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A B S T R A C T 

Supermassive black holes (SMBHs) are a key catalyst of galaxy formation and evolution, leading to an observed correlation 

between SMBH mass M BH 

and host galaxy velocity dispersion σ e . Outside the local Universe, measurements of M BH 

are usually 

only possible for SMBHs in an active state: limiting sample size and introducing selection biases. Gravitational lensing makes 
it possible to measure the mass of non-active SMBHs. We present models of the z = 0.169 galaxy-scale strong lens Abell 1201. 
A cD galaxy in a galaxy cluster, it has sufficient ‘external shear’ that a magnified image of a z = 0.451 background galaxy is 
projected just ∼1 kpc from the galaxy centre. Using multiband Hubble Space Telescope imaging and the lens modelling software 
PYAUTOLENS , we reconstruct the distribution of mass along this line of sight. Bayesian model comparison favours a point 
mass with M BH 

= 3.27 ± 2.12 × 10 

10 M � (3 σ confidence limit); an ultramassive black hole. One model gives a comparable 
Bayesian evidence without an SMBH; however, we argue this model is nonphysical given its base assumptions. This model still 
provides an upper limit of M BH 

≤ 5.3 × 10 

10 M �, because an SMBH abo v e this mass deforms the lensed image ∼1 kpc from 

Abell 1201’s centre. This builds on previous work using central images to place upper limits on M BH 

, but is the first to also 

place a lower limit and without a central image being observed. The success of this method suggests that surv e ys during the next 
decade could measure thousands more SMBH masses, and any redshift evolution of the M BH 

−σ e relation. Results are available 
at ht tps://github.com/Jammy2211/aut olens abell 1201 . 

Key words: gravitational lensing: strong – galaxies: evolution – galaxies: formation – quasars: supermassive black holes. 

1

S  

p  

t  

g  

p  

2  

g  

f  

2  

M  

t  

2
w  

b  

1  

2  

r  

�

n  

w  

D  

m  

r  

s  

S  

A  

t  

a  

s  

c
 

b  

t  

(  

C  

a  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3298/7085506 by guest on 18 Septem
ber 2023
 I N T RO D U C T I O N  

upermassive black holes (SMBHs) have emerged as an integral
art of models of galaxy formation and e volution, o wing to the
ight correlation observed between SMBH mass, M BH , and host
alaxy bulge velocity dispersion, bulge mass and other galaxy
roperties (Graham 2012 ; Kormendy & Ho 2013 ; van den Bosch
016 ). It is posited that an SMBH resides at the centre of every
alaxy and that galaxies and SMBHs coevolve with one another
rom their initial formation in the early Universe (Heckman & Best
014 ; Smith & Bromm 2019 ). The mass of an individual SMBH,
 BH , can be measured via spatially resolved dynamics of nearby

racers such as stars and gas (Davis et al. 2017 ; Thater et al.
019 ). This technique has provided over 100 measurements of M BH 

hich show tight correlations with other galaxy properties such as
ulge luminosity or velocity dispersion (Kormendy & Richstone
995 ; Ferrarese & Merritt 2000 ; Gebhardt et al. 2000 ; Graham
001 ). The need for spectroscopy at high spatial resolution that
esolves the SMBH’s sphere of influence restricts this approach to
 E-mail: james.w.nightingale@durham.ac.uk 
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earby galaxies, preventing the study of how these relations evolve
ith redshift. Spectral fitting of active galactic nuclei (McLure &
unlop 2004 ; Peterson et al. 2004 ; Shen 2013 ) and reverberation
apping techniques can provide measurements of M BH in higher

edshift galaxy populations which therefore enable evolutionary
tudies. Ho we ver, these observ ations necessitate that the galaxy’s
MBH is actively accreting, bringing in potential selection effects.
 method that can measure M BH for non-active galaxies outside

he local Universe would be highly complementary to these existing
pproaches. Analysing the strong gravitational lensing of background
ources, acting in some specific (and perhaps rare) circumstances and
onfigurations, might provide such a technique. 

In this paper, we present a re-examination of the strong-lensing
rightest cluster galaxy (BCG) in Abell 1201. A tangential gravita-
ional arc was first identified in shallow Hubble Space Telescope
 HST ) WFPC2 images of this system, by Edge et al. ( 2003 ).
ompared to most cluster lenses, the arc is unusual in being formed
t small projected radius from the BCG ( ∼2 arcsec; ∼5 kpc). Edge
t al. ( 2003 ) found that a high ellipticity and/or strong external shear
as necessary to match the arc shape. Integral-field spectroscopic
ata later revealed a faint counter-image to the main arc, projected
ven closer to the lens centre ( ∼0.3 arcsec; ∼1 kpc; Smith, Lucey &
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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dge 2017a ). Using a simplified position-based model of the lensing 
onfiguration, Smith et al. ( 2017a ) argued that an additional mass of
10 10 M � at small radius was necessary to reproduce the counter- 

mage as observed. The spatially resolved stellar kinematics support 
his conclusion (Smith, Lucey & Edge 2017b ). The authors concluded 
hat the necessary central mass could be an SMBH, but with the
imited imaging data available, and the rudimentary lensing analysis 
mployed, a de generac y with the inner stellar mass distribution of
he lens could not be excluded. 

Here, we analyse new HST WFC3/UVIS imaging of higher spatial 
esolution and greater signal-to-noise ratio, using advanced lens 
odelling techniques, to reassess the evidence for a lensing-detected 
MBH in Abell 1201. We show that the detailed structure observed 

n the counter image constrains the inner mass distribution of the 
ens, and allows us to place constraints on the central SMBH. We
erform a Bayesian model comparison of a variety of lens models that
nclude and omit a point-mass representing an SMBH. The majority 
f models fa v our the inclusion of an SMBH and produce consistent
stimates of M BH , with some dependence on the form and flexibility
f the assumed lens galaxy mass model. This work marks the second
bservation of a strong lens that provides constraints on the SMBH
t the centre of its lens galaxy, following the work of Winn, Rusin &
ochanek ( 2004 ) who detected the ‘central’ image of a lensed source
ia radio observations. Our study is the first where a measurement 
f M BH is inferred via strong lensing (as opposed to an upper limit)
nd does so without the rare observation of a central image. 

Ov er the ne xt decade, of order one-hundred thousand strong lenses
ill be disco v ered by cosmological surv e ys such as Euclid, LSST

nd SKA (Collett 2015 ), a three orders of magnitude increase o v er
he hundreds of systems that are currently known (Bolton et al. 2008 ;
olton et al. 2012 ; Sonnenfeld et al. 2013 ; Shu et al. 2016 ). This will
aturally lead to the disco v ery of more exotic and peculiar strong lens
ystems (Orban De Xivry & Marshall 2009 ), whose rare lensing con-
gurations may provide constraints on M BH . We conclude with a dis-
ussion of whether galaxy-scale strong lensing can become a viable 
echnique to measure large samples of SMBH masses in the future 1 

This paper is structured as follows. In Section 2 , we describe
he HST imaging of Abell 1201. In Section 3 , we describe the
YAUTOLENS method and model fits performed in this work. In 
ection 4 , we present the results of model fits using a variety of lens
odels. In Section 5 , we discuss the implications of our measure-
ents, and we give a summary in Section 6 . We assume a Planck

015 cosmology throughout (Ade et al. 2016 ). Text files, DYNESTY
hains and images of every model fit performed in this work are
vailable at ht tps://github.com/Jammy2211/aut olens abell 1201 . 

 DATA  

e acquired the new HST imaging of Abell 1201 in Programme 
4886 using the Ultraviolet and VISible channel on the Wide Field 
amera 3 (WFC3/UVIS). A total of fiv e e xposures with a total

ntegration time of 7150 s were taken in the F390W bandpass, 
 For other lensing-related techniques, see also Event Horizon Telescope 
ollaboration et al. ( 2019 ) for a measurement of the SMBH at the centre 
f M87 by mapping the lensed shadow of surrounding gas, Banik et al. 
 2019 ) for a discussion of using strong lensing to detect intermediate-mass 
lack holes, Chen et al. ( 2018 ) and Mahler et al. ( 2022 ) for discussions 
f searching for wandering SMBHs in strong lensing galaxy clusters and 
ezaveh, Marshall & Blandford ( 2015 ), Tamura et al. ( 2015 ), Wong et al. 
 2017 ), Quinn et al. ( 2016 ) for studies based around strong lens central 
mages. 

o
g  

e  

m
n  

H  

t  

l

2

racing the clumpy rest-frame ultraviolet emission from star-forming 
egions in the source galaxy. This filter probes wavelengths shorter 
han the 4000- Å break at the redshift of Abell 1201; hence, the
oreground light of the lens is suppressed and the contrast of
he source enhanced. Additionally, we acquired three exposures in 
814W, totalling 1009 s, to trace the distribution of stellar mass in

he BCG. The observatory-provided reduced single-exposure images 
ere registered and combined using ASTRODRIZZLE , projecting on to 

n output pixel scale of 0.04 arcsec. An accurate estimate of the
oint-spread function (PSF) is required for the lens modelling. To 
his end, we employed the empirical PSF provided by STScI, 2 as
ppropriate to the position of the target in each individual exposure,
nd propagated the PSF images through the same stacking process 
s for the real observation. The final combined images of Abell 1201
n the two bandpasses are shown in Fig. 1 . 

Fig. 1 shows the F390W and F814W imaging, alongside lens- 
ubtracted versions that highlight the lensed source galaxy. There 
s a giant arc 2.0–3.0 arcsec away from the lens galaxy on one side
f the lens with a counter image just ∼0.3 arcsec ( ∼ 0 . 9 kpc) from
he lens galaxy centre. The lens itself is a cD galaxy residing in
he central regions of a galaxy cluster, in contrast to most galaxy-
cale (e.g. Einstein radius < 5.0 arcsec) strong lens systems that are
assive elliptical field galaxies and not in a cluster environment. 
The cluster Abell 1201 has also been investigated. X-ray analysis 

eveals an offset gas core 500 kpc northwest of the lens (Ma et al.
012 ), which is interpreted as a tail of gas stripped from the offset
ore. The gas has a different density , entropy , and temperature
han gas in the surrounding area, providing evidence indicative of 
 minor merger at second core passage. Alignment between the mass
istribution of Abell 1201’s BCG mass distribution (inferred via lens 
odelling performed by Edge et al. 2003 ) and the offset core is also

oted, which could be the result of a sloshing mechanism. 

 M E T H O D  

.1 Ov er view 

e use version 2022.03.30.1 of the lens modelling software 
YAUTOLENS PYAUTOLENS (Nightingale et al. 2021a ). PYAU- 
OLENS fits the lens galaxy’s light and mass and the source
alaxy simultaneously. The method assumes a model for the lens’s 
oreground light (e.g. one or more Sersic profiles), which is convolved 
ith the instrumental PSF and subtracted from the observed image. A
ass model (e.g. an isothermal mass distribution) ray-traces image- 

ixels from the image-plane to the source-plane and a pixelized 
ource reconstruction, using an adaptive Voronoi mesh, is performed. 
ig. 2 provides an overview of a PYAUTOLENS lens model, where
odels of Abell 1201 for the image-plane lens galaxy emission 

nd lensed source are shown alongside the source-plane source 
econstruction. 

By fitting the source’s extended surface brightness distribution, 
YAUTOLENS considers light rays emanating from different parts 
f the source; therefore, constraining different regions of the lens 
alaxy’s potential. If a small-mass clump is near the lensed source’s
mission, it may cause observable distortions to one or more of its
ultiple images. This technique has provided detections of three 

on-luminous dark matter substructures (Vegetti et al. 2010 , 2012 ;
ezaveh et al. 2016 ; Nightingale et al. 2022 ) in strong lenses, where

heir presence is inferred by how they perturb the appearance of the
ensed images. 
MNRAS 521, 3298–3322 (2023) 
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Figure 1. The observed images (left column), masked and lens subtracted images (middle column) and images zoomed in on the central regions containing 
the counter image (right column) of Abell 1201. The top ro w sho w the HST optical image taken using the F390W filter, the bottom ro w sho ws an image taken 
at near infrared wavelengths using the F814W filter, which are both in units of electrons per second. The lens subtractions are performed using the highest 
likelihood model found for each image; ho we ver, their visual appearance does not change significantly for other high likelihood models. The counter image of 
the giant arc can be clearly seen at both wa velengths b ut has much higher contrast and more clumpy structure in the bluer F390W waveband. In the F814W 

image, residuals from the lens light subtraction around the coordinates (0, 0) arcsec are seen; these are not a central image of the source galaxy, which would be 
brighter in F390W. The black star marks a line-of-sight galaxy at z = 0.273 which is included in certain lens models. 
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This work uses the same technique, albeit we are in this case
nvestigating whether the perturbing effects of the central SMBH are
etected in the lensed source emission. This is why the proximity of
bell 1201’s counter-image to the lens galaxy’s centre, and therefore
MBH, is so important. A high-mass SMBH will induce a local
erturbation to the counter image’s appearance that does not produce
 significant change in the appearance of the other multiple images of
ource in the giant arc. This is shown in Fig. 3 , where two simulated
enses based on our models of Abell 1201 are shown. In the right
anel, a M BH = 10 10 M � SMBH is added to the lens model, which
hanges the location, appearance and brightness of the counter image
ithout producing a visible change in the giant arc. Our results are

herefore not based on whether the source forms a central image
Winn et al. 2004 ; Rusin, Keeton & Winn 2005 ). 3 

At the heart of the PYAUTOLENS model-fitting process is
he computation of the likelihood function. We provide a brief
escription of this calculation in Sections 3.2 –3.5 . Furthermore, to
ssist readers less familiar with strong lens modelling, we provide
upyter notebooks providing a visual step-by-step guide, including
NRAS 521, 3298–3322 (2023) 

 By central image, we are referring to the hypothetical third or fifth image 
hat would form directly o v er the centre of the lens galaxy, provided its mass 
istribution were sufficiently cored. We therefore do not consider the counter 
mage located 0.3 arcsec to the southwest of the lens galaxy a central image, 
nd will al w ays refer to it as the counter-image. 

ε

T  

r

�

RL links to previous literature and explanations of technical aspects
f the linear algebra and Bayesian inference. The notebooks can be
ound at the following link: ht tps://github.com/Jammy2211/aut olen
 likelihood function . 

Recent works using PYAUTOLENS include modelling strong
enses simulated using stellar dynamics models (Cao et al. 2021 ) and
ia a cosmological simulation He et al. ( 2023 ), an automated analysis
f 59 lenses (Etherington et al. 2022a , b ), and studies of dark matter
ubstructure (He et al. 2022b , a ; Amorisco et al. 2022 ). 

.2 Coordinate system 

ight and mass profile quantities are computed using elliptical
oordinates ξ = 

√ 

x 2 + y 2 /q 2 , with minor to major axis-ratio q
nd position angle φ defined counter clockwise from the positive
 -axis. For model fitting, these are parametrized as two components
f ellipticity 

1 = 

1 − q 

1 + q 
sin 2 φ, ε2 = 

1 − q 

1 + q 
cos 2 φ. (1) 

o convert parameters from arcsecond units to stellar masses, we
equire the critical surface mass density 

 crit = 

c 2 

4 πG 

D s 

D D 

, (2) 

l ls 

art/stad587_f1.eps
https://github.com/Jammy2211/autolens_likelihood_function
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Figure 2. Fits to HST imaging of Abell 1201 via PYAUTOLENS . The observed data (left column), the image-plane model images of the lens and source galaxies 
(left-centre column), the lensed source only (right-centre column), and source-plane pixelized source reconstruction (right column) are shown. The top row 

shows fits to the F390W and bottom row the F814W wav ebands, respectiv ely. All images are in units of electrons per second. The lens model is the maximum 

likelihood model inferred at the end of the first SLaM (see Section 3.8 ) pipeline run, which produces a lens subtracted image. The black lines show the mass 
model’s tangential critical curve for all panels in the image plane (central columns) and the tangential caustic for panels in the source plane (right-hand column). 

Figure 3. Illustration of how Abell 1201’s lens configuration is sensitive to 
the lens galaxy’s SMBH. Both images on the top row are simulated using 
the same lens mass model (a PL with external shear) and source galaxy light 
model (an elliptical Sersic). In the left-hand panel, an SMBH is not included, 
whereas in the right-hand panel an M BH = 10 10 M � SMBH is included at 
(0.0, 0.0), which is marked with a black cross. The bottom row shows a zoom 

in on the counter image. The SMBH changes the location, appearance, and 
brightness of the counter image but does not lead to visible changes in the 
giant arc. The tangential critical curve is shown by a black line and radial 
critical curve a white line. The latter does not form for sufficiently steep mass 
profiles (Kochanek 2004 ), including the model with an SMBH shown here. 
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here D l , D s , and D ls are, respectively, the angular diameter distances
o the lens, to the source, and from the lens to the source, and c is the
peed of light. 

.3 Lens light models 

he lens light profile intensities I are computed using one or more
lliptical Sersic profiles (Sersic 1968 ) 

 Ser ( ξl ) = I exp 

{
− k 

[(
ξ

R 

) 1 
n 

− 1 

]}
, (3) 

hich has seven free parameters: ( x , y ), the light centre, ( ε1 , ε2 ) the
lliptical components, I , the intensity at the ef fecti ve radius R and
 , the Sersic index. k is a function of n (Trujillo et al. 2004 ). These
arameters are given superscripts depending on which component 
f the lens galaxy they are modelling, for example the Sersic index
f the bulge component is n bulge . Models with multiple light profiles
re e v aluated by summing each individual component’s intensities. 
p to three light profiles are fitted to the lens galaxy representing a
 ulge, b ulge + disc or bulge + disc + envelope, with their superscript
atching these terms. The Sersic profile intensities are computed 

sing an adaptiv e o v ersampling routine that computes all values to a
ractional accuracy of 99 . 99 per cent . 

Bayesian model comparison is used to determine the light model 
omplexity, from the five models listed in Table 1 . These mod-
ls assume one, two or three Sersic profiles and make different
ssumptions for how their centres and elliptical components are 
ligned. Model comparison is performed separately for the F390W 

nd F814W images. Appendix A provides the priors of every Sersic
rofile parameter assumed in this study. 
MNRAS 521, 3298–3322 (2023) 
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Table 1. The five models for the lens’s light that are fitted and compared 
in the Light pipeline. The lens light model assumes either one, two or 
three Sersic profiles and makes different assumptions as to whether their 
( x , y ) centre and elliptical components ( ε1 , ε2 ) are aligned. A tick mark 
indicates that this assumption is used in the model, for example the 
second row is a model where both the elliptical components and centres 
are aligned. 

Number of Aligned elliptical Aligned centres 
Sersics components 

1 N/A N/A 
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.4 Lens mass models 

his work fits a variety of lens galaxy mass models, which are
ummarized in Table 2 . We fit decomposed mass models, where the
ight profile(s) that represent the lens’s light are translated to stellar
ensity profiles (via a mass-to-light profile) to perform ray-tracing
Nightingale et al. 2019 ). 

The lens’s light and stellar mass are modelled as a sum of Sersic
rofiles, where the Sersic profile given by equation ( 3 ) is used to give
he light matter surface density profile 

Ser ( ξ ) = 
 

[
qξ

R 

]� 

I Ser ( ξl ) , (4) 

here 
 gives the mass-to-light ratio in electrons per seconds (the
nits of the HST imaging) and � folds a radial dependence into the
onversion of mass to light. A constant mass-to-light ratio is given for
 = 0. If there are multiple light profile components (e.g. a bulge and
isc) they assume independent values of 
 and �. Deflection angles
or this profile are computed via an adapted implementation of the
ethod of Oguri ( 2021 ), which decomposes the convergence profile

nto multiple cored steep elliptical profiles and efficiently computes
he deflection angles from each. 

Observationally, early-type galaxies are observed to exhibit steep
nternal gradients in some spectral features associated with dwarf
tars. If these features are truly driven by variations in the initial
ass function, as advocated by van Dokkum et al. ( 2017 ), La Barbera

t al. ( 2019 ), then substantial stellar mass-to-light ratio gradients are
NRAS 521, 3298–3322 (2023) 

Table 2. The light and mass profiles used in this work. Column 1 gives the m
Column 3 states what component of mass it represents. Column 4 gives its assoc

Model Component Represents Parameters 
Point mass Mass Black hole θ smbh 

E : Einst

Sersic Light + Stellar matter ( x , y ): centre
Mass (Bulge, disc, I : intensity 

envelope) n : Sersic ind

: mass-to-

Elliptical NFW Mass Dark matter ( x dark , y dark )
M 

dark 
200 : mass

Shear Mass Line of sight ( εext 
1 , εext 

2 ): e

Elliptical Mass Total (stellar ( x mass , y mass

Power law (PL) + dark matter) θmass 
E : Einste

Broken Mass Total (stellar ( x mass , y mass

Power law (BPL) + dark matter) θmass 
E : Einste

r mass 
B : break
xpected (Ferreras et al. 2019 ). Some evidence for such trends have
ndeed been reported by previous lensing studies using decomposed

ass models (e.g. Oldham & Auger 2018 ). We therefore fit a stellar
ass model which allows for different mass-to-light ratios and radial

radients in each stellar component (bulge, disc, and envelope). This
nsures that we do not incorrectly fa v our the inclusion of an SMBH,
s could otherwise occur if there is no other way for the lens model
o increase the amount of mass centrally. 

The dark matter component is given by an elliptical Navarro–
renk–White (NFW) profile. Parameters associated with the lens’s
ark matter have superscript ‘dark’. The NFW represents the univer-
al density profile predicted for dark matter halos by cosmological
 -body simulations (Zhao 1996 ; Navarro, Frenk & White 1997 ) and
ith a volume mass density given by 

= 

ρdark 
s 

( r /r dark 
s )(1 + r /r dark 

s ) 2 
. (5) 

he halo normalization is given by ρdark 
s and the scale radius by

 

dark 
s . The dark matter normalization is parametrized using the mass
t 200 times the critical density of the Universe, M 

dark 
200 , as a free

arameter. The scale radius is set via M 

dark 
200 using the mean of the

ass–concentration relation of Ludlow et al. ( 2016 ), which uses the
ens and source redshifts to convert this to units of solar masses. 

The dark matter model has five free parameters: ( x dark , y dark ), the
entre, ( εdark 

1 , εdark 
2 ), the elliptical components and; the mass, M 

dark 
200 . In

ppendix D , we fit an elliptical NFW using a parametrization which
lso varies the concentration of the NFW, to test models which can
ncrease the dark matter central density. The deflection angles of the
lliptical NFW are computed via the same method used for the Sersic
rofile (Oguri 2021 ). 
An external shear field is included and parametrized as two

lliptical components ( εext 
1 , εext 

2 ), where parameters associated with
he lens’s external shear have superscript ‘ext’. The shear magnitude

ext and the orientation of the semimajor axis θ ext , measured counter-
lockwise from north, are given by 

ext = 

√ 

εext 2 
1 + εext 2 

2 , tan 2 φext = 

εext 
2 

εext 
1 

. (6) 

eflection angles are computed analytically. 
To test for the presence of an SMBH via Bayesian model

omparison, every model is fitted with and without a point-mass,
hose parameters have superscript ‘smbh’. This model includes a
odel name. Column 2 whether it models the lens’s light, mass, or both. 
iated parameters and units. 

ein radius (arcsec) 

 (arcsec) ( ε1 , ε2 ): elliptical components 
R : ef fecti ve radius (arcsec) 

ex 
light ratio (e - s -1 ) �: radial gradient 

: centre (arcsec) ( εdark 
1 , εdark 

2 ): elliptical components 
 at 200 (M �) 

lliptical components 
 ): centre (arcsec) ( εmass 

1 , εmass 
2 ): elliptical components 

in radius (arcsec) γ mass : density slope 
 ): centre (arcsec) ( εmass 

1 , εmass 
2 ): elliptical components 

in radius (arcsec) t mass 
1 : inner density slope 

 radius (arcsec) t mass 
2 : outer density slope 
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ingle free parameter, the Einstein radius θ smbh 
Ein , which is related to 

ass as 

 BH = � crit π ( θ smbh 
Ein ) 2 . (7) 

smbh 
Ein is in units of arcseconds and M BH in stellar masses. Point 
ass deflection angles are computed analytically. The SMBH 

 x smbh , y smbh ) centre is aligned with the highest Sersic index light
rofile (e.g. the bulge) for decomposed mass models. 
In Appendix D , we fit total mass models that represent all

he mass (e.g. stellar plus dark) in a single profile, either the
lliptical power law (PL; Tessore, Bellagamba & Metcalf 2016 ) or
he elliptical broken power law (BPL) introduced by O’Riordan, 

arren & Mortlock ( 2019 ), O’Riordan, Warren & Mortlock ( 2020 ),
nd O’Riordan, Warren & Mortlock ( 2021 ). Parameters associated 
ith the total mass model have superscript ‘mass’. For these models 

he SMBH ( x smbh , y smbh ) centre is aligned with the centre of the PL
r BPL mass profile. The results of fitting this model are summarized
n the main paper. 

We fit a number of additional lens mass models that make different
ssumptions, in order to verify that none change any of this paper’s
ain results. An additional galaxy is present towards the right of the

iant arc, as shown in the first panel of Fig. 1 . In Appendix E , we
nclude this galaxy in the lens mass model. In Appendix F , we fit

odels where the SMBH position is free to vary. In Appendix G , we
t mass models with a shallower inner density profile, which form a

arge radial critical curve. 

.5 Sour ce r econstruction 

fter subtracting the foreground lens emission and ray-tracing the 
oordinates to the source-plane via the mass model, the source is
econstructed in the source-plane using an adaptive Voronoi mesh 
hich accounts for irregular or asymmetric source morphologies 

see Fig. 2 ). Our results use the PYAUTOLENS pixelization 
oronoiBrightnessImage , which adapts the centres of the 
oronoi pixels to the reconstructed source morphology, such that 
ore resolution is dedicated to its brighter central regions (see 
ightingale, Dye & Massey 2018 ). 
The reconstruction computes the linear superposition of PSF- 

meared source pixel images that best fits the observed image. This
ses the matrix f ij , which maps the j th pixel of each lensed image
o each source pixel i . When constructing f ij we apply image-plane
ubgridding of degree 4 × 4, meaning that 16 × j subpixels are 
ractionally mapped to source pixels with a weighting of 1 

16 , removing 
liasing effects (Nightingale & Dye 2015 ). 

Following the formalism of (Warren & Dye 2003 , WD03 here- 
fter), we define the data vector � D i = 

∑ J 

j = 1 f ij ( d j − b j ) /σ 2 
j and

urvature matrix F ik = 

∑ J 

j = 1 f ij f kj /σ
2 
j , where d j are the observed

mage flux values with statistical uncertainties σ j , and b j are the 
odel lens light values. The source pixel surface brightnesses values 

re given by s = F 

−1 � D , which are solved via a linear inversion that
inimizes 

2 = 

J ∑ 

j = 1 

[
( 
∑ I 

i = 1 s i f ij ) + b j − d j 

σj 

]
. (8) 

he term 

∑ I 

i = 1 s i f ij maps the reconstructed source back to the image
lane for comparison with the observed data. 
This matrix inversion is ill-posed; therefore, to a v oid o v erfitting

oise, the solution is regularized using a linear regularization matrix 
 (see WD03 ). The matrix H applies a prior on the source recon-

truction, penalizing solutions where the difference in reconstructed 
ux of neighbouring Voronoi source pixels is large. We use the
YAUTOLENS regularization scheme AdaptiveBrightness , 
hich adapts the degree of smoothing to the reconstructed source’s 

uminous emission (see Nightingale et al. 2018 ). The degree of
moothing is chosen objectively using the Bayesian formalism 

ntroduced by Suyu et al. ( 2006 ). The likelihood function used in
his work is taken from Dye et al. ( 2008 ) and is given by 

− 2 ln L = χ2 + s T H s + ln 
[
det ( F + H ) 

]− ln 
[
det ( H ) 

]
+ 

J ∑ 

j = 1 

ln 
[
2 π( σ j ) 

2 
]

. (9) 

The step-by-step Jupyter notebooks linked to abo v e describes 
o w the dif ferent terms in this likelihood function compare and
anks different source reconstructions, allowing one to objectively 
etermine the lens model that provides the best fit to the data in a
ayesian context. 

.6 Data preparation 

n both, the F390W and F814W wavebands there is emission 
rom nearby interloper galaxies towards the right of the giant arc,
hich can be most clearly seen in the upper left-hand panel of
ig. 1 . Including this emission would ne gativ ely impact our analysis;

herefore, we remo v e it beforehand. Our lens analysis assumes a
ircular mask of radius 3.7 arcsec, whereby all image-pixels outside 
his circular region are not included in the fitting procedure. The
entral panels of Fig. 1 show that this mask remo v es the majority
f foreground emission; ho we ver, a small fraction is still within
his circle. We therefore subtract it using a graphical user interface,
eplacing it with background noise in the image and increasing 
he RMS noise-map values of these pixels to ensure they do not
ontribute to the likelihood function. We also consider lens models 
hat include this galaxy in the ray-tracing (see Appendix E ). 

.7 Light model waveband 

he wavelength at which the lens galaxy’s emission is observed 
s important for tracing its stellar mass distribution. The F390W 

mage of Abell 1201 observes the lens galaxy at rest-frame ultra-
iolet wavelengths, possibly probing younger stellar populations 
ith lower mass-to-light ratios. The F814W image observes rest- 

rame near infrared (NIR) emission and probes more aged and 
eddened stellar populations that make up a greater fraction of the
tellar mass. This can be seen in Fig. 1 , where only the central
egions of the lens are visible in the F390W image compared to the
814W image. The F390W image is therefore less appropriate for 
onstraining the stellar mass component of the lens model. 

Therefore, to fit the decomposed mass model to the F390W image
e use the maximum likelihood Sersic light model parameters 
f the F814W fits that are chosen after the lens light Bayesian
odel comparison (see Section 3.3 ). The mass-to-light ratio and 

radient parameters of each Sersic remain free to vary, ensuring high
exibility in the model’s stellar mass distribution. Fits are performed 
sing a lens light subtracted image for the F390W image which is
utput midway through the analysis. To ease the comparison between 
ts to the F390W and F814W images, we follow the same approach
ith the F814W image, using the same fixed maximum likelihood 
ersic parameters and fitting a lens subtracted image output midway 

hrough the analysis. 
MNRAS 521, 3298–3322 (2023) 
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.8 SLaM pipelines 

he models of lens mass, lens light and source light are complex
nd their parameter spaces highly dimensional. Without human
ntervention or careful set up, a model-fitting algorithm (e.g. a

arkov chain Monte Carlo search) may converge very slowly to
he global maximum likelihood solution. PYAUTOLENS therefore
pplies ‘non-linear search chaining’ to break the search into a se-
uence of tractable operations. Using the probabilistic programming
anguage PyAutoFit PyAutoFit, we fit a series of parametric
ens models that approximate the form of the desired model, with
rowing complexity. A fit to the simplest model provides information
o initialize a fit to the next model. The final search is started
round the global maximum likelihood and with priors reflecting
he likelihood surface. Each fit in this chain uses the nested sampler
 DYNESTY Speagle 2020 ) joshspeagle/DYNESTY. The models
sed to perform this analysis extend the Source, Light and Mass
SLaM) pipelines described by Etherington et al. ( 2022a , hereafter
22 ), Cao et al. ( 2021 ), and He et al. ( 2023 ). They are available at
t tps://github.com/Jammy2211/aut olens workspace . 
The first pipeline, called the Source pipeline, initializes the

ixelized source model by inferring a robust lens light subtraction
using a double Sersic model) and total mass model (using a PL with

= 2 plus shear). The highest likelihood lens model and source
econstruction at this stage of the pipeline are shown in Fig. 2 . They
ive an accurate foreground lens subtraction and reconstruction of
he lensed source’s light. 

The Light pipeline follows, which uses fixed values of the mass
nd source parameters corresponding to the maximum likelihood
odel of the Source pipeline. The lens’s mass is therefore again
tted using a total mass model such that the lens light model does
ot yet contribute to the ray-tracing. The only free parameters
n this pipeline are those of the lens light and all five of the
odels listed in Table 1 are fitted independently, enabling Bayesian
odel comparison. The results of the Light pipeline, including

he models chosen for all subsequent model fits, are presented in
ppendix B . 
The final pipeline is the Mass pipeline, which in E22 directly

ollows the Light Pipeline, fitting PL mass profiles representing the
otal mass distribution. In this work, we do not immediately start the

ass pipeline after the Light pipeline, due to the complications of
tting the stellar component of the decomposed models to the F390W

maging data discussed previously (see Section 3.7 ). Instead, the lens
ight models fa v oured by model comparison are used to output lens-
ubtracted F390W and F814W images. An analysis of these images
s then performed from scratch, starting a new SLaM pipeline fit that
ses a scaled down Source pipeline, which remo v es models that fit
he lens light, and which omits the Light pipeline completely (see
22 ). 
When this analysis reaches the Mass pipeline, it fits the decom-

osed models (models assuming two or three Sersic profiles for the
ens light and stellar mass) and the total mass models (the PL and
PL), whose results are described in Appendix D . Every mass model

s fitted twice, with and without a point mass representing an SMBH.
he Bayesian model comparison of these mass models is the main
omponent of this work’s results. 

As described in E22 , the SLaM pipelines use prior passing to
nitialize the regions of parameter space that DYNESTY will search
n later pipelines, based on the results of earlier pipelines. Appendix A
ives a description of the priors used in this work. We also use the
ikelihood cap analysis described in E22 to estimate errors on lens
odel parameters. 
NRAS 521, 3298–3322 (2023) 
.9 Bayesian evidences 

he Bayesian evidence, Z , of every lens model we fit is estimated
y DYNESTY and is given by equation (2) of Speagle ( 2020 ). The
ayesian evidence is the integral over all parameters in the model
nd therefore naturally includes a penalty term for including too
uch complexity in a model – if a model has more free parameters

t is penalized for this complexity. The evidence is computed via
ampling of equation ( 9 ). Our analysis therefore incorporates the
rinciple of Occam’s razor, whereby more complex models are only
a v oured if they improve the fit enough to justify their additional
omplexity compared a simpler model. To compare models, we use
he difference in log evidence, � ln Z . An increase of � ln Z = 4 . 5
or one model o v er another corresponds to odds of 90:1 in fa v our
f that model. For comparisons of lens models with and without an
MBH this corresponds to a 3 σ detection of the SMBH. An increase
f � ln Z = 11 corresponds to a 5 σ detection. 
Ho we ver, there are sources of uncertainty in the evidence estimate

hat means taking these numbers at face value is problematic. For
xample, there is an error on the evidence estimated by DYNESTY ,
ith identical runs of a lens model showing variations of ln Z ∼ 5

due to stochasticity in the DYNESTY sampling process). Adjusting
he priors on the lens model parameters or reparametrizing the model
lso change its value, with tests showing variations up to ln Z ∼ 5.
ccordingly, we consider values of � ln Z > 10 sufficient to fa v our
ore complex models over simpler ones, including the detection of

n SMBH. 

 RESULTS  

e now present the results of lens modelling of Abell 1201. We first
xamine the preferred choice of lens light models, inferred using an
sothermal mass model that omits an SMBH. Then we present results
sing the more complex stellar plus dark matter decomposed mass
odels, which may also include an SMBH. We discuss additional
ass models which assume a total mass profile. In each case, we

xamine the reconstruction of the near-centre counter image that is
ighly sensitive to the central mass distribution and SMBH, as well
s the quantitative Bayesian evidence, Z . 

.1 Lens Light model 

he choice of lens light model via Bayesian model comparison is
escribed in Appendix B and summarized as follows: 

(i) All light models with two or three Sersic profiles are fa v oured
 v er models with one Sersic, producing Bayesian evidence increases
f � ln Z > 300. 
(ii) The two Sersic models whose centres, position angles, and

xis ratios are unaligned produce values of � ln Z > 100 compared
o two Sersic models that assume alignment. 

(iii) For the F814W image, the three Sersic models marginally
ive the highest evidence o v erall, where � ln Z = 12 compared with
he double Sersic with unaligned geometric parameters. We use this
mage to create the lens light subtracted image that mass models are
tted to. 
(iv) The triple Sersic could not be constrained in the F390W band,

wing to its observed lower rest-frame wavelength. We therefore use
he double Sersic with aligned parameters to create the F390W lens
ight subtracted image. 

Fig. 4 shows the highest evidence lens light model fits to the
390W and F814W images. A good fit to the lens galaxy’s emission

https://github.com/rhayes777/PyAutoFit
https://github.com/joshspeagle/dynesty
https://github.com/Jammy2211/autolens_workspace
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Figure 4. Lens light subtractions of HST imaging of Abell 1201. The observed images (left column), image-plane model images of the lens and source galaxies 
(left-centre column), normalized residuals (right-centre column) and a zoom-in of these residuals near the counter image (right column) are shown. The top row 

shows the F390W and bottom row the F814W wav ebands respectiv ely. The lens model is the maximum likelihood model inferred at the end of the first SLaM 

pipeline run, which produces a lens subtracted image. For the F390W data, a double Sersic lens light model with offset centres and elliptical components is 
shown, whereas for the F814W data a triple Sersic model is used. The magenta circle indicates residuals that are due to the lens light subtraction. The counter 
image is fitted poorly in the F390W image, because the mass model (which is an isothermal mass model with shear) does not enable an accurate reconstruction 
of the lensed source’s structure. 

Table 3. The inferred model parameters of the lens light models with one, two and three Sersic profiles fitted to the F814W image in the Light pipeline. 
The two Sersic model does not assume alignment in its geometric parameters. Errors are given at 3 σ confidence intervals. 

Model Component x (arcsec) y (arcsec) ε1 ε2 I (e - s -1 ) R eff (arcsec) n 

Sersic x1 Bulge 0 . 001 + 0 . 003 
−0 . 003 0 . 008 + 0 . 003 

−0 . 003 0 . 087 + 0 . 005 
−0 . 005 −0 . 086 + 0 . 005 

−0 . 005 0 . 010 + 0 . 002 
−0 . 002 7 . 18 + 1 . 28 

−1 . 08 3 . 78 + 0 . 18 
−0 . 18 

Sersic x2 Bulge −0 . 009 + 0 . 003 
−0 . 004 0 . 003 + 0 . 003 

−0 . 003 0 . 030 + 0 . 011 
−0 . 012 −0 . 062 + 0 . 010 

−0 . 001 0 . 26 + 0 . 01 
−0 . 02 0 . 46 + 0 . 04 

−0 . 04 1 . 25 + 0 . 08 
−0 . 07 

Disc 0 . 069 + 0 . 015 
−0 . 012 0 . 032 + 0 . 018 

−0 . 016 0 . 16 + 0 . 015 
−0 . 012 −0 . 14 + 0 . 011 

−0 . 013 0 . 030 + 0 . 005 
−0 . 006 5 . 14 + 0 . 94 

−0 . 63 1 . 31 + 0 . 26 
−0 . 12 

Sersic x3 Bulge −0 . 005 + 0 . 004 
−0 . 005 −0 . 002 + 0 . 004 

−0 . 004 0 . 047 + 0 . 010 
−0 . 013 −0 . 046 + 0 . 015 

−0 . 013 0 . 22 + 0 . 012 
−0 . 014 0 . 46 + 0 . 03 

−0 . 03 1 . 28 + 0 . 06 
−0 . 06 

Disc 0 . 12 + 0 . 06 
−0 . 04 −0 . 048 + 0 . 045 

−0 . 0657 0 . 22 + 0 . 042 
−0 . 030 −0 . 11 + 0 . 03 

−0 . 02 0 . 025 + 0 . 004 
−0 . 006 4 . 63 + 1 . 42 

−1 . 30 1 . 16 + 0 . 25 
−0 . 28 

Envelope −0 . 071 + 0 . 079 
−0 . 06 0 . 033 + 0 . 08 

−0 . 10 0 . 032 + 0 . 079 
−0 . 083 −0 . 27 + 0 . 061 

−0 . 068 0 . 0024 + 0 . 0042 
−0 . 0018 12 . 15 + 17 . 13 

−7 . 71 2 . 37 + 0 . 90 
−0 . 64 
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nd a clean subtraction is seen. Table 3 gives a subset of inferred
arameters for fits to the F814W data and the full results of lens light
odel comparison are presented in Appendix B . 
A small magenta circle is plotted on this figure and subsequent 

gures to indicate where the centre of the lens galaxy is. Within this
agenta circle faint correlated residuals due to a slightly imperfect 

ens light subtraction can be seen. These are more visible in the
814W image, which is e xpected giv en the lens stellar emission is
uch brighter. The residuals appear as a dipole-like feature, which is

ommonly seen for lens light subtractions of HST imaging of strong
enses (e.g. Etherington et al. 2022a ). 

We considered whether these residuals might be a central image 
f the lensed source galaxy, but in this case the feature would be
uch brighter in the F390W image. Dust absorption could lower the 
390W emission, ho we ver HST F606W observ ations of Abell 1201
lso show no central emission Smith et al. ( 2017a ), making dust
bsorption unlikely. In Appendix G we fit mass models with priors
anually tuned to include a centrally cored mass profile, which 
or the F814W (or the F390W) data do not reconstruct this central
mission. Lens modelling therefore confirms it is not a central image.

.2 Decomposed mass models 

e now present results using decomposed mass models that sep- 
rately model Abell 1201’s stellar and dark matter. Based on the
ens light model comparison, we fit models assuming both two 
nd three Sersic profiles (where parameters for the F390W fits 
se those inferred from fits to the F814W, see Section 3.7 ). We fit
oth models independently to both the F390W and F814W images. 
isualization in this section shows the triple Sersic fits, Appendix C

hows figures for the double Sersic fits. 
Table 4 shows the values of ln Z for decomposed models with

nd without an SMBH. Values of � ln Z > 30 are seen for all model
ts to the F390W image with an SMBH compared to those without.
he highest o v erall value of ln Z is the triple Sersic decomposed
ass model with an SMBH, which is a ln Z value more than 60
MNRAS 521, 3298–3322 (2023) 
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M

Table 4. The Bayesian Evidence, ln Z , of each model fit performed 
by the Mass pipelines using decomposed mass models that assume 
two and three Sersic profiles, an elliptical NFW and external shear. 
Fits to both the F390W and F814W images are shown, where the 
F390W fits assume the Sersic parameters of the F814W image for the 
stellar mass. The fa v oured model given our criteria of � ln Z > 10 
is shown in bold. For the F390W image, all models with an SMBH 

produce � ln Z values of at least 30 abo v e models without an SMBH. 

Filter Number Includes ln Z 

of Sersics SMBH? 

F390W 2 � 125 637.18 
F390W 2 � 125 669.13 

F390W 3 � 125 598.48 
F390W 3 � 125 699.06 

F814W 2 � 78 330.51 
F814W 2 � 78 328.12 

F814W 3 � 78 329.19 
F814W 3 � 78 332.19 
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reater than that for any decomposed model without an SMBH. For
he F814W images all models produce nearly consistent values of
n Z with or without an SMBH, indicating that the higher S/N of the
390W data or the source’s different structure is enabling the SMBH
etection. 
Fig. 5 shows the reconstructed lensed sources and normalized

esiduals for fits to the F390W and F814W images with and without
n SMBH. All models reproduce the giant arc and counter image.
esiduals are seen around the giant arc in the F390W image

ndicating missing complexity in the mass model. These residuals
re seen across all mass models compared in this work (including
ts which include the mass of the line-of-sight galaxy to the right
f the giant arc, see Appendix E ). We therefore do not anticipate
hey impact our inference on the SMBH. The reconstructed counter
NRAS 521, 3298–3322 (2023) 

igure 5. The observed image (left panel), model lensed source and normalized re
anels) and with an SMBH (right-centre and right panel). The top row shows fits 
re seen in the central regions, indicating the lens light model and subtraction are a
arks regions of the data where the brightest regions of the lens light were observe

ritical curve and caustic a white line; the latter does not form for models including
ource reconstructions with and without an SMBH successfully reproduce the gia

heir detailed structure is not fitted accurately. Figs 6 and 7 show zoom-ins of the 
ata. 
mages for the models with and without an SMBH are visibly distinct
nd they produce different residuals, albeit this is difficult to discern
rom Fig. 5 due to the large arc-second scales o v er which the image
s plotted. 

Fig. 6 therefore shows zoom-ins around the counter image for
he F390W image, where models without and with an SMBH
re shown on the top and bottom rows respectively. The model
ithout an SMBH places extraneous flux in the reconstructed

ounter image, which is not present when the SMBH is included
this flux can be seen within the radial critical curve shown by
 white line and the magenta circle, and is not related to the
ens light residuals). Fig. 7 shows zoom-ins for the F814W image
here the same extraneous flux is seen for the model not including

n SMBH. The same behaviour is seen in Appendix C for the
ecomposed models which fits two Sersics instead of three. The
nclusion of the SMBH therefore allows the counter image to be
econstructed more accurately in both wav ebands, remo ving central
uminous emission that is not observed in the data. Removing this
xtraneous flux increases ln Z for the F390W image data only,
mplying that the F814W data are too low S/N for changes in
he counter image reconstruction to impro v e the fit in a Bayesian
ense. 

The inferred one-dimensional (1D) convergence profiles for the
ecomposed models with three Sersic profiles are shown in Fig. 8 .
hen an SMBH is included the inferred mass model convergence

s shallower. Increasing the central density of the lens galaxy’s mass
odel therefore produces a similar lensing effect to including an
MBH and is an alternative way to impro v e the counter image fit.
e will expand on this further when we discuss the total mass model

ts. 
Fig. 9 shows the two-dimensional (2D) probability density func-

ions (PDFs) of the mass model parameters and the SMBH normal-
zation θ smbh 

Ein for fits to the F390W image using the triple Sersic
ecomposed models. θ smbh 

Ein depends on the parameters controlling
he mass distribution (e.g. � 

bulge , � 

disc , � 

env ). 
siduals for decomposed model fits without an SMBH (left-centre and centre 
to the F390W image and bottom row the F814W image. Minimal residuals 
ccurate (the lens light models are visualized in Fig. B1 ). The magenta circle 
d and subtracted. The tangential caustic is shown by a black line and radial 
 an SMBH. 
nt arc and counter image, although residuals are present in both indicating 

counter image to better illustrate how these different models reconstruct the 
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Figure 6. Zoom-ins of the observed counter image in the F390W data (left panel), the model lensed source (left-centre panel), the normalized residuals 
(right-centre panel) and the source reconstruction (right panel). The top and bottom rows show triple Sersic plus NFW decomposed model fits without and with 
an SMBH respectively. All models include an external shear. The magenta circle marks regions of the data where the brightest regions of the lens light were 
observed and subtracted. Models which omit an SMBH form extraneous light in the reconstructed counter image (which is seen just inside the magenta circle), 
which is not present in the data. The tangential caustic is shown by a black line and the radial critical curve and caustic are shown with a white line; the latter 
does not form for models including an SMBH. 

Figure 7. The same as Fig. 6 but for the F814W data. 
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Tables 5 and 6 give the inferred parameter estimates of the 
ecomposed models. We can compare our inferred dark matter halo 
ass to the virial mass estimate of Rines et al. ( 2013 ) (from the infall

austic method), which for an NFW dark matter halo gives M 200 =
.9 ± 0.1 × 10 14 M �. Table 6 shows our estimates of M 200 range
etween M 200 = 0 − 5 × 10 14 M �. Both models with an SMBH
re consistent with Rines et al. ( 2013 ). Our lens model is therefore
nferring a realistic dark matter host halo. 
.3 Total mass models 

he results of fitting total mass models that represent the stars and
ark matter with a single projected mass distribution are given in
ppendix D . For the PL mass model, which has reduced flexibility

n adjusting its central density, the inferred ln Z values without 
n SMBH are o v er 100 below models including an SMBH (PL
r decomposed). When the PL includes an SMBH, ln Z increases 
MNRAS 521, 3298–3322 (2023) 

art/stad587_f6.eps
art/stad587_f7.eps


3308 J. W. Nightingale et al. 

M

Figur e 8. The conver gence as a function of radius inferred using the F390W 

image for the decomposed mass models which assume three Sersic profiles, 
without an SMBH (black) and with an SMBH (red). All models include 
an external shear. Each line is computed using coordinates that extend 
radially outwards from the centre of the mass profile and are aligned with its 
major axis. Shaded regions for each mass model’s convergence are shown, 
corresponding to the inferred 3 σ confidence intervals. The 1D convergence 
of the SMBH is not included, to make comparison of each mass model’s 
convergence straightforward. 
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o within ∼10 of the decomposed models with an SMBH. The
L fits therefore strongly fa v our an SMBH. The counter image
econstructions also reflect those seen abo v e, whereby PL models
ithout an SMBH show extraneous flux which is remo v ed when an
MBH is included. 
For the BPL, which has more flexibility in adjusting its central

ensity, the model without an SMBH infers ln Z = 125699 . 90 for the
390W data. This is within 10 of the highest evidence decomposed
nd PL models with an SMBH. This model also reconstructs the
ounter image without extraneous flux. In a Bayesian sense, the BPL
odel without an SMBH is therefore as likely as any model fitted in
NRAS 521, 3298–3322 (2023) 

igure 9. The 2D PDF of fits to the F390W image of Abell 1201 using the triple
very lens mass model parameter paired with the SMBH normalization θ smbh 

Ein whic
 and 2 σ confidence intervals respectively. 

Table 5. The inferred stellar mass, shear, and SMBH model parameters of the de
F390W image in the mass pipeline. Errors are given at 3 σ confidence intervals. 

Model 
 

bulge 
 

disc 
 

envelope � 

bulge 

(e - s -1 ) (e - s -1 ) (e - s -1 ) 

x3 Sersic 1 . 47 + 0 . 69 
−0 . 55 1 . 14 + 0 . 44 

−0 . 28 2 . 32 + 1 . 05 
−0 . 95 0 . 57 + 0 . 21 

−0 . 32 

x2 Sersic 1 . 65 + 0 . 69 
−0 . 61 0 . 95 + 0 . 74 

−0 . 30 0 . 46 + 0 . 35 
−0 . 34 

x3 Sersic + SMBH 0 . 54 + 0 . 26 
−0 . 38 1 . 45 + 0 . 55 

−0 . 33 1 . 69 + 0 . 63 
−1 . 05 0 . 50 + 0 . 37 

−0 . 25 

x2 Sersic + SMBH 0 . 87 + 0 . 61 
−0 . 80 1 . 25 + 0 . 57 

−0 . 46 0 . 15 + 0 . 65 
−1 . 12 
his work with an SMBH, calling into question whether an SMBH is
ecessary in the lens model. 
The inferred BPL model increases its central density abo v e an y

ecomposed model inferred in Section 4.2 . In Appendix D , we
herefore verify that the decomposed model parametrization can
ttain the same central density as the BPL. We show that it does
hen the bulge’s radial gradient parameter is increased to � 

bulge =
.9. The reason we do not infer this model is because this model is
ower likelihood than models inferred abo v e, where � 

bulge = ∼0.5,
ndicating that increasing the stellar mass density produces a different
ensing effect to including an SMBH. In Appendix D , we also fit
odels where the dark matter concentration is free to vary, such that

t can reach the same central density as the BPL. These models again
o not produce solutions with as high an evidence as those presented
bo v e. 

For the high-density BPL model to fit the data as well as the mass
odels with an SMBH, its ( x mass , y mass ) centre assumes values that

re ≥100 pc offset from the centre of the bulge’s luminous emission.
n Appendix D , we show that if the BPL model centre is aligned with
he luminous bulge it produces a much lower ln Z . The BPL model is
uilt-on the assumption that it can simultaneously represent both the
tellar and dark matter mass distributions (O’Riordan et al. 2019 ).
herefore, on the grounds that a 100 pc offset between the light and

otal mass distribution is non-physical and breaks the underlying
ssumption on which the BPL is built, we favour models including
n SMBH which do not require this offset. 

.4 Alternati v e models 

e verify that the inclusion of an SMBH is still fa v oured for a number
f alternative lens galaxy mass models. In Appendix E , we include
he ray-tracing effects of the line-of-sight galaxy to the north-east
f the giant arc, by modelling it as a singular isothermal sphere. In
ppendix F , we fit lens models which allow the centre of the SMBH

o vary as a free parameter. In Appendix G , we explore a family of
olutions where the lens mass model has a shallow (or cored) inner
ensity, therefore forming a larger radial critical curve than those
nferred in the main paper. For all alternative models, an SMBH is
a v oured with the same or greater significance than shown for the
 Sersic decomposed mass model. Marginalized 2D contours are shown for 
h is related to M BH , see equation ( 7 ). The inner and outer contours co v er the 

composed mass models with two and three Sersic components fitted to the 

� 

disc � 

envelope εext 
1 εext 

2 θ smbh 
Ein ( 

′′ 
) 

0 . 34 + 0 . 19 
−0 . 18 0 . 12 + 0 . 08 

−0 . 12 −0 . 097 + 0 . 042 
−0 . 044 0 . 19 + 0 . 05 

−0 . 07 

0 . 29 + 0 . 16 
−0 . 14 −0 . 084 + 0 . 061 

−0 . 057 0 . 13 + 0 . 06 
−0 . 06 

0 . 41 + 0 . 14 
−0 . 11 0 . 33 + 0 . 20 

−0 . 12 −0 . 14 + 0 . 02 
−0 . 02 0 . 22 + 0 . 02 

−0 . 04 0 . 48 + 0 . 07 
−0 . 11 

0 . 48 + 0 . 12 
−0 . 18 −0 . 14 + 0 . 04 

−0 . 03 0 . 20 + 0 . 03 
−0 . 04 0 . 42 + 0 . 09 

−0 . 17 
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Table 6. The inferred dark matter model parameters of the decomposed mass models with two and three Sersic components fitted to the F390W image in 
the Mass pipeline. Errors are given at 3 σ confidence intervals. 

Model x dark (arcsec) y dark (arcsec) εdark 
1 εdark 

2 M 

dark 
200 ( M � × 10 14 ) 

x3 Sersic 0 . 048 + 0 . 108 
−0 . 126 0 . 050 + 0 . 100 

−0 . 121 0 . 022 + 0 . 110 
−0 . 090 0 . 13 + 0 . 12 

−0 . 15 3 . 43 + 1 . 24 
−7 . 76 

x2 Sersic 0 . 031 + 0 . 059 
−0 . 058 0 . 11 + 0 . 17 

−0 . 12 0 . 032 + 0 . 084 
−0 . 106 0 . 017 + 0 . 119 

−0 . 097 5 . 55 + 3 . 29 
−2 . 19 

x3 Sersic + SMBH 0 . 13 + 0 . 08 
−0 . 17 0 . 17 + 0 . 03 

−0 . 10 −0 . 036 + 0 . 066 
−0 . 115 0 . 19 + 0 . 12 

−0 . 16 1 . 43 + 6 . 48 
−6 . 28 

x2 Sersic + SMBH −0 . 22 + 0 . 12 
−0 . 12 0 . 008 + 0 . 084 

−0 . 088 −0 . 015 + 0 . 086 
−0 . 159 0 . 095 + 0 . 094 

−0 . 067 1 . 69 + 8 . 31 
−4 . 37 

Figure 10. The 1D PDFs of the SMBH mass M BH for fits to the F390W 

image of Abell 1201. Inferred values of M BH are shown for the decomposed 
mass model with three Sersics, two Sersics, and the PL total mass model. The 
BPL fitted in Appendix D and discarded due to its non-physical 100 pc offset. 
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Figure 11. The reconstructed counter image for a BPL models without an 
SMBH (left-hand panel) and including a M BH = 1.0 × 10 11 M � SMBH for 
fits to the F390W image. The fit including a M BH = 10 11 M � SMBH displaces 
the reconstructed counter image such that it does not fit the data accurately. 

Table 7. The Bayesian evidences, ln Z , of BPL mass model 
fits that include an SMBH with a fixed mass. A 1D grid of fits 
are sho wn, which iterati v ely increase the SMBH mass M BH . F or 
SMBHs abo v e masses of M BH = 5.349 × 10 10 M �, all ln Z 

values are at least 20 below the BPL model without an SMBH 

where ln Z = 125699 . 90. Therefore, SMBHs abo v e this mass 
are ruled out by the data, because they deform the reconstruction 
of the counter image (see Fig. 11 ). 

θ smbh 
Ein ( 

′′ 
) M BH (M � × 10 10 ) ln Z 

None 0 .0 125699.90 
0.2 0 .513 125706.18 
0.3 1 .145 125693.19 
0.4 2 .030 125686.63 
0.5 3 .168 125657.25 
0.6 4 .557 125676.59 
0.625 4 .945 125699.68 
0.65 5 .349 125655.86 
0.675 5 .765 125676.04 
0.7 6 .202 125636.15 
0.725 6 .651 125624.91 
0.75 7 .118 125648.55 
0.775 7 .580 125656.45 
0.8 8 .099 125617.61 
0.9 10 .248 125464.21 
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.5 SMBH mass 

he 1D PDFs for M BH for the decomposed two and three Sersic
odels and PL total mass model are shown in Fig. 10 . At 3 σ

onfidence, the SMBH mass inferred for fits to the F390W image for
ifferent mass models (excluding the BPL due to its non-physical 
ffset centre) are as follows : 

(i) M BH = 2 . 22 + 1 . 41 
−1 . 06 × 10 10 M � for the triple Sersic decomposed

odel. 
(ii) M BH = 2 . 91 + 1 . 17 

−0 . 91 × 10 10 M � for double Sersic fits. 
(iii) M BH = 3 . 95 + 1 . 44 

−1 . 47 × 10 10 M � for the PL model. 

To estimate a final value of M BH , we simply estimate the value
hich spans the full range of measurements, producing M BH = 

.27 ± 2.12 × 10 10 M � at 3 σ confidence. 

.6 Upper limit analysis 

lthough we have discarded the BPL model on the grounds of
hysical plausibility, it can still be used to place an upper limit
n M BH , even with the offset centre. Once an SMBH of sufficiently
igh mass is included in the mass model, it deforms the counter
mage reconstruction in a way which cannot be compensated for by 
educing the inner density of the mass model. To demonstrate this,
ig. 11 shows the reconstructed counter images of a BPL model 
t without an SMBH and with an SMBH whose mass is fixed to
 BH = 10 11 M �. The SMBH displaces the counter image, producing

 reconstruction that is not consistent with the observed data. 
The value M BH = 10 11 M � was chosen to visually emphasize how
 high-mass SMBH disfigures the counter image. We can fit a grid of
PL plus SMBH models where M BH is fixed to incrementally higher
alues between 1 and 10 × 10 10 M � to the F390W data. Table 7
hows the ln Z values for each fit, where a drop of ln Z = 20 is
een abo v e masses of M BH = 5.3 × 10 10 M �. The BPL model with
 non-physical offset centre therefore still places an upper limit of
 BH ≤ 5.3 × 10 10 M �. 
MNRAS 521, 3298–3322 (2023) 
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Figure 12. This work’s measurements of Abell 1201’s SMBH’s mass 
in comparison to the black-hole mass versus velocity dispersion relation, 
from the compilation of van den Bosch ( 2016 ). Abell 1201’s σ e value 
is taken from Smith et al. ( 2017b ). This work’s measurement of M BH = 

3.27 ± 2.12 × 10 10 M � is shown in black, which comes from averaging over 
all mass models. The upper limit of M BH ≤ 5.3 × 10 10 M � inferred for the 
BPL mass model (without an SMBH) is shown for completeness, although 
we have argued this model is less trustworthy due to being non-physical 
(see Appendix D ). This figure is adapted from Smith et al. ( 2017a ) and 
shows their inferred SMBH masses in grey, which come from independent 
analyses using either point-source based strong lens modelling (Smith et al. 
2017a ) or stellar kinematics (Smith et al. 2017b ). Both works report that an 
SMBH with M BH ≥ 10 10 M � fits the data, but neither work could break a 
de generac y with models that assumed a radial gradient in the conversion of 
mass to light. Our inferred value of M BH in Abell 1201 makes it one of the 
highest mass SMBH’s measured. The grey dashed and dotted diagonal lines 
show 1 σ and 2 σ scatter of the mean M BH −σ e relation, with Abell 1201’s 
SMBH approximately a 2 σ positive outlier. 
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While in this study Abell 1201’s counter image contains sufficient
nformation to provide a measurement of M BH , in less fortuitous
ircumstances upper limits on M BH will still be possible in many
trong lenses. 

 DISCUSSION  

.1 Supermassi v e black holes 

.1.1 M BH −σ e relation 

ig. 12 shows the inferred value of M BH = 3.27 ± 2.12 × 10 10 M �
n the black-hole mass versus velocity dispersion relation. This
gure shows that Abell 1201 has one of the largest reported black
ole masses measured so far, making it an ultramassive black hole
Hlavacek-Larrondo et al. 2012 ). Its mass is comparable to the
MBH of the brightest cluster galaxies NGC 3842 and NGC 4889
McConnell & Ma 2013 ) and the field elliptical NGC 1600 (Thomas
t al. 2016 ), all of which are measured via stellar orbit analysis. All
hree objects have similar values of σ e to Abell 1201. 

The SMBH of Abell 1201 is a ∼2 σ outlier abo v e the scatter of the
 BH −σ e relation. Two other objects with similar σ e values to Abell

201, NGC3842, and NGC1600 are ∼1.5–2 σ outliers abo v e the
ean relation. There are no corresponding outliers at ∼1.5 σ below

he mean relation, indicating that for σ e > 250 km s −1 SMBH masses
end to be abo v e the mean M BH −σ e relation. Although there are too
ew objects to draw definitive conclusions, such an upwards kink at
igh σ e is a prediction of different physical processes. For example,
inary SMBH scouring, which saturates σ e whilst increasing M BH 

Kormendy & Bender 2013 ; Thomas et al. 2014 ), as well as AGN
eedback processes (Hlavacek-Larrondo et al. 2012 ). 

.1.2 Stellar core 

assive ellipticals are often observed with a stellar core, quantified
ia the Nuker or cored Sersic models (Hernquist 1990 ; Trujillo et al.
004 ; Dullo & Graham 2013 , 2014 ). BCGs like Abell 1201 may have
xtremely large and flat cores (Postman et al. 2012 ). It is posited that
hese cores form via SMBH scouring, whereby the dissipationless
erging of two SMBHs in the centre of a galaxy preferentially

jects high-mass stars via three-body interactions (Faber et al. 1996 ;
erritt 2006 ; Kormendy et al. 2009 ; Kormendy & Bender 2013 ;

homas et al. 2014 ). We fitted the core-Sersic model to Abell 1201’s
ens galaxy light during our initial analysis; ho we ver, the model
id not produce an impro v ed fit to the data. Typical core sizes are
.02 −0.5 kpc (Dullo 2019 ); therefore, if Abell 1201 has a stellar core
t may be we simply cannot resolve it, due to the data’s resolution of

120 pc pixel −1 . 
Aspects of the lens models that include an SMBH point towards a

ored (or at least shallow) inner density. For example, the PL mass
odel with an SMBH infers a slope γ mass = 1 . 65 + 0 . 12 

−0 . 12 , which is
uch shallower than many massive elliptical strong lenses with near

sothermal slopes of γ mass ∼ 2 (Koopmans et al. 2009 ). Decomposed
odels including an SMBH give comparable inner densities. When
tting the core-Sersic model we only included it in the model for

he lens galaxy’s light. We did not fit it as part of a decomposed
ass model and therefore did not try to constrain the stellar core

ia the ray-tracing and lensing analysis. Future studies hunting for
MBHs in strong lenses may benefit from doing this, because an

mpro v ed model of the lens’s central mass density could help break
he de generac y seen in this work with M BH . 
NRAS 521, 3298–3322 (2023) 
.1.3 Outlook for strong lensing 

bell 1201 is the second strong lens in which the central SMBH mass
as been constrained. It is the first to do so without a central image,
s well as the first to provide a measurement of M BH as opposed to
n upper limit. This raises a number of questions: what is so special
bout Abell 1201 that makes it sensitive to its SMBH? Can M BH be
easured in other known strong lenses? How common an occurrence
ill this be amongst the incoming samples of 100 000 strong lenses?
Abell 1201 is a unique strong lens in that its counter image is

lose to the lens centre and it is a cD galaxy in a galaxy cluster. The
luster potential e x erts a large e xternal shear (which is seen in our
ens models) that brings the counter-image even closer to the lens
entre (Smith et al. 2017a ), an effect that is not present in most known
alaxy-scale strong lenses, which are typically field galaxies. Thus,
 very specific set of circumstances may make Abell 1201 sensitive
o its SMBH, and a strategy to finding more systems is to target
D / BCG galaxies with instruments like Multi Unit Spectroscopic
xplorer (MUSE). 
On the other hand, some known strong lenses in surv e ys like the

loan Lens ACS Surv e y (Bolton et al. 2008 ) and Strong Lensing in
he Le gac y Surv e y (Sonnenfeld et al. 2013 ) may be sensitive to their
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entral SMBH and appropriate lens modelling has simply not been 
erformed. Certainly, every strong lens will provide an upper limit on 
 BH , the question is whether any are low enough to be informative

or models of galaxy evolution. Whilst the multiple images of strong
enses are predominantly observed at radii well beyond Abell 1201’s 
 kpc counter image, there are examples of strong lenses where the
xtended emission of the lensed source goes this close. For example, 
LACS1250 + 0523, which was modelled by Nightingale et al. 
 2019 ). In man y surv e ys, for a candidate strong lens to be worthy
f following up with higher resolution imaging, a visible counter 
mage clearly distinct from the lens’s emission is typically required. 
ystems like Abell 1201 may therefore be common in nature but 
arely selected for follow-up. We leave it to future work to investigate
hat constraints known strong lenses can place on M BH . 
It has long been expected that strong lensing can constrain SMBH
asses when a central third or fifth image is observed (Mao, Witt &
oopmans 2001 ; Rusin & Ma 2001 ; Keeton 2003 ; Hezaveh et al.
015 ). Such a system was presented by Winn et al. ( 2004 ), who
laced an upper limit of M BH < 2 × 10 8 M �. These systems require
he inner density profile of the lens galaxy to be sufficiently cored that
he central image is not demagnifed below the observing instrument’s 
etection limit. Given that no other such observation has been made 
espite numerous attempts (Jackson et al. 2015 ; Wong et al. 2017 ),
his appears to be a rare occurrence. Lower limits on M BH have been
laced in systems, where a central image is not detected (Quinn et al.
016 ). 
Abell 1201 demonstrates that an SMBH mass measurement is 

ossible even when the lens’s inner density is not cored. This offers
ope that large samples of strong lenses can one day constrain 
he M BH −σ e relation. This would enable the masses of non-active 
lack holes to be measured at high redshifts, and would provide 
easurements on the high σ e end of the relation where few ETGs

re observed in the local Universe. With over 100 000 strong lenses
et to be observed in the next decade (Collett 2015 ), it is inevitable
hat more SMBH measurements via strong lensing will be made; 
o we ver, more work is necessary to determine how common an
ccurrence this will be, and in what types of strong lenses and at how
igh of a redshift such constraints are feasible. If the detectability 
f a strong lens’s SMBH depends on a specific set of circumstances
ike Abell 1201, there will also be una v oidable selection effects that

ust be accounted for. 

 SUMMARY  

e present an analysis of the galaxy-scale strong gravitational lens 
bell 1201 using multiwaveband HST imaging. Abell 1201 is a 
articularly unique system for two reasons: (i) its counter image 
s just 1 kpc away from the lens galaxy centre; (ii) it is a cD galaxy
ocated within a galaxy cluster. After e xtensiv e strong lens modelling,
e show that reconstructions of Abell 1201’s counter image provide 

onstraints for mass models that include a central SMBH. After 
erforming Bayesian model comparison, we find that all but one lens 
odel of Abell 1201 prefer the inclusion of an SMBH. By averaging
 v er these models, we infer a value of M BH = 3.27 ± 2.12 × 10 10 M �,
n agreement with previous lensing and stellar dynamics models of 
he system Smith et al. ( 2017a , b ). This makes it one of the largest
lack hole masses measured to date and qualifies it as an ultramassive
lack hole. Its mass is comparable to other high-velocity dispersion 
e systems on the M BH −σ e relation whose masses were measured 
ia stellar orbit analysis. 
There is one mass model without an SMBH which, in a Bayesian

ense, is as plausible as any model including an SMBH. This model
as a lot of flexibility in adjusting its central density and mimics the
ensing effect of the SMBH by increasing its density to be extremely
eak ed; f ar more so than any other mass model. Ho we ver, the
odel simultaneously requires that its mass centre is offset from the

uminous centre of the bulge by ≥100 pc. This offset is not necessary
hen an SMBH is included in the lens model and we therefore

ule-out this model as being non-physical. Even allowing for this 
on-physical offset centre, the model still provides an upper limit 
f M BH ≤ 5.3 × 10 10 M �, as including an SMBH abo v e this mass
ompletely deforms the counter image reconstruction. Therefore, 
ven strong lens systems which are not as fortuitous as Abell 1201 in
heir configuration could provide meaningful constraints on SMBHs 
s upper limits. 

Abell 1201 is the second strong lens to provide constraints on its
entral SMBH mass, following the upper limit of M BH ≤ 2 × 10 8 M �
laced by Winn et al. ( 2004 ) in a strong lens whose central image was
bserved. Our work is therefore the first to not only place an upper
imit but measure M BH and it does so without the rare observation
f a central image. This offers hope that many more strong lens
ystems can potentially constrain the mass of their central SMBH, 
lthough the unique properties of Abell 1201 may mean this remains
 somewhat rare occurrence. Further investigation is necessary to 
raw firm conclusions, but with over one hundred thousand strong 
ens systems set to be disco v ered in the next decade there is hope
hat strong lensing can one day constrain the redshift evolution of
he M BH −σ e relation. 
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Table A1. The priors on every parameter for the mass profiles used in 
from which our final parameter estimates and Bayesian evidences are base
Column 3 gives the type of prior. Column 4 gives the values of that prior f
uniform and log uniform priors l and u give the lower and upper limits ass
width. 

Model Parameter Prior Units 

Elliptical x mass Gaussian arcsec 
Power law (PL) y mass Gaussian arcsec 

εmass 
1 Gaussian 

εmass 
1 Gaussian 

θmass 
E Gaussian arcsec 

γ mass Uniform 

Broken x mass Gaussian arcsec 
power law (BPL) y mass Gaussian arcsec 

εmass 
1 Gaussian 

εmass 
1 Gaussian 

θmass 
E Gaussian arcsec 

t mass 
1 Uniform 

t mass 
2 Uniform 

r mass 
B Uniform arcsec 

Sersic x3 
 

bulge Log Uniform e - s -1 


 

disc Log Uniform e - s -1 


 

env Log Uniform e - s -1 

Sersic x2 
 

bulge Log Uniform e - s -1 


 

disc Log Uniform e - s -1 

All sersics � Uniform 

Elliptical NFW x dark Gaussian arcsec 
y dark Gaussian arcsec 
εdark 

1 Gaussian 

εdark 
1 Gaussian 

M 

dark 
200 Log Uniform M � l

Point mass θ smbh 
E Uniform arcsec 

shear εext 
1 Gaussian 

εext 
2 Gaussian 
PPENDI X  A :  LENS  PROFILES  

1 Priors 

on-linear search chaining (see Section 3.8 ) updates the priors on
he lens model parameters throughout the SLaM pipelines. Table A1 
ists the priors assumed for every mass model parameter in the Mass
ipeline which our Bayesian evidences are based. Details of the 
pecific prior used for every lens model parameter in every model
t are provided at ht tps://github.com/Jammy2211/aut olens abell 1 
01, where the full sets of DYNESTY results are also provided. 
The mass-to-light ratio of each stellar light model assumes log 

niform priors, where the lower and upper limits correspond to values 
hat give Einstein masses of 0.01 and 5 times the Einstein mass
nferred for the total mass profile fitted previously. Radial gradients 
ssume uniform priors between −0.2 and 1.0. The NFW dark matter
MNRAS 521, 3298–3322 (2023) 

this work, when they are fitted in the Mass pipeline and therefore 
d. Column 1 gives the model name. Column 2 gives the parameter. 
or fits to the F390W image and column 5 to the F814W image. For 
umed. For Gaussian priors μ is the centre of the Gaussian and σ its 

Values (F390W) Values (F814W) 

μ = 0.036, σ = 0.05 μ = 0.047, σ = 0.05 
μ = 0.115, σ = 0.05 μ = 0.070, σ = 0.05 
μ = 0.094, σ = 0.2 μ = 0.201, σ = 0.2 

μ = 0.048, σ = 0.2 μ = −0.016, σ = 0.2 

μ = 1.964, σ = 0.491 μ = 2.002, σ = 0.05 

l = 1.5, u = 3.0 l = 1.5, u = 3.0 

μ = 0.036, σ = 0.05 μ = 0.047, σ = 0.05 
μ = 0.115, σ = 0.05 μ = 0.070, σ = 0.05 
μ = 0.094, σ = 0.2 μ = 0.201, σ = 0.05 

μ = 0.048, σ = 0.2 μ = −0.016, σ = 0.05 

μ = 1.964, σ = 0.491 μ = 2.002, σ = 0.05 

l = 0.3, u = 1.5 l = 0.3, u = 1.5 

l = 0.3, u = 2.0 l = 0.3, u = 2.0 

l = 0.0, u = 1.0 l = 0.0, u = 1.0 

l = 0.200, u = 100.163 l = 0.237, u = 118.31 
l = 0.048, u = 24.500 l = 0.105, u = 52.57 
l = 0.092, u = 46.200 l = 0.315, u = 157.66 

l = 0.200, u = 98.872 l = 0.233, u = 116.60 
l = 0.035, u = 17.704 l = 0.079, u = 39.68 

l = −0.2, u = 1.0 l = −0.2, u = 1.0 

μ = 0.0, σ = 0.1 μ = 0.0, σ = 0.1 
μ = 0.0, σ = 0.1 μ = 0.0, σ = 0.1 
μ = 0.0, σ = 0.2 μ = 0.0, σ = 0.2 

μ = 0.0, σ = 0.2 μ = 0.0, σ = 0.2 

 = 1 × 10 10 , u = 1 × 10 15 l = 1 × 10 10 , u = 1 × 10 15 

l = 0.0 u = 3.0 l = 0.0 u = 3.0 

μ = −0.141, σ = 0.05 μ = −0.105, σ = 0.05 

μ = 0.236, σ = 0.05 μ = 0.210, σ = 0.05 
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Table B1. The Bayesian Evidence, ln Z , of each model fit performed by 
the Light pipeline, which compares models with one, two, or three Sersic 
profiles. Fits to both the F814W and F390W images are shown. Models that 
make different assumptions for the alignment of the ( x , y ) centre and ( ε1 , 
ε2 ) elliptical components of the bulge, disc, and envelope are shown. A tick 
mark indicates that this assumption is used in the model, for example the 
second row is a model where both the elliptical components and centres are 
aligned. The triple Sersic model for the F390W is omitted because it went to 
unphysical solutions where one Sersic component was used to fit structure in 
the lensed source. 

Filter Number of Aligned elliptical Aligned Evidence 
Sersics components centres 

F814W 1 N/A N/A 76 664.15 
F814W 2 � � 77 616.09 
F814W 2 � � 78 049.53 
F814W 2 � � 78 181.48 
F814W 3 � � 78 193.40 

F390W 1 N/A N/A 123 604.22 
F390W 2 � � 123 962.79 
F390W 2 � � 124 275.33 
F390W 2 � � 124 663.78 
F390W 3 � � N/A 
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rofile is parametrized with its normalization as the mass at two
undred times the critical density of the Universe, M 

dark 
200 , and assumes

 log uniform prior between 10 9 M � and 10 15 M �. 
Identical prior passing is used in the Source and Light pipelines

s in Etherington et al. ( 2022a ) and we also use the likelihood cap
escribed in this work to infer errors on lens model parameters, with
ll errors quoted at a 3 σ confidence interval unless stated otherwise.

Due to prior passing, the prior on the BPL centre is not
0 . 0 arcsec , 0 . 0 arcsec) but offset to (0 . 036 arcsec , 0 . 115 arcsec) for
he F390W fit. An important aspect of our results is that we infer a
PL centre that is offset from the luminous bulge, which we argue

s non-physical. We verify that manually setting this prior to be
entred on (0 . 0 arcsec , 0 . 0 arcsec) does not infer an accurate model
hat is not offset from the bulge light (these results are included at
t tps://github.com/Jammy2211/aut olens abell 1201 ). In fact, these
ts infer much lower Bayesian evidences. 

PPENDIX  B:  L I G H T  M O D E L S  

his section presents the results of fitting the F390W and F814W
mages of Abell 1201 with different light models, which is performed
n the Light pipeline. Fig. B1 shows projected 2D images of each
odel light profile, for the single Sersic model (top left-hand panel),

he double Sersic model assuming no geometric alignments (top-
entre and top-right panels) and the triple Sersic model (bottom
anels). The single Sersic model infers a compact central bulge
NRAS 521, 3298–3322 (2023) 

igure B1. 2D projections of the individual light profiles for the following three lens galaxy light models: (i) a single Sersic profile (top left-hand panel); (ii) 
 double Sersic profile where the centres and elliptical components are not aligned, representing a central bulge (top middle panel), and extended component 
top right-hand panel); (iii) a triple Sersic model where no geometric components are aligned, representing a bulge, an extended component and a third inner 
omponent (bottom row). All models are fitted with a fixed isothermal mass profile with external shear and a pixelized source reconstruction which changes for 
very light profile fitted. Each intensity plot corresponds to the maximum likelihood light model of a model fit using the F814W image (the F390W image’s 
lue wavelength makes it is less suited to tracing the lens galaxy’s stellar mass). 

m
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Figure B2. The normalized residuals of fits to the F814W image (top row), F390W image (middle row) and 1D decomposed intensity profiles (bottom row) of 
the following five lens galaxy light models model fits (from left to right): (i) a single Sersic profile; (ii) a double Sersic profile where the centres and elliptical 
components are aligned; (iii) where their centres are aligns but elliptical components are not; (iv) where neither components are aligned and; (v) a triple 
Sersic model where no geometric components are aligned. All models are fitted with a fixed isothermal mass profile with external shear and a pixelized source 
reconstruction which changes for every light profile fitted. 1D profiles are computed using coordinates that extend radially outwards from the centre of the light 
profile and are aligned with its major axis. Each plot corresponds to the maximum likelihood light model of a model fit. The shaded regions show estimates of 
each light profile within 3 σ confidence intervals. The black line shows the tangential critical curve of the mass model, the white line the radial critical curve, 
and the black cross(es) towards the centre of each figure the centre(s) of each light profile component. 
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ith Sersic index n bulge � 4, consistent with a massive elliptical 
alaxy. The double Sersic model decomposes the lens galaxy’s light 
nto two distinct components, consisting of a compact bulge similar 
o the single Sersic fit but with a much lower value of n bulge �
.25, surrounded by a more extended and elliptical component where 
 

disc � 1.3. The half-light radius of this extended component is
 

disk 
eff � 5 . 0 ′′ , well beyond the strong lensing features. The triple
ersic model infers these two components, but includes a fainter 
dditional inner structure. 

The Bayesian evidence values, ln Z , of the light models informs 
s which provides the best fit to the data. These are given for both
390W and F814W images in Table B1 . Models assuming a single
ersic profile give significantly worse fits than those using multiple 
rofiles, indicating it does not capture the extended component. Three 
odels assuming two Sersic profiles are compared, where (i) their 

entre and elliptical components are aligned; (ii) their centres are 
ligned but elliptical components are not; and (iii) their centres are 
lso free to vary. For both images, model (iii) is preferred, with a
alue of � ln Z > 100 the other models for the F814W data. For the
814W image, a triple Sersic (with all geometric parameters free to 
 ary) gi ves a v alue ln Z = 11 . 55 abo v e that of the two Sersic model,
ndicating that it is the marginally fa v oured model. 

Fig. B2 shows the normalized residuals of these fits. For the single
ersic model and models with geometric alignments residuals are 
vident around the lens galaxy’s centre in both the F814W and 
390W bands, consistent with the Bayesian evidences. In the F814W 
mage, the double Sersic model with free centres and the triple Sersic
odel gave a significant increase in ln Z . Ho we ver, the improvements

re not visible in the residuals, indicating they improve the light
odel fractionally o v er man y pix els. 
The lower panels of this figure show 1D plots of the intensity

s a function of radius for each component. The inner structure
ontributes to most of the stellar light within ∼1.0 arcsec where
he counter image is observed, whereas at the location of the giant
rc the extended component makes up over 95 per cent of the total
mission. They also show that the outer component makes up 
he majority of the lens galaxy’s total luminous emission, albeit 

ost is beyond the 3.0 arcsec radius where the lensed source is 
onstrained. 

PPENDI X  C :  D O U B L E  SERSIC  M O D E L S  

he results of fitting the decomposed model with two Sersic profiles
re shown in Figs C1 and C2 . These figures follow the same layout as
igs 6 and 7 in the main paper. Results show the same behaviour as

he triple Sersic fitted in the main paper, including extraneous flux in
he counter image reconstruction when the model omits an SMBH. 
he double Sersic fit with an SMBH has a ln Z value 29.93 below

he triple Sersic with an SMBH. This suggests that the lensing effects
f the faint inner structure the third Sersic represents plays a role in
econstructing the counter image. 
MNRAS 521, 3298–3322 (2023) 
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Figure C1. Zoom-ins of the observed counter image in the F390W data (left-hand panel), the model lensed source (left-centre panel), the normalized residuals 
(right-centre panel) and the source reconstruction (right panel). The top and bottom ro ws sho ws double Sersic plus NFW decomposed model fits without and 
with an SMBH respectively. All models include an external shear. Models that omit an SMBH form an additional clump of light in the counter image, which 
is not present in the data. The tangential caustic is shown by a black line and radial critical curve and caustic a white line; the latter does not form for models 
including an SMBH. 

Figure C2. The same as Fig. C1 but for the F814W data. 
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PPENDIX  D :  TOTA L  MASS  M O D E L S  

his appendix shows the results of fitting two total mass models:
he PL (Tessore & Benton Metcalf 2015 ) and BPL (O’Riordan et al.
019 , 2020 , 2021 ). Like in the main paper, we compare fits with
nd without a point-mass representing an SMBH. We focus on the
ayesian evidence, ln Z , and the reconstruction of the counter image.
e investigate whether the extraneous flux removed by the SMBH

or the decomposed models can be remo v ed by either of these profiles
NRAS 521, 3298–3322 (2023) 
ithout an SMBH. The inferred model parameters for the PL and
PL models are given in Tables D2 and D3 . 

1 Profile equations 

 softened PL ellipsoid density profile of form 

mass ( ξ ) = 

3 − γ mass 

1 + q mass 

(
θmass 

E 

ξ

)γ mass −1 

(D1) 
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Table D1. The Bayesian Evidence, ln Z , of each model fit using total 
mass models that collectively represent the lens’s stellar and dark 
matter, where all models also include an external shear. ln Z values 
for both the F390W and F814W images are shown. The fa v oured 
models given our criteria of � ln Z > 10 is shown in bold. The PL 

mass model without an SMBH produces lower values of ln Z than 
the PL model with an SMBH and both BPL models. The BPL model 
without an SMBH produces a ln Z comparable to all models including 
an SMBH. The PL models fa v oured by model comparison are shown 
in bold; no bold model is shown for the BPL because models with 
and without an SMBH are both within the threshold of � ln Z > 10 
of one another. 

Filter Model Includes? ln Z 

SMBH 

F390W PL � 125 562.45 
F390W PL � 125 707.20 

F390W BPL � 125 699.90 
F390W BPL � 125 693.78 

F814W PL � 78 301.58 
F814W PL � 78 330.39 

F814W BPL � 78 331.17 
F814W BPL � 78 329.28 
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s assumed, where θmass 
E is the model Einstein radius in arcseconds. 

he PL density slope is γ mass , and setting γ mass = 2 gives the singular
sothermal ellipsoid (SIE) model. Deflection angles for the PL are 
omputed via an implemention of the method of (Tessore & Benton 
etcalf 2015 ) in PYAUTOLENS . 
We also use the elliptical BPL profile (O’Riordan et al. 2019 , 2020 ,

021 ) with convergence 

mass ( r ) = 

{ 

θmass 
E 

(
r mass 

b /r 
)t mass 

1 , r ≤ r mass 
b 

θmass 
E 

(
r mass 

b /r 
)t mass 

2 , r > r mass 
b 

, (D2) 

here r mass 
b is the break radius, θmass 

E is the convergence at the break
adius, t mass 

1 is the inner slope, and t mass 
2 is the outer slope. The

sothermal case is given by t mass 
1 = t mass 

2 = 1 . 0. 

2 PL models 

e first investigate fits using the simpler PL mass model. The PL
arametrization has less flexibility in adjusting its central density 
ompared to the BPL. The top two rows of Table D1 show the ln Z 

alues inferred for PL model fits with and without an SMBH. Models
ncluding an SMBH are strongly fa v oured, giving � ln Z = 145 for
he F390W data and � ln Z = 29 for the F814W. 

Fig. D1 shows zoom-ins of the PL model’s reconstruction of the 
ounter image. The figure shows the same behaviour seen for the 
ecomposed model in the main paper, whereby the PL model without 
n SMBH produces central extraneous flux, which the inclusion of 
he SMBH remo v es. Fig. D2 shows this also occurs in the F814W
mage. The residuals of this extraneous flux are more significant than 
een for the decomposed model fitted in the main paper, because of
he PL model’s reduced flexibility in adjusting its central density. 

When the PL mass model includes an SMBH a value of M BH =
 . 83 + 1 . 56 

−1 . 72 × 10 10 M � is inferred, which is consistent with the M BH 

alues inferred for the decomposed models. The SMBH changes the 
ay-tracing such that the lens model can now reproduce the counter 
mage’s structure accurately. The PL also infers a shallower slope of

mass = 1 . 65 + 0 . 12 
−0 . 12 , compared to the value γ mass = 1 . 82 + 0 . 05 

−0 . 05 inferred
ithout an SMBH. The model without an SMBH therefore tries (and
ails) to better fit the counter image by placing more mass centrally. 

Fits using the PL therefore support the inclusion of an SMBH is the
ens model, and their reconstruction of the counter image produces 
he same behaviour seen for the decomposed model in the main
aper. 

3 BPL models 

e now inspect fits using the BPL, which has much greater flexibility
han the PL in controlling its inner density. The bottom two rows of
able D1 show the ln Z values inferred for BPL model fits with and
ithout an SMBH. For the F390W image the ln Z value for the BPL
odel without an SMBH is 125699.90; this is 6.22 abo v e the BPL
odel with an SMBH. This value is also within � ln Z ∼ 1 of the

ecomposed models including an SMBH fitted in the main paper 
see table 4). 

Fig. D3 shows zoom-ins of the BPL model’s reconstruction of the
ounter image. Irrespective of whether an SMBH is included in the
odel, the extraneous flux in the reconstructed counter image seen 

or decomposed models and the PL model without an SMBH is not
roduced. Fig. D4 shows this is also true for fits to the F814W image.
Fig. D5 shows the 1D convergence profiles for the BPL mass
odels with and without an SMBH. Shaded regions shows 3 σ

onfidence intervals for each profile. The inner density (e.g. within 
.3 arcsec) of the BPL without an SMBH is steeper than the
ecomposed models fitted in the main paper (and also the PL models).
he BPL is therefore able to remo v e e xtraneous flux from the the

econstructed counter image because it places more mass centrally 
han any other mass model. The BPL model including an SMBH
nfers a shallower density profile, because the SMBH performs the 
ay-tracing which fits the counter image. 

Fits using the BPL model therefore raise the possibility that an
MBH is not required in the lens mass model. 

4 Decomposed model validation 

he BPL fits show that if the mass model has a sufficiently high
nner density then it can reconstruct the counter image accurately. 

e therefore check whether the decomposed models fitted in the 
ain paper can place as much mass centrally as the BPL without

equiring an SMBH. The blue dashed line in Fig. D5 shows that
f the bulge of the triple Sersic model assumes a radial gradient
arameter with the value � 

bulge = 0.9, its central density matches
hat of the BPL. The decomposed model parametrization therefore 
ncludes models with inner densities comparable to the BPL. We did
ot infer them because they correspond to lower likelihood solutions 
our inferred value is � 

bulge = 0 . 52 + 0 . 21 
−0 . 32 at 3 σ confidence). We verify

his by fitting decomposed models where a uniform prior on � 

bulge 

or the bulge component is placed between 0.85 and 0.95. The ln Z 

alues of this model with three and two Sersics are 125560.70 and
25630.27, respecti vely, well belo w the v alue of 125699.06 found
or the triple Sersic decomposed model including an SMBH. 

We also investigate models that make the central dark matter 
ensity comparable to that of the BPL. The green dashed line in
ig. D5 shows that an NFW profile with a concentration that is a
.5 σ positive outlier on the mass–concentration relation (Ludlow 

t al. 2016 ) has a central density close to the BPL. We therefore fit
 triple Sersic decomposed models that includes the scatter from the
ass–concentration relation σ dark as a free parameter with a uniform 

rior between 2.5 and 4.0. We infer ln Z = 125329 . 01, significantly
elow nearly all model fits, with or without an SMBH. 
MNRAS 521, 3298–3322 (2023) 



3318 J. W. Nightingale et al. 

M

Table D2. The inferred geometric model parameters of the PL and BPL total mass models fitted to the F390W image in the Mass pipeline. 
Errors are given at 3 σ confidence intervals. 

Model x mass (arcsec) y mass (arcsec) εmass 
1 εmass 

2 εext 
1 εext 

2 

PL 0 . 014 + 0 . 035 
−0 . 041 −0 . 054 + 0 . 053 

−0 . 053 0 . 107 + 0 . 030 
−0 . 028 −0 . 088 + 0 . 024 

−0 . 003 −0 . 113 + 0 . 019 
−0 . 018 0 . 152 + 0 . 018 

−0 . 025 

BPL 0 . 045 + 0 . 031 
−0 . 033 0 . 063 + 0 . 065 

−0 . 061 −0 . 105 + 0 . 026 
−0 . 029 0 . 145 + 0 . 027 

−0 . 032 −0 . 105 + 0 . 039 
−0 . 024 0 . 145 + 0 . 025 

−0 . 038 

PL + SMBH 0 . 050 + 0 . 035 
−0 . 040 0 . 063 + 0 . 045 

−0 . 071 0 . 104 + 0 . 028 
−0 . 026 −0 . 089 + 0 . 026 

−0 . 037 −0 . 112 + 0 . 026 
−0 . 021 0 . 147 + 0 . 019 

−0 . 029 

BPL + SMBH 0 . 052 + 0 . 001 
−0 . 001 0 . 079 + 0 . 004 

−0 . 009 0 . 101 + 0 . 002 
−0 . 001 −0 . 083 + 0 . 003 

−0 . 005 −0 . 117 + 0 . 002 
−0 . 001 0 . 146 + 0 . 022 

−0 . 041 

Table D3. The inferred model parameters of the PL and BPL total mass models fitted to the F390W image in the Mass pipeline. Errors are given 
at 3 σ confidence intervals. 

Model θmass 
Ein (arcsec) γ mass t mass 

1 t mass 
2 θmass 

B (arcsec) θ smbh 
Ein (arcsec) 

PL 1 . 925 + 0 . 046 
−0 . 040 1 . 818 + 0 . 042 

−0 . 077 

BPL 1 . 869 + 0 . 039 
−0 . 041 1 . 13 + 0 . 34 

−0 . 20 0 . 64 + 0 . 09 
−0 . 15 0 . 45 + 0 . 09 

−0 . 22 

PL + SMBH 1 . 56 + 0 . 18 
−0 . 19 1 . 66 + 0 . 08 

−0 . 10 0 . 53 + 0 . 12 
−0 . 14 

BPL + SMBH 1 . 6165 + 0 . 0017 
−0 . 0092 0 . 6920 + 0 . 0061 

−0 . 0419 0 . 6637 + 0 . 0009 
−0 . 0036 0 . 2096 + 0 . 0320 

−0 . 0030 0 . 5544 + 0 . 0107 
−0 . 0013 

Figure D1. Zoom-ins of the observed counter image in the F390W data (left-hand panel), the model lensed source (left-centre panel), the normalized residuals 
(right-centre panel), and the source reconstruction (right-hand panel). The top and bottom rows show the PL mass model without and with an SMBH, respectively. 
All models include an external shear. Models that omit an SMBH form an additional clump of light in the counter image, which is not present in the data. The 
tangential caustic is shown by a black line and radial critical curve and caustic a white line; the latter does not form for models including an SMBH. 
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We therefore conclude that decomposed models that place as much
ass centrally as the BPL model cannot attain a comparable ln Z 

ithout an SMBH for fits to the F390W data. They are also unable
o prevent extraneous flux appearing in the counter image. 

5 Mass model centring 

he centre of the stellar mass component of the decomposed model
s tied to that of the lens light, whereas the BPL has full freedom in
hoosing its centre. We now inspect the centring of the decomposed
nd BPL models in more detail, to see if any model appears more or
ess realistic or physically plausible. This will allow us to argue in
a v our or against the need for an SMBH. 
NRAS 521, 3298–3322 (2023) 
Upon inspection of the different mass model parameters, fits using
he BPL model (with or without an SMBH) infer mass model centres
n the range 0.03 < x mass < 0.06 and 0.04 < y mass < 0.09 for the
390W image and 0.0 < x mass < 0.03 and 0.02 < y mass < 0.07 for

he F814W image. Inspecting the lens light model fits, the inferred
entre of the bulge at 3 σ confidence is x bulge = −0 . 008 + 0 . 003 

−0 . 003 and
 

bulge = 0 . 003 + 0 . 003 
−0 . 003 for the F814W image and x bulge = −0 . 013 + 0 . 007 

−0 . 006 

nd y bulge = 0 . 007 + 0 . 003 
−0 . 003 for the F390W image. The BPL model is

herefore shifting its centre ≥0.04 
′′ 

(a full pixel) away from the bulge
entre, a shift which corresponds to ≥120 pc. 

We now fit a BPL model without an SMBH where the centre
s fixed to that of the bulge ( x mass = −0.008 and y mass = 0.003).
his model’s fit to the F390W image infers ln Z = 125317 . 26,

art/stad587_fD1.eps
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Figure D2. The same as Fig. D1 but for the F814W data. 

Figure D3. The same as Fig. D1 but for the BPL model and F390W data. 
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ell below the value of ln Z = 125699 . 90 inferred for the BPL
odel with a free centre. When the BPL’s centre is consistent with

he luminous emission it therefore cannot reconstruct Abell 1201’s 
ource accurately. 

We can now explain why decomposed models without an SMBH 

ut with a bulge radial gradient around � 

bulge = 0.9 or a very
oncentrated dark matter halo did not give as high ln Z values or
emo v e e xtraneous flux from the reconstructed counter image. Even
hough their central density is as steep as the BPL model, steepening
he mass profile only impro v es the o v erall fit when its centre is offset
rom the bulge by ≥120 pc in the positive x and y directions. Thus,
ot only does the BPL show a nonphysical offset from the b ulge, b ut
ts ability to reconstruct the counter image accurately is dependent 
n the existence of this offset. 
We therefore view the decomposed models with an SMBH 

tted in the main paper as more reliable than the BPL
odel without an SMBH and discard the BPL model as 

on-physical. 
MNRAS 521, 3298–3322 (2023) 
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Figure D4. The same as Fig. D1 but for the BPL model and F814W data. 

Figure D5. The convergence as a function of radius inferred using the 
F390W image for the total mass models: (i) the PL (black); (ii) the BPL 

(red); (iii) the PL and SMBH (blue) and; (iv) the BPL and SMBH (green), 
where all models include an external shear. Each line is computed using 
coordinates that extend radially outwards from the centre of the mass profile 
and are aligned with its major axis. Shaded regions for each mass model’s 
convergence are shown, corresponding to the inferred 3 σ confidence intervals. 
The BPL model places more mass centrally than all other models, consistent 
with its ability to reconstruct the counter image accurately. 
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Table E1. The same as Table D1 but with the z = 0.273 galaxy around 
(4 . 0 arcsec , 1 . 0 arcsec) included in the lens galaxy mass model. This 
table shows fits assuming a decomposed mass model with two and 
three Sersic profiles. 

Filter Number Includes ln Z 

of sersics SMBH? 

F390W 2 � 125 559.11 
F390W 3 � 125 608.05 

F390W 2 � 125 588.03 
F390W 3 � 125 596.66 

F814W 2 � 78 327.28 
F814W 3 � 78 322.25 

F814W 2 � 78 318.61 
F814W 3 � 78 316.00 

Table E2. The same as Table D1 but with the z = 0.273 galaxy around 
(4 . 0 arcsec , 1 . 0 arcsec) included in the lens galaxy mass model. This 
table shows fits assuming a PL and BPL lens model. 

Filter Model Includes ln Z 

SMBH? 

F390W PL � 125 434.63 
F390W PL � 125 589.40 

F390W BPL � 125 239.03 
F390W BPL � 125 586.22 

F814W PL � 78 264.73 
F814W PL � 78 323.10 

F814W BPL � 78 314.53 
F814W BPL � 78 311.49 
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PPENDIX  E:  LINE-OF-SIGHT  G A L A X Y  

ig. 1 shows line-of-sight emission towards the right of the giant
rc, around (4 . 0 ′′ , 1 . 0 ′′ ). Smith et al. ( 2017a ) show that this is a
 = 0.273 galaxy, which is therefore located between the lens and
NRAS 521, 3298–3322 (2023) 
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ource galaxies. The emission seen in the HST imaging appears as
wo (or more) distinct blobs. The [O III ] emission shows similar
tructure indicating this is likely a single galaxy. We fit additional 
ens models to Abell 1201 that include this galaxy in the lens model as
 spherical isothermal mass profile (see equation D1 ) where γ mass = 

), accounting for multiplane ray-tracing effects (Schneider 2019 ). 
he centre of this model is fixed to (3 . 6 ′′ , 0 . 95 ′′ ) in the image-
lane, which is updated when performing multiplane ray tracing. 
he ln Z of these model fits are given in Tables E1 and E2 . All
odels produce lower ln Z values than those inferred in the main 

aper, indicating that including the galaxy does impro v e the lens
odel. 

PPENDIX  F:  SMBH  WITH  FREE  C E N T R E  

he ln Z of model fits where the SMBH centre is free to vary are
iven in Tables F1 and F2 . In agreement with the main paper’s
esults, decomposed models including an SMBH with a free centre 
roduce ln Z increases at least 25 abo v e decomposed models without
n SMBH. For the triple Sersic decomposed model, the model 
hose SMBH centre is free gives ln Z = 125665 . 66 compared to

n Z = 125699 . 06 when the SMBH centre is fixed to the bulge centre.
e interpret this decrease as a consequence of Occam’s Razor (see 

ection 3.9 ), whereby the use of a too complex model that does not
mpro v e the fit to the data is being penalized. We find that the estimate
f M BH does not change when the SMBH centre is free to vary. 

Table F1. The same as Table D1 but the SMBH centre is free to vary. 
This table shows fits assuming a decomposed mass model with two and 
three Sersic profiles. 

Filter Number Includes ln Z 

of Sersics SMBH? 

F390W 2 � 125 637.18 
F390W 2 � 125 665.66 

F390W 3 � 125 598.48 
F390W 3 � 125 661.03 

F814W 2 � 78 330.51 
F814W 2 � 78 327.26 

F814W 3 � 78 329.19 
F814W 3 � 78 324.19 

Table F2. The same as Table D1 but the SMBH centre is free to vary. 
This table shows fits assuming a PL and BPL lens model. 

Filter Model Includes ln Z 

SMBH? 

F390W PL � 125 562.45 
F390W PL � 125 683.77 

F390W BPL � 125 699.90 
F390W BPL � 125 557.48 

F814W PL � 78 301.58 
F814W PL � 78 321.82 

F814W BPL � 78 331.17 
F814W BPL � 78 323.26 
PPENDI X  G :  M O D E L S  WI TH  SHALLOW  

NNER  DENSITY  

e encountered an alternative family of solutions that are character- 
zed by (i) a shallow inner density profile that forms a larger radial
ritical curve than the solutions presented in the main paper, which
uts through the inner regions of the counter image; and (ii) the
ounter image reconstruction producing a pair of merging images 
the models in the main paper reconstruct a single counter image).
n example of such a model is shown in Fig. G1 . 
For decomposed models, these solutions are found when the radial 

radient parameters (e.g. � 

bulge ) are below zero and there is less mass
elative to light. The low Sersic indices of the lens galaxy’s light
rofiles ( n bulge = 1.28 and n disc = 1.16) also help to produce
 shallow inner density. For the BPL model, these correspond to
olutions where the inner slope t mass 

1 ∼ 0 . 0, the outer slope t mass 
2 ∼

 . 7, and the break radius is r mass 
B ∼ 0 . 25 ′′ . We verify that this family

f models without an SMBH do not fit the data as well as models
ith an SMBH by performing DYNESTY fits, where the priors 
n certain mass-model parameters are constrained to uniform priors 
hat restrict the analysis to these solutions. The priors can be found
t ht tps://github.com/Jammy2211/aut olens abell 1201 . 

The maximum likelihood solution for the double Sersic decom- 
osed mass model are shown in Fig. G2 . The reconstructed counter
mage is split in tw o, and f ails to capture the appearance of the
ounter image in the data. For this model, the log Bayesian evidence
alue is Z =∼ 125 649, which is significantly below models with
n SMBH which have a log evidence of Z =∼ 125 699. Table G1
ompares the log Bayesian e vidence v alues for the BPL model fits
ith a shallower inner density and also includes the values for the
814W. For both the F390W and F814W images, these solutions 
rovide significantly worse fits to the data than models including an
MBH, confirming that they are ruled out by the data. 
These fits also confirm that the central emission seen in the F814W

ata (Fig. 4 ; within magenta circle) is not a central image. Lens model
ts using cored mass profiles would reconstruct the counter image, 

f it were the physically correct solution. The fact these solutions are
ot inferred confirms it is not a central image. 

igure G1. An example model where the lens mass model has a shallow
nner density, which forms a larger radial critical curve than solutions
resented in the main paper. The left-hand panel shows the observed data,
ith radial and tangential critical curves (white and black respectively) 
 v erlaid. The right-hand panel shows the corresponding source plane and
ource reconstruction, with the radial and tangential caustics (white and black
espectiv ely) o v erlaid. 
MNRAS 521, 3298–3322 (2023) 
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Figure G2. Zoom-ins of the observed counter image in the F390W data (left-hand panel), the model lensed source (left-centre panel), the normalized residuals 
(right-centre panel) and the source reconstruction (right-hand panel). These results are for the double Sersic plus NFW decomposed modelfits without an SMBH, 
where the parameter priors allow for solutions with a shallow inner density and large radial critical curve. The tangential caustic is shown by a black line and 
the radial critical curve and caustic are shown with a white line. 

Table G1. The Bayesian evidence, ln Z , of each model fit performed by 
the Mass pipelines using (i) a decomposed mass model assuming two Sersic 
profiles, an elliptical NFW and external shear; or (ii) a BPL mass model with 
external shear. Both models have the priors on various parameters adjusted 
such that they have a shallower inner density and can form a large radial 
critical curve. Log evidences are compared to the values found in the main 
paper, for models including an SMBH. Fits to both the F390W and F814W 

images are shown, where the F390W fits assume the Sersic parameters of the 
F814W image for the stellar mass. The fa v oured model is al w ays that with 
an SMBH, because models with a shallow inner density fail to reconstruct 
the counter image’s structure (see Fig. G2 ). 

Filter Model Shallow SMBH 

Density 

F390W Decomposed 125649.72 125 699.06 
F390W BPL 125548.22 125 693.78 

F814W Decomposed 78289.00 78 332.19 
F814W BPL 78238.79 78 329.28 
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