Ha, and for the [NII]
doublet. The separations between those threelines are forced to match
the theoretical one, while their width is assumed to be identical. An
additional broad component is assumed for Ha, but its zero velocity
is not forced to be at the systemic velocity. A small offset by 40 km s™
withrespect to the systemic redshift is effectively measured. The scal-
ingrelation used to derive the black hole massis the one proposed for
alocalfitting procedure presented inref. 41:

Mgy = KAL) (FWHM), @

with L in units of 10* erg s and FWHM in units of 1,000 km s™. For
theHa line, we have log(K) = 6.779and a = 0.634. We use the luminosity
at 6,200 A derived from the de-redened and host-corrected
SDSS spectrum.

We find a black hole mass of log(Mgy/My) = 7.29 from the SDSS
spectrumand log(Mgy/M,) = 7.32from the Keck/LRIS data (Supplemen-
tary Table1). Weadopta conservative error of 0.35 dex, corresponding
totheintrinsicscatter of therelation, which dominates over the other
sources of error. These estimates arein good agreement with the esti-
mates from Liu et al.*’, who derived log(Mg,; /M) = 7.15from the HB3 line
and log(Mgy/M) = 7.20from Ha using the relation described in ref. 43.

We note thatthe FWHM derived for Ha from the local fit depends
little on the data quality or the host correction. We find agreement
within 100 km s™ between the SDSS and Keck spectra, the host spec-
trumbeing subtracted or not. We note here that, while the PCA predicts
emission/absorption at the level of the Ha line, only flat continuum
emission is subtracted, such that our Ha model effectively models
narrow emission from the host and from the AGN’s narrow line region.

Stellar mass estimation and modelling of the stellar velocity
dispersion

Photometric measurements of the quasar host galaxy come as a
by-product of our lens modelling procedure. To ensure that the best
fit of the lens light components is reached, we remove the central mask
from our baseline model and rerun the optimization with all degrees
of freedom in the lens light models, in addition to all the mass and
source parameters. We optimize a total of 103 linear parameters
and 62 non-linear parameters. When all pixels are included in the
calculation of the likelihood, we observe a marginal change of the
posterior distribution of the lens mass parameters and we find
10, (Mron/Mo) = 10.23*0:03, well compatible with the estimate from
our baseline model.

From this model, we extract the photometry of the host withinan
aperture of 0.71” in diameter using the double Sérsic model fitted to
the HST images. In doing so, contamination by the main lens galaxy, by
the lensed source and by the quasar are removed. Using the HST zero
point for photometric calibration, we obtain a magnitude of 20.33
and21.41inthe F814W and F475W band, respectively. For comparison,
the magnitude of the quasar, modelled as a point source, is 20.88 and

21.89inthe F814W and F475W band, respectively. The luminosity ratio
between the quasar and its host galaxy is therefore around 0.6 inboth
bands. We adopt a conservative photometricerror of 0.2 magonthese
estimates before proceedingto afit of the spectral energy distribution
ofthe quasar host galaxy. This reflects the worst measured discrepancy
between the fulllens modelling photometry and the aperture photom-
etry of the host performed on the PSF-subtracted HST data.

The stellar mass of the quasar host galaxy, M, ,,, isinferred by using
the SED fitting package GSF (https://github.com/mtakahiro/gsf)*,
adopting a range of stellar ages up to 10.0 Gyr and solar metallicity. A
single-colour measurement is not really sufficient to constrain the
stellar template, the star formation rate, the age and the metallicity,
butthe quantity we areinterested in, that s, the stellar mass, is mostly
constrained by the normalization of the stellar template, which is well
measured in our two filters. Our best fits to the measured flux in each
of'the two HST bands are obtained for stellar population aged 5.2,4.7
and 4.5 Gyr, that is, log,,(M, /M) = 10.10, log,,(M, n/M) = 9.80 and
log, (M, n/Mg) = 9.81 for Salpeter, Chabrier and Kroupa IMF, respec-
tively. The uncertainty of M, , is estimated to be 0.2 dex (refs. 9,15,45)
andincludes the uncertainties due to the age/metallicity degeneracy*.
Changing the metallicity from solar metallicity Z, to 0.5Z, or 1.6Z,
changes the central value of our mass estimates by less than 0.1 dex.

We repeat this procedure to estimate the stellar mass of the
main galaxy, M, .. This time, we remove the light components
originating from the quasar and the quasar host galaxy before measur-
ing the flux within an aperture of 2.03”, corresponding to twice the
Einstein radius of the main lens. We obtain a magnitude of 18.50 and
20.62inthe F814W and F475W band, respectively. This translates to a
stellar mass of log,,(My m/My) =10.84, log,,(My m/My) =10.72 and
log,(M, m/Mg) =10.75, and stellar age of 7.8, 9.5 and 10.0 Gyr for
Salpeter, Chabrier and Kroupa IMF, respectively.

Finally, thelens model of SDSSJ0919 + 2720 allows us to estimate
thestellar velocity dispersion of both the main and quasar host galaxy.
Here, we assume that the motion of the stars is isotropic within the
Einstein radius of each mass component. Fromspherical Jeans model-
ling, we obtain a luminosity (F814W)-weighted line-of-sight velocity
dispersion (see, for example, refs. 22,47) for the quasar host galaxy of
0,,=111+3kms™, withinanaperture of 0.71”, corresponding to the Ein-
steinradius. For the main galaxy, we estimate the luminosity-weighted
line-of-sight velocity dispersion to be g, ,, =227 + 3 km s™, within an
aperture of 2.03”and inthe F814W filter. Note that these estimates are
onlyindicative as they reflect the conversion of the lensing total mass
interms of dynamics.

Lens modelling robustness checks

Mass model assumptions. We verify that the mass estimate of the
quasar host galaxy is robust against the assumptions made on the mass
profile of the mainlens galaxy and on the quasar host. From our baseline
model, composed of a PEMD for the main galaxy and of an SIE for the
quasar host, we tested whether the fitisimproved by relaxing the slope
of the mass profile of the quasar host. The imaging reduced x2_
indeedslightlyimprovedby Ax? , = -1.08 x10~*, butthe mtroductlon
of anextradegree of freedom degrades the BIC (witha ABIC of 4). The
estimated mass within the Einstein radius of the host galaxy for these
two models still remains compatible within approximately 0.50. We
performsimilar tests for different mass modelling assumptions of the
main galaxy (SIE or PEMD) and for the quasar host (SIE, PEMD and point
mass). Table 1 summarizes the inferred host mass, the BIC and the
imaging Xizmg of each of these modelling choices. Using the BIC as a
proxy for Bayesian evidence, we can combine the six models of Table 1
whichinclude the quasar host galaxy, weighted by their BIC. This gives
108, (Mo n/Mo) =10.27+5:57, which is very similar to our baseline esti-
mate. The weights attributed to each model are 1.00 for the first model
(PEMD +SIE), 0.135 for the second model (PEMD + PEMD), 0.011for the
third model (SIE + SIE) and O for the other three models.
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Inour baseline model, perturbations of the lensing potential intro-
duced by any object not explicitly modelled are captured by external
shear. The only bright object not explicitly in our modelis the compan-
ion galaxy at the south-east of the main lens galaxy. If we explicitly
include it in our models, assuming it is at the same redshift as the
quasar, we find its mass to be log, ,(Mcomp/M) < 8.41ata99% confidence
level (CL). The mass estimate of the host galaxy remains compatible
with our baseline model within1o. Additionally, we test the possibility
of adding a point mass at the position of the quasar on top of a
non-singular isothermal ellipsoid (NIE) to model the central black
hole atop a cored bulge component. The data constrain the core
size of the NIE to ro. < 0.30 kpcata 99% CL. We also obtain an upper
limit for the point mass model representing the central black hole
log,,(Mgn/M¢) < 9.03ata99% CL.

Light traces mass assumption. We verify here that the light and mass
profiles share the same centroids. To do this, we relax the assumption
thatlight traces mass in our baseline model and optimize all the model
parameters while assuming independent centroids for the mass and
light profiles of both the main lens and the quasar host galaxy. The
posterior distribution of asubset of the modelling parametersis shown
inSupplementary Fig. 3.

When the centres of the mass profiles are allowed to vary during
thefit, they naturally tend to align with the position of the light profiles
within uncertainties. The inferred mass of the host is, with no surprise,
less precise by 0.07 dex, log, (Mo n/Mg) = 10.17 + 0.14 , but remains
compatible with our baseline model within 1o uncertainties. This leaves
all our conclusions unchanged and indicates that the light and mass
distributions of the different components in our models share the
same centroid.

Data availability

The HST images supporting this work are publicly available on the
Hubble Legacy Archive (https://hla.stsci.edu/). Our reduced Keck
and SDSS spectra are available on Zenodo (https://doi.org/10.5281/
zenodo.7806468).

Code availability

Thelens modelling code Lenst ronomy and the source reconstruction
software SLITronomy are freely accessible at https://github.com/
sibirrer/lenstronomyand https://github.com/aymgal/SLITronomy.
Stellar masses were estimated by using the public python package GsF
(https://github.com/mtakahiro/gsf). The HST PSF was reconstructed
using AstroObjectAnalyser, which is publicly available at https://
github.com/sibirrer/AstroObjectAnalyser. Spectra have been fitted
using pyQsofit, whichisalso publicly available at https://github.com/
legolason/PyQSOFit.
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