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ABSTRACT
One of the main challenges in using high redshift active galactic nuclei to study the correlations
between the mass of the supermassive Black Hole (MBH) and the properties of their active
host galaxies is instrumental resolution. Strong lensing magnification effectively increases
instrumental resolution and thus helps to address this challenge. In this work, we study eight
strongly lensed active galactic nuclei (AGN)with deepHubble Space Telescope (HST) imaging,
using the lens modelling code Lenstronomy to reconstruct the image of the source. Using the
reconstructed brightness of the host galaxy, we infer the host galaxy stellarmass based on stellar
population models. MBH are estimated from broad emission lines using standard methods.
Our results are in good agreement with recent work based on non-lensed AGN, providing
additional evidence that the correlation evolves over cosmic time. At the moment, the sample
size of lensed AGN is small and thus they provide mostly a consistency check on systematic
errors related to resolution for the non-lensed AGN. However, the number of known lensed
AGN is expected to increase dramatically in the next few years, through dedicated searches in
ground and space based wide field surveys, and they may become a key diagnostic of black
hole and galaxy co-evolution.

Key words: galaxies: evolution – galaxies: active – gravitational lensing: strong

1 INTRODUCTION

The tight correlations between the masses (MBH) of supermassive
black holes (BHs) and their host galaxies properties including stellar
mass (M∗), stellar velocity dispersion (σ∗) and luminosity (Lhost),

? E-mail: dxh@astro.ucla.edu

known as scaling relations, are usually considered as a result of
their co-evolution (e.g., Magorrian et al. 1998; Ferrarese & Mer-
ritt 2000; Gebhardt et al. 2001; Marconi & Hunt 2003; Gültekin
et al. 2009; Beifiori et al. 2012; Häring & Rix 2004; Graham et al.
2011). Cosmological simulations of structure formation are able to
reproduce the local tight relation based on physical mechanism by
invoking active galactic nucleus (AGN) feedback as the physical
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connection (Springel et al. 2005; Hopkins et al. 2008; Di Matteo
et al. 2008; DeGraf et al. 2015) or having them share a common
gas supply (Cen 2015; Menci et al. 2016). However, it has also been
suggested that the correlations arise statistically, without any phys-
ical coupling, as a result of stochastic mergers (Peng 2007; Jahnke
& Macciò 2011; Hirschmann et al. 2010).

A powerful way to understand the origin of the correlations
is to study them as a function of redshift, determining how and
when they emerge and evolve over cosmic time (e.g., Treu et al.
2004; Salviander et al. 2006; Woo et al. 2006; Jahnke et al. 2009;
Schramm & Silverman 2013; Sun et al. 2015; Park et al. 2015).
Recently, based on a sample of 32 X-ray-selected type-1 AGNs in
deep survey fields, Ding et al. (2020b) (hereafter, D20) measured
the scaling relations in the redshift range 1.2 < z < 1.7 using multi-
color Wide Field Camera 3 (WFC3) HST imaging. Combining the
new sample with published samples in both local and intermediate
(i.e., 0.35 < z . 1.2) redshift ranges, D20 strengthen the support
for an evolution scenario in which the growth of BHs evolution
predates that of the bulge component of the host galaxy. In a follow-
up paper, Ding et al. (2020a) compared the D20 measurements to
the predictions by the numerical simulations including the hydro-
dynamic simulation MassiveBlackII (Khandai et al. 2015) and a
semi-analytic model (Menci et al. 2014). The observed tightness of
the scaling relations at high redshift is consistent with the hypothe-
sis that AGN feedback drives the scaling correlations, and disfavors
the hypothesis of the correlations being purely stochastic in nature.

As the samples of AGN grow to increase statistical power, it
is very important to make sure that systematics do not dominate
the error budget. One of the main potential source of systematics is
the finite resolution of HST images. Even with modern techniques,
AGN hosts remain barely resolved at HST resolution, and therefore
it would be very useful to verify the results at higher resolution.
This is the goal of this work.

It has been long recognized that lensed AGNs, by virtue of
magnification, can provide unique insights into the scaling relations
the distant universe (Peng et al. 2006), provided that the lens mod-
elling could be accurately derived. Aiming at verifying the fidelity
of the modern lens modelling technique, Ding et al. (2017a) carried
out extensive and realistic simulations tests based on the deep HST
observations for a sample of eight lens systems in the H0 Lenses in
COSMOGRAIL’s Wellspring (H0LiCOW1, Suyu et al. 2017) col-
laboration. They confirm that the reconstruction of the lensed host
galaxy properties can be recovered with better precision and accu-
racy than the typicalMBH uncertainty. Then, Ding et al. (2017b)
applied the advanced techniques to two strongly lensed systems ana-
lyzed by the H0LiCOW collaboration (Suyu et al. 2013; Wong et al.
2017) to study their MBH-Lhost relations and obtained consistent
scaling relations compared with the samples from the literature.

In this work, we expand the measurements of theMBH-M∗ re-
lation using the full sample of eight lensed AGN introduced by Ding
et al. (2017a). In order to take advantage of the excellent quality of
the data, we develop an independent approach to achieve a one-
step inference of the host galaxy photometry from the eight lensed
AGNs. We adopt a set of extended modelling choices to estimate
the host property uncertainty level and ensure the accuracy of our
measurements.We compare the inference of our newmeasurements
to the ones that have been modelled by the H0LiCOW collaboration
to make a cross-check. To obtain an accurate inference of stellar
mass, we utilize the multi-band imaging data taken with the HST

1 http://www.h0licow.org/

to obtain the color information for 3/8 of our targets. We assume a
typical stellar population for the rest 5/8 of the sample, consistent
with D20. Furthermore, we adopt a class of self-consistent recipes
to recalibrate theMBH of our sample, in a manner consistent with
D20. Given the similar redshift range, the high data quality, and con-
sistent techniques, this sample of lensed AGN provides an excellent
validation of the D20 results.

This paper is structured as follows. In Section 2, we introduce
the sample including their imaging data and the BHmasses. In Sec-
tion 3, we describe our approach designed to infer the lens models
and reconstruct the host galaxy. We use the inferred photometry to
derive the stellar mass and the scaling relations and combine with
D20 sample to study the evolution in Section 4. Discussion and con-
clusions are drawn in Sections 5 and 6. Throughout this paper, we
adopt a standard concordance cosmology with parameters adopted
as H0 = 70 km s−1 Mpc−1,Ωm = 0.30, andΩΛ = 0.70, to compute
the luminosity distance and estimate the host absolute brightness.
Magnitudes are presented in the AB system. A Chabrier initial mass
function (IMF) is employed for the sample, to be consistent with
D20.

2 SAMPLE SELECTION AND BLACK HOLE MASS
ESTIMATES

We adopt eight lens systems from the H0LiCOW collaboration
including HE0435−1223, RXJ1131−1231, WFI2033−4723,
HE1104−1805, SDSS1206+4332, SDSS0246−0825,
HE0047−1756 and HS2209+1914. We refer to Suyu et al.
(2017); Ding et al. (2017a) for the descriptions of these data. For
conciseness, in the rest of this paper, we abbreviate each lens name
to four digits (e.g., HE0435−1223 to HE0435).

Based on the observational data of these eight systems, Ding
et al. (2017a) performed an extensive and realistic simulation ex-
ercise using the HST image data and confirmed that the source
reconstruction using the lens modelling technique is trustworthy.
We summarize the information for the eight systems, including
their redshift, data properties, and references in Table 1. Besides
the imaging data shown in this table, we also analyzed the multi-
band HST imaging data to derive the host color information for 3/8
systems. As we show in Section 4.1, we use the color information
to fit for the best stellar population to improve the accuracy of the
estimate of M∗.

The sample of lensed AGN is too limited in size to constrain
evolution by itself. Therefore, we use it primarily to verify the results
of D20. The D20 sample includes 32 AGN measurements in the
redshift range 1.2 < z < 1.9. They also collected 59 intermediate
redshift (i.e., 0.35 < z . 1.2) AGN measurements (Bennert et al.
2011b; Schramm & Silverman 2013; Cisternas et al. 2011) and 55
local (i.e., z . 0.007) measurements (Bennert et al. 2011a; Häring
& Rix 2004). It is worth noting that they are so far the largest HST
imaging AGN sample with redshift range up to z ∼ 1.9.

To ensure the consistency ofMBH estimates based on different
broad lines, we adopt the following set of self-consistent recipes
following D20:

log
(
MBH
M�

)
= a + b log

( Lλline

1044erg s−1

)
+ 2 log

(
FWHM(line)
1000 km s−1

)
, (1)

where λline is the reference wavelength of the local continuum
luminosities for different emission lines. The following values
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Table 1. Summary of lensed AGN observational details.

Object ID zs camera Filter exposure Program ID PI pixel scale References
time (s) (drizzled)

HE0435−1223 1.69 WFC3-IR F160W 9340 12889 S. H. Suyu 0.′′08 (1), (2)
RXJ1131−1231 0.65 ACS F814W 1980 9744 C.S. Kochanek 0.′′05 (3), (4)
WFI2033−4723 1.66 WFC3-IR F160W 26257 12889 S. H. Suyu 0.′′08 (5), (2)
SDSS1206+4332 1.79 WFC3-IR F160W 8457 14254 T. Treu 0.′′08 (6), (7)
HE1104−1805 2.32 WFC3-IR F160W 14698 12889 S. H. Suyu 0.′′08 (8), (9)

SDSS0246−0825 1.68 WFC3-UVIS F814W 8481 14254 T. Treu 0.′′03 (10), (11)
HS2209+1914a 1.07 WFC3-UVIS F814W 9696 + 4542 14254 T. Treu 0.′′03 (12), (13)
HE0047−1756 1.66 WFC3-UVIS F814W 9712 14254 T. Treu 0.′′03 (14), (15)

Note: − The observational information is also given by Ding et al. (2017a).
a : HS2209, was visited by HST twice (vis05 and vis06) at different orientations. The exposure time is thus given separately.
References:− (1) Wisotzki et al. (2002); (2) Sluse et al. (2012); (3) Sluse et al. (2003); (4) Sluse et al. (2007); (5) Morgan et al. (2004); (6) Oguri et al. (2005);
(7) Eulaers et al. (2013); (8) Wisotzki et al. (1993); (9) Smette et al. (1995); (10) Inada et al. (2005); (11) Eigenbrod et al. (2007); (12) Hagen et al. (1999);
(13) Chantry et al. (2010); (14) Wisotzki et al. (2004); (15) Ofek et al. (2006);

Table 2. Summary ofMBH estimates, based on equation (1).

Object ID Line(s) FWHM log(Lλ) logMBH ref.
( km s−1) (erg s−1) (M�)

HE0435 MgII 4930 45.14 8.54 (1)
RXJ1131 MgII/Hβ 5630/4545 44.29/44.02 8.26/8.23 (1)
WFI2033 MgII 3960 45.19 8.38 (1)
SDSS1206 MgII 5632 45.01 8.60 (2)
HE1104 CIV 6004 46.18 9.03 (3)

SDSS0246 MgII 3700 45.19 8.32 (1)
HS2209 MgII 3245 45.71 8.45 here
HE0047 MgII 4145 45.59 8.60 (1)

Note: − The broad line properties.
Reference: (1) Sluse et al. (2012), (2) Shen et al. (2011), (3) Peng et al.
(2006).

are adopted: a{CIV, MgII, Hβ}={6.322, 6.623, 6.910}, b{CIV,
MgII, Hβ}={0.53, 0.47, 0.50}, λline{CIV, MgII, Hβ}={1350, 3000,
5100} (Å). The broad line properties of our samples are adopted
from the literature, with a few corrections/exceptions. The line prop-
erties of SDSS1206 have been inferred by Shen et al. (2011). How-
ever, this system was investigated as a non-lensed AGN and the
lensing magnification on the intrinsic continuum luminosity was
not considered. We follow Birrer et al. (2019) and apply the same
magnification correction on the log(Lλ) in this work. For the rest
of the lens sample except HS2209, their broad line properties are
adopted from the literature (Sluse et al. 2012; Peng et al. 2006)
taking into account lensing magnification. For HS2209, the spec-
trum was observed at the Keck-II Telescope in September 2015.
We derived the line properties from the spectrum using the same
approach as Sluse et al. (2012), based on MgII. TheMBH measure-
ments, together with the properties of the broad-line, are listed in
Table 2. The uncertainty of theMBH are estimated to be 0.4 dex.
We note that the magnification correction for these systems are not
fully self-consistent, in the sense that the magnification is slightly
different for the host galaxy light and the black holes mass. This
difference could in principle introduce some systematics on the
correlations. However, these errors are smaller than the calibration
error on MBH(0.4 dex), given that the virial relations depend on
roughly the square root of the log(Lλ).

3 SURFACE PHOTOMETRY INFERENCE

In this section, we describe how we derived surface photometry of
the lensed galaxies taking lensing effects into account. Lens models
of 4/8 systems, namely HE0435 (Wong et al. 2017), RXJ1131 (Suyu
et al. 2013),WFI2033 (Rusu et al. 2019) and SDSS1206 (Birrer et al.
2019) have been published by the H0LiCOW project. The goal
of those models was strong lens time-delay cosmography (Refs-
dal 1966; Treu & Marshall 2016), and the reconstruction of the
host galaxy light (via pixellated distribution (Suyu et al. 2006) or
shapelets (Refregier 2003)) was a byproduct. Ding et al. (2017b)
used those reconstructions for two of the systems (HE0435 and
RXJ1131), and then fitted a simply parametrized surface brightness
profile to the reconstruction to measure the host properties as the
non-lensed AGN case.

In this work, in order to reproduce more closely and uniformly
what is done in non-lensed AGN, we develop a strategy to obtain a
one step measurement of the host galaxy light described by a Sérsic
surface brightness profile. For the 4/8 systems already studied by
the H0LiCOW project, we will make a comparison to characterize
systematic uncertainties related to the modelling techniques.

3.1 Data Preparation and Modelling Setup

We follow the standard procedure as described by D20 to prepare
the fitting ingredients including the lensing imaging data, noise level
map and the PSF information. The imaging data are first drizzled to
a higher resolution with a Gaussian kernel; the adopted resolutions
are listed in Table 1. We then adopt the Photutils (Bradley et al.
2016) Python package to model the global background light in 2-D,
based on the SExtractor algorithm. We remove the background
light and cut the clear image data into postage stamp at a suitable
size. We draw the image mask for each system to define the region
in which the pixels will be used to calculate the likelihood; see the
top-middle panel in each subplot in Figure 1.

We carry out a forward modelling process to simultaneously
constrain the lens model, subtract the central AGN light, and infer
the photometry of the host galaxy. For any extended objects, includ-
ing the lensing galaxy and source galaxy, we assume their surface
brightness can be described by the 2-D elliptical Sérsic profile. We
start with a single Sérsic profile and consider to use two Sérsic if
any significant residual indicate multiple components. For a single
Sérsic profile, we set the prior of the Sérsic index value n between
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[0.5− 5.0] to avoid unphysical results2. The bright nucleus is unre-
solved and modelled by a scaled point spread function (PSF) in the
image plane. We also impose that the AGN and its host galaxy have
the same center. Following standard practice that has been shown
to produce good models (e.g., Treu 2010, and references therein),
we adopt elliptical power-law density profiles to define the surface
mass density of the deflector, with an external shear.

We employ the imagingmodelling toolLenstronomy3 (Birrer
&Amara 2018) to perform the fitting task, using the “particle swarm
optimizer” mode. Building on D20, we adopt a set of modelling
choices and fit each system multiple times. Then, we do a statistical
analysis of the measurements, and apply a weighting algorithm to
derive the final inference and estimate the uncertainty level. The
modelling choices that we consider include the follows.

(i) Following common practice, we select all the bright, isolated
stars across the image frame of targets to define the PSF. Each
selected star is considered as an initial PSF guess for the fit.
(ii) The central pixels of the AGNs are very bright and can be

affected by large systematic errors during the interpolation of the
subsampled PSF. To avoid overfitting the noise, we adopt two differ-
ent modelling options: 1) manually boosting the noise estimate in
the central area to effectively infinite (noise boost); 2) performing
the iterative PSF estimation as introduced by Chen et al. (2016);
Birrer et al. (2019) (PSF iteration).
(iii) To calculate the ray tracing under a higher resolution grid

relative to the pixel sizes in the image plane, we choose to oversam-
ple the model by a factor 2 × 2 or 3 × 3 pixel−1.

(iv) Using the lensing imaging alone, it is difficult to constrain
the power-law slope, especially with our simplified model of the
host light distribution. To mitigate the overfitting of the slope value,
we repeat the fit for three values [1.9, 2.0, 2.1] that are meant to
bracket the range observed in lens galaxies (e.g., Koopmans et al.
2006; Auger et al. 2010).

In general, for one lens system with a number of N initial PSF
guesses, we perform in total N × 12 (i.e., 2 by (ii) × 2 by (iii) × 3
by (iv)) fits. After all fits are completed, we rank their performance
based on their best-fitted χ2 value. Since there is no evidence of a
better performance for the options between noise boost and PSF
iteration, we selected the top-4 fittings from each of them and
then combine their best-fit results based on the weighting algorithm
introduced by D20. The degrees of freedom are the same for each
of the model, ensuring that the weighting scheme is internally self-
consistent. The weights are defined by:

wi = exp
(
− α
(χ2

i − χ
2
best)

2χ2
best

)
, (2)

where the α is an inflation parameter4 so that when i = 4:

α
χ2
i=4 − χ

2
best

2χ2
best

= 2. (3)

Then, the results for noise boost and PSF iteration are combined

2 It has been shown in Ding et al. (2017a) that choosing this prior for Sérsic
index n yields unbiased host magnitude inferences.
3 https://github.com/sibirrer/lenstronomy
4 Defining α as the inflation parameter it is assumed that it is larger than 1,
so as to err on the side of caution and include more choices that would be
allowed strictly by statistical noise considerations.

equally to derive the value of host properties and the root-mean-
square error (i.e., σ level) based on the weights of the 4 + 4 (i.e.,
noise boost and PSF iteration) options by:

x̄ =

∑N
i=1 xi ∗ wi

Σwi
, (4)

σ =

√∑N
i=1(xi − x̄)2 ∗ wi

Σwi
. (5)

Our approach uses the relative goodness of fit and ensures that
at least 8 sets of best fits are used to estimate the range of systematic
uncertainties. Note that the slope of the mass profile of the deflector
is fixed in each fit, and that the statistical uncertainty is much smaller
than the systematic one.

3.2 Photometry Inference

In this subsection, we describe the details of the fitting for each
system and present the inference of the photometry of the host
galaxy.

3.2.1 HE0435

We follow the approach described in the previous section. We select
5 isolated stars in this field as initial PSFs to input to the fitting, for
a total of 60 fits. Based on the top-eight choices, we perform the
weighting algorithm and measure the host flux, host-to-total flux
ratio, effective radius and Sérsic index. The inference results are
shown in Table 3, (2)−(6) columns.

The inference by the best-fit lens model for HE0435 is shown
in Figure 1-(a). Not surprisingly, we note that the residuals level
in the normalized plot appears to be larger than the ones presented
by Wong et al. (2017). This is primarily due to the fact that the
surface brightness of the host galaxy in our model is defined as
a Sérsic profile, which is relatively simple and smooth compared
to the pixellated reconstruction technique adopted by Glee (Suyu
et al. 2006; Halkola et al. 2008; Suyu & Halkola 2010; Suyu et al.
2012) or the shapelet technique adopted by Lenstronomy (Birrer
et al. 2015). The smooth features of Sérsic profile can not capture
the clumps in the host galaxy, such as the star-forming regions.
Nevertheless, our approach is sufficient to derive a self-consistent
one-step inference of the global host light in terms of the Sérsic flux,
i.e. the quantity commonly measured in the literature for non-lensed
samples.

As a cross-check, we compare our host magnitude to the in-
ference of HE0435 by Ding et al. (2017b). They inferred the Sérsic
magnitude by fitting to the pixelized host galaxy as reconstructed
by Wong et al. (2017). The host magnitude measured by Ding et al.
(2017b) is: mag = 21.75 ± 0.13. The results are in excellent agree-
ment with the measurement reported here, i.e. mag = 21.50± 0.35.

3.2.2 RXJ1131

A lens model of RXJ1131 based on ACS/F814W data has been
presented by Suyu et al. (2013). The host galaxy of this system is
lensed to an extended arc. A clear bulge and disk component can be
identified. Thus, we describe the host galaxywith two Sérsic profiles
with index values n fixed to 1 and 4, respectively, to mimic the light
distribution of the disk and bulge. In addition, following Suyu et al.
(2013), we consider the perturbations by the small object (0.′′5 in
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the north) and describe it as a SIS and Sérsic for its mass and light,
respectively.

The photometry of the RXJ1131 host galaxy is fitted with a set
of 4 initial PSFs. The results are summarized in Table 3, with the
best-fit result shown in Figure 1-(b).

We also compare our measurement to the previous reconstruc-
tions by Ding et al. (2017b). Based on the reconstructions by Suyu
et al. (2013), the inference of the host magnitudes by Ding et al.
(2017b) are magbulge = 21.81 ± 0.28 and magdisk = 20.07 ± 0.06.
The results are in excellent agreement with our inferred bulge mag-
nitude (21.80 ± 0.21) shown in Table 3. However, our inferred disk
magnitude (19.33±0.16) is brighter than that reported by Ding et al.
(2017b). This difference is not surprising because our reconstruc-
tion of the host galaxy is based on a much more extended region
to collect the disk light, compared with Suyu et al. (2013) who
performed the lens modelling using a smaller lens mask (see Fig-
ure 4 therein). Note that, at variance with the procedure described
here, Ding et al. (2017b) used a Sérsic to fit the pixellated source
reconstructed by Suyu et al. (2013) in the source plane. We checked
that finite grid effects did not introduce any substantial difference.
As a sanity check, we find that our inferred effective radius is very
consistent, 0.′′90 ± 0.′′06 (this paper) and 0.′′84 ± 0.′′09 (Ding et al.
2017b). The difference between the Suyu et al. (2013) reconstruc-
tion and the one presented here makes sense in terms of the different
goals of the two studies. While our primary aim is to reconstruct
the host galaxy photometry, for Suyu et al. (2013) it was only a
byproduct on the way to time-delay cosmography.

3.2.3 WFI2033

WFI2033 is the last quadruply lensed system in our sample whose
lens model has been previously investigated (Rusu et al. 2019).
There is a satellite galaxy North of the lens. However, the satellite
galaxy has much smaller mass than the main deflector. In addition,
there is a galaxywest of themain target, which also has a small effect
on the total macro-magnification (< 10%). Thus, we ignore their
influence on the magnification but only fit the light of the satellite
galaxy using a Sérsic model. We select a total of 8 initial PSF stars
to model this system.

The final inference results are presented in Table 3 and Fig-
ure 1-(c). We compare our inference to the previously reconstructed
host galaxies. Modelling the reconstructed host by Rusu et al.
(2019), (i.e., the Figure 4 bottom-right plane therein) as a Sérsic
profile, we infer the mag = 21.98 ± 0.15, which is very consistent
to our inference (i.e., mag = 21.78 ± 0.25).

3.2.4 SDSS1206

SDSS1206 is a unique system – the AGN is doubly imaged by the
deflector while most of the host falls inside the inner caustic and
ends up being quadruply imaged. Following Birrer et al. (2019), we
consider the galaxy triplet group at the north-west and use a single
SIS model to denote their overall mass perturbation. Moreover, as
noted by Birrer et al. (2019), a sub-clump is located in the north
which is hardly visible (see Figure 1 in Birrer et al. 2019). We
model this sub-clump as a SIS mass model and a circular Sérsic
light model with joint centroids. It is worth noting that we are using
the same imaging modelling tool as Birrer et al. (2019).

Due to the limited number of stars in the field of view, there
are only 2 stars available as initial PSF. To expand the volume of
modelling options, we also take the stack of the two bright stars

as derived by Birrer et al. (2019), as a third initial PSF. We find a
visible residuals at the fitted lensed arcs region using a single Sérsic
model as host. However, a double Sérsicmodel does not significantly
improve the goodness of fit. Thus, we adopt the single Sérsic model
in our final inference. Our inferred results are presented in Table 3
and Figure 1-(d).

3.2.5 HE1104

HE1104 is a typical doubly imaged quasar. We have selected in total
of 5 initial PSFs to perform the fit. There is an object at the northeast.
However, since we do not know its redshift and considering it is
further away from the lens we do not model it explicitly but just
mask it out in the fitting.

The inference is presented in Table 3 and Figure 1-(e). the
lensed arcs can be clearly seen from the bottom-left panel, indicating
that the host galaxy is well detected.

It is worth noting that the HE1104 has been modelled by Peng
et al. (2006) based on theHST/NICMOS H-band (F160W) imaging
data. Their inferred host light is 20.14 ± 0.30 mag in Vega system,
which is also consistent to our inference (20.00±0.15 mag in Vega).

3.2.6 SDSS0246

Having been imaged with WFC3-UVIS/F814W, the resolution of
the data for this system (together with the remaining two systems)
is much higher than for those imaged in the IR, with a drizzled pixel
scale of 0.′′03. However, the arcs are much fainter compared with
those of other systems imaged in the IR band. As a result, fewer
pixels with signal are available for the fit than for other systems.
Nevertheless, the host inference is successfully reconstructed as
shown in Figure 1-(f) and Table 3 (3 initial PSF guesses were
adopted).

3.2.7 HS2209

HS2209 was imaged by HST during two visits (vis05 and vis06)
at different orientations. We modelled the two visits separately and
recovered mutually consistent host galaxy magnitudes. However,
we found that the data from vis06 can be modelled with smaller
residuals; thus the inference based on vis06 was adopted as our
best estimate (using 7 initial PSF stars), as listed in Table 3. The
inference for this system is summarized in Figure 1-(g).

3.2.8 HE0047

HE0047 is the most challenging system in our sample with the
lowest SNR of the lensed arcs. The results, based on 3 initial PSFs,
are summarized in Figure 1-(f) and Table 3. The host magnitude of
the HE0047 system has a relatively large uncertainty as reflected in
the error bars.

4 RESULTS

In this section, we describe the approaches and assumptions used to
estimate the stellar populations in our sample. Then, we adopt stellar
population templates to derive the stellarmass. For this step,we infer
the color information for the multi-band imaging data taken with
HST in Appendix A. We study theMBH-M∗ relations and compare
our measurements with ones taken from the literature.

MNRAS 000, 1–11 (2020)
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(a) HE0435 (b) RXJ1131

(c) WFI2033 (d) SDSS1206

(e) HE1104 (f) SDSS0246

(g) HS2209 (h) HE0047

Figure 1. Illustrations of the inference using the best-fit lens model for each system using the AGN center noise level boosted approach. For each figure, the
panels from left to right are the follows: Top row: (left to right): (1) observed data, (2) best-fit model (3) residuals divided by the uncertainty level. Some of the
residual looks clumpy; however, they do not affect the host property measurements, for more details see Section 5 ; Bottom row: (left to right): (4) data minus
the model PSF and deflector (i.e., pure lensed arc image), (5) the model of the lensed arc, (6) reconstructed host galaxy in the source plane with caustic line
drawn as yellow line. Across all the systems, the lensed arc feature can be clearly seen in the fourth panel, indicating strong evidence of a detection. In panel
(3) and (4), we use white regions to indicate the area where the noise level is boosted.
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Table 3. Summary of lensed AGN host inference.

(1) (2) (3) (4) (5) (6) (7) (8)
Object ID intrinsic magnitude magnitude Host Flux Ratio (to Total) Reff Sérsic n stellar population log(M∗)

(source plane) (image plane) ( %, Total = Host + AGN) (arcsec) age (Gyr) (M�)

HE0435 21.49+0.40
−0.29 18.58+0.30

−0.23 36.0 ± 11.1 0.28 ± 0.02 2.71 ± 0.20 1.50 10.91+0.12
−0.16

RXJ1131bulge 21.80+0.23
−0.19 18.70+0.07

−0.06 7.1 ± 1.4 0.13 ± 0.02 fix to 4 3.00 10.39+0.08
−0.09

RXJ1131disk 19.33+0.17
−0.15 17.14+0.08

−0.07 69.2 ± 10.1 0.90 ± 0.06 fix to 1 1.50 11.08+0.06
−0.07

WFI2033 21.78+0.28
−0.23 19.07+0.35

−0.26 19.6 ± 4.5 0.28 ± 0.02 0.52 ± 0.01 0.625 10.51+0.09
−0.11

SDSS1206 21.31+0.23
−0.19 18.30+0.05

−0.05 33.3 ± 6.4 0.11 ± 0.02 4.57 ± 0.53 0.625 10.77+0.08
−0.09

HE1104 21.25+0.16
−0.14 19.16+0.02

−0.02 14.0 ± 2.0 0.27 ± 0.02 1.05 ± 0.04 0.625 11.05+0.06
−0.07

SDSS0246 23.44+0.28
−0.22 20.85+0.08

−0.07 4.0 ± 0.9 0.44 ± 0.08 4.96 ± 0.08 0.625 10.75+0.09
−0.11

HS2209 20.72+0.26
−0.21 19.20+0.04

−0.04 12.5 ± 2.7 1.96 ± 1.28 3.15 ± 1.40 1.00 11.04+0.08
−0.10

HE0047 22.92+0.48
−0.33 20.37+0.20

−0.17 2.3 ± 0.8 0.32 ± 0.15 4.18 ± 0.75 0.625 10.91+0.13
−0.19

Note: − Inference of the host galaxy properties. Column (2)-(6): photometry derived using the imaging data is listed Table 1. Column (7): adopted age of stellar
population with solar metallicity. Column (8): inferred stellar mass.

4.1 Stellar population and mass

Besides the imaging data analyzed in the last section, some of
the systems have been also imaged by HST through other bands,
providing color information. Given that we have used the highest
signal-to-noise ratio data for our primary models, the analysis of the
other bands has lower fidelity and we use it only to infer the colors
so as to assist in the estimation of the stellar mass (i.e., Table 3
column (2)).

HE0435 In addition to the F160W data, this system has been
observed by HST through filters F814W and F555W. The multi-
band imaging data provides us with the opportunity to estimate the
host color and improve the stellar mass estimate. We adopted the
lensing modelling approach described in Section 3.2 to infer the
host photometry through the F814W and F555W bands. Based on
the three band host magnitudes, we find that a 1.5 Gyr age and solar
metallicity stellar population provides a good match to the color.
More detailed information is presented in Appendix A1.

RXJ1131 The host galaxy of RXJ1131 is lensed to a very
extended arc in the image plane. The spectral energy distribution
of the arc can be directly inferred in the image plane, since lensing
is achromatic. Based on the HST imaging data through the three
filters F814W and F555W and F160W, we adopt the SED estimated
by Ding et al. (2017b) with stellar populations of 3 Gyr and 1.5 Gyr
(solar metallicity) for its bulge and disk, respectively. We refer the
interested reader to that paper for more details.

WFI2033 In addition to the F160W filter, images through
the four filters F125W, F140W, F555W, F814W are also available
in the HST archive. As for HE0435, we infer the host color in the
image plane. We find a stellar population with 0.625 Gyr is a good
match to the colors (more details see Appendix A2).

HE1104 and the other systems HE1104 has also been ob-
served by HST through the F555W and F814W bands. However,
given the limited exposure time in these two bands, the lensed arcs
are too faint to be detected; thus, we are not able to infer the color of
the host for HE1104. No multi-band information is available for the
other systems. Thus, for these cases, we follow D20 and assume a
typical stellar population age, i.e. 1 Gyr and 0.625 Gyr for systems
as z < 1.44 and z > 1.44, respectively. Of course this choice is not
unique. However, we stress that as we are mostly interested in the
comparison with D20 this strategy is meant to minimize differences
between the two approaches.

A summary of the adopted stellar population ages is given in
Table 3, column (7). Applying these templates to the filter mag-
nitudes obtained in last section, we derive the stellar mass of our
system, Table 3, column (8). Considering the simulations by Ding
et al. (2017a) and the fact that we are able to obtain very consistent
host magnitudes for the HE0435, RXJ1131 and WFI2033 using the
independent approaches, the fidelity of the inferred magnitude is
expected to be well characterized by the quoted uncertainties. We
adopt a typical uncertainty of 0.2 dex for the M∗ estimates.

4.2 TheMBH-M∗ relation

In Figure 2-(left) we plotMBH vs M∗ for our sample, together with
the comparison sample introduced in Section 2. We expect that the
uncertainty of theMBH (i.e., 0.4 dex) dominates the error budget
for the entire sample. Following D20, we adopt, as baseline, a local
MBH-M∗ of the form:

log
( MBH
107M�

) = α + β log( M∗
1010M�

), (6)

with α = 0.27, β = 0.98 based on the local sample of 55 objects
measured in a consistent manner. We find that our lensed systems
are above the local relation, consistent with the inference from the
32 non-lensed AGNs published by D20 in a similar redshift range.
To quantify the evolution as a function of redshift, we parameterize
it as:

∆ logMBH = γ log(1 + z), (7)

where ∆ logMBH is the offset of MBH with respect to the local
baseline at fixed M∗. To make a direct comparison, we reproduce
the plot shown in Figure 8 of D20. Then, we add our new lensed
AGN measurements and show the result in Figure 2-(right). We
find that the offset from the local relationship is similar for the two
samples. Based on Equation (7), we fit the evolution of the eight
lensed systems and obtain γ = 1.05 ± 0.44, which agrees with
the results of D20 (γ = 1.03 ± 0.25 using 32 AGN) within 1 − σ
level. The consistency between the two measurements provides an
important verification of the accuracy of the results and strengthens
the conclusions drawn by D20 that the observed value ofMBH at
a fixed M∗ tends to be larger at higher redshift than the ones in the
local universe.
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The lensed AGN systems analyzed in this work were selected
for time-delay cosmography work, based on the availability of a
time delay and the known detectability of the host galaxy. This
is a different selection function than that used by D20. It is thus
reassuring that the two samples present the same apparent evolution.
Naturally, inferring the true underlying evolution requiresmodelling
the selection function (as done by D20), which is not justified given
the small sample size of lensed quasars sample. At this stage, the
lensed quasars should thus be considered as a check on possible
systematic measurements error in the D20 analysis rather than a
stand-alone measurement.

5 SYSTEMATIC ERRORS

We considered a set of modelling choices to perform the fitting and
the final inference is based on a weighting of top ranked choices.
In particular, we treat the two different modelling approaches, i.e.,
noise boost and PSF iteration equally, to derive the averaged results.
Of course, the results are somewhat dependent on the weighting
scheme, for example, the dispersion of the results by the top ranked
choices. However, the dependency is smaller than other sources of
uncertainty. Thus, using different weighting schemes would only
change the results marginally (< 0.1 dex).

We used a range of mass slope values (i.e., 1.9, 2.0, 2.1) to
perform the lens modelling. Then, we used our weighting algo-
rithm introduced in Section 3.1 to estimate the systematic uncer-
tainty of our inference and assumed it covers the truth. We ap-
ply this method to the entire sample to ensure self-consistency
within our sample, even though four systems (HE0435, RXJ1131,
WFI2033, and SDSS1206) have been analyzed by H0LiCOW col-
laboration, and have high precision slope measurements avail-
able. As a sanity check, we calculate the weighted slope value
and make a direct comparison to the H0LiCOW inference. The
results are the following (here v.s. H0LiCOW, the error bars
are the 1 − σ level): HE0435 (2.032 ± 0.07 v.s. 1.93 ± 0.02),
RXJ1131 (2.02 ± 0.06 v.s.1.95 ± 0.045), WFI2033 (1.94 ± 0.07
v.s. 1.95 ± 0.02), SDSS1206 (1.98 ± 0.06 v.s. 1.95 ± 0.05). The
consistency of the results supports the robustness of the systematic
uncertainty estimated in this work.

Following standard practice in galaxy evolution studies, we
use a Sérsic model to describe the surface brightness of the host
galaxy. The Sérsic profile is relatively simple and smooth, and can-
not capture the clumps in the host galaxy. Thus the smoothness of
the Sérsic profile leads to the relatively large residuals shown in
Figure 1. However, as mention in Section 3.2.1, our goal to de-
rive a self-consistent one-step inference of the host properties to
make comparison with the measurements of the non-lensed AGN
samples, which are measured using the same methodology. Note
that, the methodology has to be consistent between lensed and un-
lensed AGNs, since the use of a different host model may introduce
systematic errors. In fact, it is common to have significant residu-
als when fitting say a Sérsic profile to a galaxy (e.g., D20). These
residuals of course affect the quality of the fit and could increase
the systematics. However, these systematics are much smaller than
our target precision of 0.4 dex. The difference in residuals between
this work and the H0LiCOW analysis is once again a reflection of
the different purposes of the two studies. Whereas fitting the host
surface brightness to the noise level is important to determine the
gravitational potential with sufficient precision to infer the Hubble
constant, it is not necessary when the goal is to infer the luminosity
of the host.

In addition, we adopt simple stellar populations to derive the
stellar mass. For 5/8 systems in our sample we did not have color
information, and we used instead a fixed age depending on redshift.
The lack of color information is reflected in an increases of the
uncertainty in the inferred M∗. It is important to stress once again,
that the main goal of this work is provide an independent test of the
D20 measurement. Since we are using the same stellar population
models, any uncertainty in the models or other stellar population
assumptions will cause an absolute change, but those will cancel out
when looking at relative consistency between this work and D20.

We do not expect foreground extinction to be significant, be-
cause the deflectors are all massive elliptical galaxies. As a sanity
check, Falco et al. (1999) and Østman et al. (2008) report esti-
mates for HE0435, WFI2033 and HE1104 through filter F160W.
For HE1104 the estimated extinction is negative, while for HE0435
and WFI2033 the authors do not report an extinction value because
standard extinction laws did not fit the data. If we focus on the 13
ellipticals from Falco et al. (1999), the total median extinction is
-0.03, which justifies our choice to not apply any correction. We
interpret the negative values reported in the literature as due to the
small effect by dust being overshadowed by chromatic microlensing
or variability.

In this work, some assumptions have beenmade to measure the
evolution of M∗-MBH. For example, a Chabrier IMF was assumed
to measure the stellar mass for all samples. To compare our high
redshift measurements with the local ones, we adopted the local
sample from Bennert et al. (2011a); Häring & Rix (2004), rather
than other samples available in the literature. We adopt our own
recipes to calibrate the MBH. Of course, different options would
shift the absolute value of the inferred M∗ and MBH. However,
since the entire sample is self-consistent, a different assumption
would only shifts the global M∗-MBH together, leaving the offset
value and the evolution conclusion the same. More details can be
found in D20, Section 6.

In summary, considering all random and systematic effects, the
uncertainty of M∗ relative to that measured by D20 is smaller than
the estimated uncertainty in the black hole mass (0.4 dex), which
dominates the overall error budget.

6 CONCLUSIONS

Using eight strongly lensed AGN systems, we presented a newmea-
surements of the correlations of themass of supermassive black hole
with the stellar masses of their host galaxy.We adopt state-of-the-art
lens modelling techniques to estimate the magnitude host galaxy,
in terms of a standard Sérsic profile. We estimated the MBH of
our sample using a set of calibrated single-epoch estimators to as-
sure self-consistency and consistency with the comparison samples
taken from the literature.

We directly compare our sample to the recent measurements
by Ding et al. (2020b, D20), who used the same approach to derive
the M∗ and calibrated theMBH using consistent recipes. TheMBH-
M∗ correlation and its evolution with cosmic time is in excellent
agreement with the results obtained by D20, as shown in Figure 2.
Thus, the present analysis further strengthens the conclusion of
D20, which can be summarized as follows. First, the growth of the
supermassive black hole predates that of its host galaxy during their
co-evolution, even when considering total stellar mass, as it is often
done at high redshift. However, the actual morphologies of these
hosts are likely to be more complex, including a disk and bulge
component, as in the case of RXJ1131. In contrast, the galaxies
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Figure 2. (left): BH masses vs. stellar mass correlation (MBH-M∗). The black line and the gray shaded region indicate the best-fit and 1σ confidence interval
of the form given by Equation 6. (right): Offset of log(MBH) at fixed M∗as a function of redshift. Our new measurements are overlaid on samples of non-lensed
AGNs taken from the literature and measured in a self consistent way to facilitate a direct comparison. The red line and shaded region are the best-fit and 1−σ
results of fitting Equation (7) to the 32 high-z AGNs measured by D20. The blue line and region are the results based on the eight lensed systems presented in
this work. The blue and red areas are in agreement within the errors.

in the local sample are typically bulge-dominated and the bulge
mass is adopted as their M∗. Thus, the reported evolution is weaker
than what would be inferred by comparing MBH to bulge M∗ at
all redshifts (Bennert et al. 2011a). Taken together, these results are
consistent with a scenario in which the stellar mass is transferred
from disk to the bulge at a faster rate than the growth ofMBH since
z ∼ 2.

Ourwork based on highlymagnifiedAGNshowcases the power
of strong lensing to effectively increase the resolution of a telescope
and shows that uncertainties related to lens modelling are subdom-
inant with respect to other sources of uncertainty like black hole
mass. Furthermore, our work provides a powerful verification of
the fidelity of the host galaxy reconstruction in non-lensed AGN.

In conclusion, lensed AGNs have great potential to extend the
study of the MBH-M∗ correlation to higher redshifts than those
considered here. So far, this kind of work has been limited by
sample size. However, given the pace of discovery of lensed quasars
in imaging and spectroscopic surveys (e.g., Oguri & Marshall
2010; Agnello et al. 2015; More et al. 2016; Schechter et al. 2017;
Ostrovski et al. 2017; Treu et al. 2018; Agnello et al. 2018; Lemon
et al. 2020), the samples of lensed AGNs with hosts that can be
recovered with high fidelity is likely to continue to grow in wide
field imaging and spectroscopic surveys. The forthcoming launch
of the James Webb Space Telescope and the first light of adaptive
optics-assisted extremely large telescopes may provide high-quality
imaging data of AGNs up to the highest redshift at which they have
been discovered.
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APPENDIX A: ESTIMATE OF THE COLOR OF THE
HOST

In this section, we describe the details of how we select the stellar
population of the host used in the computation of the stellar mass
estimate.

A1 HE0435

In addition to WFC3/F160W, HE0435 has been observed through
bands ACS/F814W and ACS/F555W (GO-9744; PI: C. S.
Kochanek). Our aim is to derive the brightness of the host galaxy
through all the three band to investigate the color and stellar popula-
tion in the image plane. We use the modelling approach introduced
in Section 3.2 to perform this inference for the F814W and F555W
bands. To save computer time, we only use the PSF iteration ap-
proach. We also fix the lens mass slope value to 1.9 since it is closer
the inference by Wong et al. (2017, i.e., γ ∼ 1.93). The inference
of the fittings are shown in Figure A1-(a), (b). Having obtained the
magnitude of the lensed host in the three bands, we use the Gsf
package5 (Morishita et al. 2019) to perform the SED fitting. A set
of age grids (up to 3.0 Gyr) are used in this fit with a constant SFR
and a flexible form for star formation histories. Note that there is a
degeneracy in the age and metallicity; however, this degeneracy has
little affect on the M∗ inference (Bell & de Jong 2001). In this work,
we fix the metallicity to infer the age, and the uncertainty of the age
is not considered. Finally, a stellar population with 1.5 Gyr of age
and solar metallicity provides the best fit to the colors, as shown in
Figure A1-(c). This stellar population is used to estimate the host
stellar mass.

5 https://github.com/mtakahiro/gsf
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(a) HE0435 F555W
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(b) HE0435 F814W
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(c) Host galaxy stellar template inference

Figure A1. Illustrations of the inference of HE0435 using the multi-band data. Top two panels: best-fit model of the lensed arcs shown as Figure 1. Bottom
panel: SED inference. The red points with error bars represent the inferred image plane host flux in the three bands.

A2 WFI2033

In addition to WFC3/F160W, WFI2033 has been observed
by HST in four bands, i.e. WFC3/F125W (GO-12874; PI:
D. Floyd), WFC3/F140W (GO-13732; PI: A. Nierenberg),
ACS/F555W+F814W (GO-9744; PI: C. S. Kochanek). Similar to
SectionA1, the lensmodelling and the host photometry ofWFI2033
have been inferred through these four bands. The results are pre-
sented in the Figure A2-(a)−(d). Unfortunately, the F125W data are
too shallow to robustly detect the host. Thus, we do not use the
F125W band for the SED fitting. Using four-band photometry, we
find a stellar population of 0.625 Gyr age provides a good match to
the colors, as shown in Figure A2-(e).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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(a) WFI2033 F125W
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(b) WFI2033 F140W
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(c) WFI2033 F555W
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(d) WFI2033 F814W
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(e) Host galaxy stellar template inference

Figure A2. Same as Figure A2 but for WFI2033. The F125W dare are too shallow to detect the host and are thus omitted in the fit.
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