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A B S T R A C T 

Tidal disruption events (TDEs) provide a means to probe the low end of the supermassive black hole (SMBH) mass distribution, 
as they are only observable below the Hills mass ( � 10 

8 M �). Here, we attempt to calibrate the scaling of SMBH mass with host 
galaxy bulge mass, enabling SMBH masses to be estimated for large TDE samples without the need for follo w-up observ ations 
or extrapolations of relations based on high-mass samples. We derive host galaxy masses using PROSPECTOR fits to the UV-MIR 

spectral energy distributions for the hosts of 29 well-observed TDEs with BH mass estimates from MOSFIT . We then conduct 
detailed bulge/disc decomposition using SDSS and P anSTARRS imaging, and pro vide a catalogue of bulge masses. We measure 
a positive correlation between SMBH and bulge mass for the TDE sample, with a power-law slope of 0.28 and significance p = 

0.06 (Spearmans) and p = 0.05 (Pearsons), and an intrinsic scatter of 0.2 dex. Applying MC resampling and bootstrapping, we 
find a more conserv ati ve estimate of the slope is 0.18 ± 0.11, dominated by the systematic errors from PROSPECTOR and MOSFIT . 
This is shallower than the slope at high SMBH mass, which may be due to a bias in the TDE sample towards lower mass BHs 
that can more easily disrupt low-mass stars outside of the event horizon. When combining the TDE sample with that of the 
high-mass regime, we find that TDEs are successful in extending the SMBH – stellar mass relationship further down the mass 
spectrum and provide a relationship across the full range of SMBH masses. 

Key words: black hole physics – galaxies: nuclei. 
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 I N T RO D U C T I O N  

upermassive black holes (SMBHs) exist within the nuclei of most
alaxies and their properties couple with those of their hosts. The
easured mass of the central SMBH correlates with the galaxy’s

ulge mass, luminosity, and stellar velocity dispersion (e.g. Gebhardt
t al. 2000 ; Ferrarese & Ford 2005 ; H ̈aring & Rix 2014 ). These
caling relationships are thought to indicate SMBH influence on the
ormation and evolution of the galaxies that they lie within. If the
lope can be well-constrained, such relations make it possible to es-
imate the masses of large samples of SMBHs, enabling studies from
arly structure formation to the evolution of SMBHs (G ̈ultekin et al.
009 ; Kormendy & Ho 2013 ; McConnell & Ma 2013a ). Ho we ver,
s direct SMBH measurements are most commonly available for
assi ve acti ve galactic nuclei (AGNs) and a handful of very nearby

ystems, the commonly used relationships are calibrated only by
amples that are dominated by SMBHs more massive than � 10 7 M �
e.g. Bentz et al. 2013 ; Kormendy & Ho 2013 ). 

Ho we ver, at least one important physical phenomenon is restricted
o SMBHs of lower mass: tidal disruption events (TDEs) of stars
Hills 1975 ; Rees 1988 ). If a star is unlucky enough to pass too close
o aN SMBH, tidal forces outweigh the binding energy of the star
 E-mail: pxr754@alumni.bham.ac.uk 
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nd so it is torn apart. This occurs at the ‘tidal radius’, 

 T = 

(
M BH 

M ∗

) 1 
3 

R ∗ (1) 

or a black hole of mass M BH and a star of mass M ∗ and radius R ∗. If
his occurs outside of the event horizon of the black hole 

 G 

= 

2 GM BH 

c 2 
, (2) 

approximately half of the disrupted material falls back on to the
MBH, likely forming an accretion disc, while the other half becomes
nbound (Rees 1988 ; Lacy & Townes 1982 ). Both the circularization
nd ultimate accretion of the bound matter can cause a luminous flare,
ith characteristic luminosity of ∼10 44 erg s −1 (Rees 1988 ; Gezari
021 ). Ho we ver, if the tidal radius is smaller than the gravitational
adius of the SMBH, the star’s orbit will intersect the event horizon
efore disruption, and so it will be swallowed whole, without a visible
are (Hills 1975 ; MacLeod, Guillochon & Ramirez-Ruiz 2012 ). The
equirement R T > R G introduces a critical SMBH mass, called the
ills mass, to produce an observable a TDE. This is � 10 8 M � for
 main-sequence star of ∼1 M �, or � 10 7 M � for a more common
ain-sequence star of ∼0.1 M, disrupted by a non-spinning SMBH.
herefore, observations of TDEs offer a new opportunity to probe

ower mass black holes, identifying those that may otherwise lie
ormant and undetected, and enabling us to study their evolution
© The Author(s) 2022. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0002-2555-3192
mailto:pxr754@alumni.bham.ac.uk
https://creativecommons.org/licenses/by/4.0/


Bulge masses of TDE hosts 1147 

a  

G
 

s
(
(  

S
S  

b
e  

(
w  

V
t  

H  

B  

1  

e  

L  

t
(
2  

t  

S  

2

d  

m
I  

f  

v
o  

T
r  

b
i  

Y
u  

T  

i
 

g  

fi  

i
p
d
w  

a  

s
(  

2  

m  

h
1

o
i
o  

l  

F  

e  

(  

∼  

F  

s  

T  

p  

r  

S  

b
g
o  

c
 

i  

c
f
h  

b  

f  

s  

b
P

(  

t
t  

f
m  

s
t  

a  

i  

t
 

t
u  

a  

fi  

f  

s  

h
m  

T

2
A

2

T  

e  

w  

O  

(  

d
o  

T  

1 BH mass estimates for many of these events are available elsewhere in the 
literature (e.g. Wevers et al. 2019 ), ho we ver using any galaxy-based estimates 
w ould mak e our analysis circular. 
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t lower parts of the mass function (Wevers et al. 2017 ; Mockler,
uillochon & Ramirez-Ruiz 2019 ). 
TDEs are now found routinely by wide-field, time-domain surv e ys,

uch as the Panoramic Survey Telescope and Rapid Response System 

Pan-STARRS; Kaiser et al. 2010 ), the Zwicky Transient Facility 
ZTF; Bellm et al. 2019 ), the Asteroid Terrestrial Impact Last Alert
ystem (ATLAS; Tonry et al. 2018 ), and the All-Sky Automated 
urv e y for Superno vae (ASASSN; Kochanek et al. 2017 ). They can
e differentiated from other luminous transients by a lack of colour 
volution; a long rise time and fade time relative to most supernovae
SNe); and a power-law decline from the peak, relatively consistent 
ith the classic t −5/3 prediction (Rees 1988 ; Hung et al. 2018 ; van
elzen et al. 2021 ). Distinct spectroscopic features include a colour 

emperature of 10 000–50 000 K and broad emission lines of H I,
e II, and N III (Gezari, Chornock & Rest 2012 ; Arcavi et al. 2014 ;
lagorodnov a et al. 2019 ; v an Velzen et al. 2021 ). Most recently,
7 new TDEs were disco v ered by ZTF and studied by van Velzen
t al. ( 2021 ). With the upcoming Vera Rubin Observatory and its
e gac y Surv e y of Space and Time (LSST; Ivezi ́c et al. 2019 ), and

he Extended Roentgen Surv e y with an Imaging Telescope Array 
eROSITA; Khabibullin, Sazonov & Sunyaev 2013 ; Sazonov et al. 
021 ), it is predicted that this field will be further revolutionized by
he detection of thousands of TDEs per year (Khabibullin et al. 2013 ;
tone & Metzger 2015 ; Bricman & Gomboc 2020 ; Sazonov et al.
021 ). 
The most precise BH mass estimates require the orbital velocity 

istribution of stars and/or gas close to the galactic nucleus (Kor-
endy & Ho 2013 ), which can only be measured spectroscopically. 

t will not be possible to obtain spectroscopic BH mass measurements
or such a large sample of TDEs, yet such masses would be extremely
aluable in understanding TDE properties, and in building a picture 
f SMBHs at the low end of their mass function. Assuming the
DE luminosity is ‘prompt’, i.e. its evolution follows the fallback 

ate of material (Guillochon et al. 2018 ), the TDE light curve can
e modelled directly to derive dynamical quantities of the encounter, 
ncluding SMBH mass (Stone & Metzger 2015 ; Mockler et al. 2019 ).
et even this method requires high-cadence, multiwavelength follow- 
p of each TDE, due to the limited cadence of LSST and the fact that
DEs emit most of their energy in the UV. This method too becomes

mpractical for studying ∼1000 TDEs. 
Ho we ver, the majority of future TDEs will have excellent host

alaxy imaging from their disco v ering surv e ys: LSST will achiev e
nal depths of ∼26 −27 mag in stacked images. If the BH masses

n TDE host galaxies correlate with properties that can be measured 
hotometrically, constructing the TDE BH mass function can be 
one essentially ‘for free’. It is known that SMBH masses correlate 
ith the luminosity, or equi v alently the mass, of their host galaxies,

nd in particular correlate with the mass of the inner bulge at a
ignificance comparable to their correlation with velocity dispersion 
G ̈ultekin et al. 2009 ; Kormendy & Ho 2013 ; McConnell & Ma
013a ). Ho we ver, this relation has been calibrated mainly at BH
asses too large to produce a TDE (e.g. Wevers et al. 2019 ), so it

as been unclear if it applies, or differs, in the TDE regime M BH ∼
0 6 M �. 
Moreoever, TDEs often occur in unusual galaxies, where the slope 

f a BH–galaxy correlation could differ. They are overrepresented 
n quiescent Balmer-strong galaxies, otherwise called post-starburst 
r E + A galaxies. These galaxies are defined by distinct Balmer
ine absorption and weak, or no, emission lines (Arcavi et al. 2014 ;
rench, Arcavi & Zabludoff 2016 ; Law-Smith et al. 2017 ; Graur
t al. 2018 ). This is suggesti ve of lo w le vels of current star formation
the lack of emission lines), but with substantial activity in the last
Gyr (Balmer absorption from A-type stars; Zabludoff et al. 1996 ;
rench et al. 2016 ). French et al. ( 2016 ) found that quiescent Balmer-
trong galaxies host more than one-third of the observed sample of
DEs, yet they make up only 0.2 per cent of local galaxies. It is
ossible that these are post-merger galaxies (Zabludoff et al. 1996 ),
esulting in an enhanced TDE rate caused by the interaction of two
MBHs (Chen et al. 2009 ). Enhancement of the TDE rate could also
e caused by the formation of quiescent Balmer-strong galaxies via 
alaxy interaction, unique stellar populations existing in the cores 
f the galaxies (Arcavi et al. 2014 ; Mockler et al. 2022 ), or by high
entral stellar densities (Graur et al. 2018 ; French et al. 2020 ). 

Armed with the growing sample of known TDEs and an ever
ncreasing disco v ery rate, now is the time to confirm whether TDEs
an pick out low-mass SMBHs, identify whether BH masses obtained 
rom light-curve fits are reliable, and extend the calibration of SMBH- 
ost relations to the TDE regime. In this study, we derive host galaxy
ulge masses for a sample of 29 TDEs using pre-flare photometry
rom optical, UV and IR sk y surv e ys, in combination with the
tellar population synthesis code PROSPECTOR (Leja et al. 2017 ), and
ulge-to-total light (B/T) ratios measured by decomposing SDSS and 
anSTARRS host galaxy images. 
SMBH masses for these events have been estimated using MOSFIT 

companion paper by Nicholl et al. 2022 ), and we use these to derive
he SMBH–bulge mass relation for the TDE sample. Combining 
hese data with the well-studied high-mass end of the SMBH mass
unction, we attempt to measure the slope of the SMBH–stellar 
ass relation from � 10 6 M � to � 10 10 M �. We find a moderately

ignificant correlation within the TDE host population, but compared 
o the high-mass sample it is weaker, with larger intrinsic scatter
nd a flatter slope. This may be the result of systematic difficulties
n measuring their SMBH masses, but could also reflect the bias
o wards lo w-mass SMBHs due to e vent horizon suppression. 

In Section 2 , we present the selection of TDE candidates and
heir host galaxies, alongside a description of the PROSPECTOR model 
sed and choice of priors. Results for galaxy mass are displayed
nd compared with previous literature, and B/T ratios are used to
nd the galaxy bulge masses. In Section 3, the BH–bulge mass
or the TDE sample is analysed and results are reported with their
ignificance. Finally, the TDE sample is combined with that of the
igh-mass regime (Kormendy & Ho 2013 ) and the SMBH–bulge 
ass relationship is derived for the whole range of SMBH masses.
he paper ends with discussion and conclusions in Section 4 . 

 SPECTRAL  E N E R G Y  DI STRI BU TI ON  FITS  

N D  BU LG E  MASSES  

.1 Data sample 

he sample of TDEs were selected based on the work of van Velzen
t al. ( 2021 ), resulting in an up to date (2020) initial sample of 39
ell-observ ed ev ents from recent ZTF data and previous literature.
f these, 32 have BH mass measurements from Nicholl et al.

 2022 ) using the MOSFIT TDE model 1 (Mockler et al. 2019 ). To
erive host galaxy masses, we require (at minimum) multicolour 
ptical imaging of the host, either from a previous study of the
DE in question or from a wide-field surv e y like PanSTARRS or
MNRAS 515, 1146–1157 (2022) 
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M

Table 1. Our sample of 29 TDEs with their locations, redshifts, and the derived host galaxy bulge masses. 

IAU name/Disco v ery name RA Decl. Redshift ( z ) Classification reference log ( M bulge /M �) log ( M BH / M �) a 

ASASSN-14ae 11:08:40.12 + 34:05:52.23 0.043 Holoien et al. ( 2014 ) 9.73 + 0 . 15 
−0 . 17 6.13 + 0 . 05 

−0 . 04 

ASASSN-14li 12:48:15.23 + 17:46:26.44 0.021 Holoien et al. ( 2016a ) 9.78 + 0 . 07 
−0 . 07 7.00 + 0 . 08 

−0 . 11 

ASASSN-15oi 20:39:09.18 –30:45:20.10 0.020 Holoien et al. ( 2016b ) 8.91 + 0 . 10 
−0 . 08 6.73 + 0 . 02 

−0 . 02 

PS17dhz/AT2017eqx 22:26:48.30 + 17:08:52.40 0.109 Nicholl et al. ( 2019a ) 9.51 + 0 . 11 
−0 . 14 6.56 + 0 . 08 

−0 . 09 

AT2018hco 01:07:33.635 + 23:28:34.28 0.090 van Velzen et al. ( 2018 ) 9.99 + 0 . 09 
−0 . 10 6.64 + 0 . 14 

−0 . 15 

AT2018hyz 10:06:50.871 + 01:41:34.08 0.046 Dong et al. ( 2018 ) 9.15 + 0 . 09 
−0 . 11 6.57 + 0 . 04 

−0 . 04 

AT2018iih 17:28:03.930 + 30:41:31.42 0.212 van Velzen et al. ( 2021 ) 10.54 + 0 . 10 
−0 . 15 6.92 + 0 . 02 

−0 . 02 

AT2018lna 07:03:18.649 + 23:01:44.70 0.091 van Velzen et al. ( 2019b ) 9.36 + 0 . 13 
−0 . 14 6.67 + 0 . 13 

−0 . 12 

AT2018zr 07:56:54.530 + 34:15:43.61 0.071 Tucker et al. ( 2018 ) 9.95 + 0 . 10 
−0 . 10 6.79 + 0 . 04 

−0 . 04 

AT2019azh 08:13:16.945 + 22:38:54.03 0.022 van Velzen et al. ( 2019c ) 10.11 + 0 . 08 
−0 . 07 6.70 + 0 . 06 

−0 . 07 

AT2019bhf 15:09:15.975 + 16:14:22.52 0.121 van Velzen et al. ( 2021 ) 10.28 + 0 . 12 
−0 . 15 6.57 + 0 . 13 

−0 . 12 

AT2019cho 12:55:09.210 + 49:31:09.93 0.193 van Velzen et al. ( 2021 ) 9.87 + 0 . 13 
−0 . 20 6.71 + 0 . 09 

−0 . 08 

AT2019dsg 20:57:02.974 + 14:12:15.86 0.051 Nicholl et al. ( 2019b ) 10.07 + 0 . 10 
−0 . 11 6.57 + 0 . 21 

−0 . 16 

AT2019ehz 14:09:41.880 + 55:29:28.10 0.074 Gezari et al. ( 2019 ) 9.73 + 0 . 12 
−0 . 17 6.34 + 0 . 04 

−0 . 04 

AT2019eve 11:28:49.650 + 15:40:22.30 0.064 van Velzen et al. ( 2021 ) 9.25 + 0 . 09 
−0 . 10 5.79 + 0 . 08 

−0 . 07 

AT2019lwu 23:11:12.305 –01:00:10.71 0.117 van Velzen et al. ( 2021 ) 9.58 + 0 . 09 
−0 . 09 6.31 + 0 . 13 

−0 . 11 

AT2019meg 18:45:16.180 + 44:26:19.21 0.152 van Velzen et al. ( 2019a ) 10.14 + 0 . 12 
−0 . 27 6.52 + 0 . 06 

−0 . 06 

AT2019mha 16:16:27.799 + 56:25:56.29 0.148 van Velzen et al. ( 2021 ) 9.75 + 0 . 08 
−0 . 08 6.25 + 0 . 12 

−0 . 15 

AT2019qiz 04:46:37.880 –10:13:34.90 0.015 Siebert et al. ( 2019 ) 9.47 + 0 . 10 
−0 . 12 6.22 + 0 . 04 

−0 . 04 

GALEX -D1-9 02:25:17.00 –04:32:59.00 0.326 Gezari et al. ( 2006 ) 10.40 + 0 . 11 
−0 . 11 6.79 + 0 . 25 

−0 . 33 

GALEX -D3-13 14:19:29.81 + 52:52:06.37 0.370 Gezari et al. ( 2008 ) 10.99 + 0 . 17 
−0 . 16 7.00 + 0 . 21 

−0 . 22 

PS1-10jh 16:09:28.28 + 53:40:23.99 0.170 Gezari et al. ( 2012 ) 9.64 + 0 . 12 
−0 . 18 7.00 + 0 . 04 

−0 . 06 

PS1-11af 09:57:26.82 + 03:14:00.94 0.405 Chornock et al. ( 2014 ) 10.07 + 0 . 16 
−0 . 13 6.45 + 0 . 05 

−0 . 04 

PTF-09djl 16:33:55.97 + 30:14:16.65 0.184 Arcavi et al. ( 2014 ) 10.31 + 0 . 13 
−0 . 15 6.42 + 0 . 11 

−0 . 11 

PTF-09ge 14:57:03.18 + 49:36:40.97 0.064 Arcavi et al. ( 2014 ) 10.08 + 0 . 10 
−0 . 10 6.47 + 0 . 04 

−0 . 04 

SDSS-TDE1 23:42:01.41 + 01:06:29.30 0.136 van Velzen et al. ( 2011 ) 10.14 + 0 . 12 
−0 . 19 6.84 + 0 . 31 

−0 . 34 

SDSS-TDE2 23:23:48.62 –01:08:10.34 0.252 van Velzen et al. ( 2011 ) 10.40 + 0 . 12 
−0 . 16 6.66 + 0 . 34 

−0 . 47 

iPTF-16axa 17:03:34.34 + 30:35:36.60 0.108 Hung et al. ( 2017 ) 10.07 + 0 . 11 
−0 . 11 7.29 + 0 . 11 

−0 . 13 

iPTF-16fnl 00:29:57.01 + 32:53:37.24 0.016 Blagorodnova et al. ( 2017 ) 9.81 + 0 . 05 
−0 . 07 5.90 + 0 . 15 

−0 . 06 

Note. a From Nicholl et al. ( 2022 ) 
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DSS. Three Southern hemisphere TDEs (OGLE16aaa, ASASSN-
8ul/A T2018fyk, ASASSN-18pg/A T2018dyb) did not pass this cut.
he final sample utilized 15 (of 17) ZTF TDEs and 14 (of 22)

iterature TDEs. These are listed in Table 1 . 
Broadband photometry of TDE host galaxies, prior to the point of

isruption, was obtained through surv e y catalogue searches and col-
ated to construct spectral energy distributions (SEDs). Optical data
n the u , g , r , i , z, y 2 bands were collected from the Sloan Digital Sky
urv e y (SDSS) and P anSTARRS. From SDSS (Alam et al. 2015 ),

he default ‘model Mags’ were used, while aperture magnitudes were
etrieved from PanSTARRS (Flewelling et al. 2020 ). Near-infrared
NIR) and mid-infrared (MIR) data were collected from the 2 Micron
ll-Sk y Surv e y (2MASS; Skrutskie et al. 2006 ) and Wide-Field

nfrared Surv e y Explorer ( WISE ; Wright et al. 2010 ) catalogues,
ia the NASA/IPAC Infrared Science Archive, whilst UV data was
ollected from the Galexy Evolution Explorer ( GALEX ; Martin et al.
005 ) catalogue via VizieR. From 2MASS, the extended profile-fit
agnitudes ( m ext ) were retrieved for J , H , and K s bands. NUV and
UV bands were obtained from GALEX where possible. The default
ISE photometry (instrumental standard aperture magnitude) was
NRAS 515, 1146–1157 (2022) 

 u bands from SDSS, y bands from PanSTARRS. 

T  

h  

u  

(  
sed for all hosts, except those that are larger in projection than the
efault 8.25-arcsec aperture. This occurred most commonly for TDEs
t redshifts of z ∼ 0.02. In this case, we used WISE galaxy-fitting
hotometry if available, otherwise larger apertures were queried. All
hotometric data have been homogenized within the AB magnitude
ystem. 

Due to the lower resolution of WISE , issues with blending were
dentified. Any data that appeared to be anomalously bright in the

ISE bands was investigated using higher resolution optical images
rom PanSTARRS or SDSS. If two or more sources were identified
ithin the image it was assumed that blending had occured and

he WISE data was remo v ed. Blending was not considered an issue
or optical/NIR bands due to much smaller point spread functions
PSFs), and was not an issue for GALEX due to a reduced number of
V-bright sources compared to IR. 

.2 SED fits 

odelling of the SED of each galaxy was conducted using PROSPEC-
OR (Leja et al. 2017 ), with all fits run on the University of Birming-
am’s BLUEBEAR high-performance computing cluster. PROSPECTOR

ses the FSPS ( FLEXIBLE STELLAR POPULATION SYNTHESIS ) package
Conroy, Gunn & White 2009 ) and creates synthetic spectra for stellar
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opulations. The modelled SED is the total of a galaxy’s content: 
tars and gas. Within this work, we adopted the same model used by
icholl et al. ( 2020 ) to analyse the host of the TDE AT2019qiz, which

s an implementation of Prospector- α (Leja et al. 2017 ). The model
ree parameters used were stellar mass, defined as the mass of existing 
tars and stellar remnants (Leja et al. 2017 ); stellar metallicity; a six
omponent star formation history (SFH); and three parameters which 
ontrol the dust fraction and reprocessing. 

van Velzen et al. ( 2021 ) previously modelled the SEDs of the
ame sample of galaxies, also using PROSPECTOR , but included only 
ptical and UV data and assumed a parametric SFH. It is important
o note that, in this paper, a non-parametric SFH is used, which
nables a better understanding of the age of the system (Leja et al.
017 ). Furthermore, the stellar population age is degenerate with 
ass and metallicity, hence a more accurate constraint on this will 

llow for a more reliable extraction of host galaxy mass (Leja et al.
017 ). The number of SFH bins, as well as the size and the location,
as to be balanced between minimizing computational resources and 
aximizing the amount of SFH information obtained. As described 

n Leja et al. ( 2017 ), we used a six component SFH which includes
he current star formation rate (sSFR) and five equal-mass bins for
FH. 
Use of the stellar metallicity free parameter is important as it

lays a key role in deri v ation of ages, dust attenuation and masses,
ue to its influence on the optical-to-NIR ratio (Bell & de Jong
001 ; Mitchell et al. 2013 ). The final three dust parameters relate
o the optical depth from general interstellar dust within the galaxy 
nd how this depth varies with wavelength, plus the optical depth 
f any additional dust in star-forming regions as a fraction of the
verage. Further discussion of these parameters can be found in Leja 
t al. ( 2017 ). In this paper, we focus on the results for stellar mass
nd marginalize o v er all other parameters; analysis of other derived
roperties, in particular the SFHs, will be the subject of a follow-up
tudy. 

PROSPECTOR produces well-sampled posterior probability distri- 
utions for each of the detailed model parameters using Markov 
hain Monte Carlo (MCMC) analysis, via the EMCEE package 
F oreman-Macke y et al. 2013 ). This also allows us to marginalize
 v er the various model parameters in order to obtain reliable mass
easurements with realistic error bars that account for degeneracies 

etween parameters. All 29 SEDs are presented in Appendix A . All
erived free parameters, including the galaxy mass (and bulge ratio 
escribed in Section 2.3 ), are given in Appendix B . The final galaxy
ulge masses are presented in Table 1 . For the TDE sample, we find
ulge masses in the range of 10 8.91 −10 10.99 M �, with a median of
0 9.95 M �. 
The galaxy masses measured are comparable with previous 

iterature. We find that our well-sampled total stellar mass values 
re systematically, slightly larger than previous measurements. In 
raur et al. ( 2018 ), galaxy stellar masses were computed with the

EPHARE code (Ilbert et al. 2009 ) and SDSS ugriz cmodel magnitudes
Stoughton et al. 2002 ). We found that, when fitting SEDs containing
nly archi v al photometry from SDSS, our data was in complete
greement with Graur et al. ( 2018 ), whilst when fitting SEDs with
he full wavelength range from UV to NIR/MIR our results were 
ypically larger. Similarly, van Velzen ( 2018 ) used photometric data 
rom SDSS and 2MASS to estimate stellar mass via KCORRECT 

Blanton & Roweis 2007 ). Again, we find that our data results in
arger total stellar masses. Even more rele v ant, a comparison to
an Velzen et al. ( 2021 ) indicates the same result. As previously
entioned, van Velzen et al. ( 2021 ) used only optical and UV

ata, primarily from SDSS, and assumed a parametric SFH, but 
hey also used the PROSPECTOR code. When comparing results on 
ost galaxy total stellar mass, we find that while values generally
gree within 1 σ , on average our results are systematically larger,
ypically by ∼0.3 dex. In combination, these comparisons suggest 
hat previous measurements may have been underestimates due to a 
educed amount of archi v al photometry used. 

.3 Bulge decomposition 

he decomposition of TDE host galaxy light into both a bulge and
isc component was done using PROFIT (Robotham et al. 2017 ).
his R package models the two-dimensional photometric profile of 
 galaxy within a Bayesian framework and therefore produces well- 
ustified model uncertainties. The galaxy profiles were determined 
sing g -band images from both the SDSS and P anSTARRS surv e ys.
or each image, a Moffat function (Moffat 1969 ) was fit to the nearest
0 unsaturated bright stars, the result of which was used as the PSF for
he fitted galaxy light profile. The Moffat function is commonly used
s an analytic approximation to the PSF, and contains the Gaussian
unction as a limiting case, but allows for the possibility of broader
ings in the distribution. None the less, our results are not sensitive

o the choice of the functional form of the PSF. 
For each image, a segmentation map was made using SEXTRACTOR 

Bertin & Arnouts 1996 ). These segmentation maps are used by
ROFIT during the modelling process to a v oid contrib utions of light
rofiles from nearby sources and to properly compute the noise level
n the image. With PROFIT , we modelled the galaxy light as the
ombination of a de Vaucouleur bulge component (Sersic index n 
 4) and an exponential disc component (Sersic index n = 1). For

ach of the bulge and the disc components, there were six fitted
arameters: x and y central coordinate, magnitude, ef fecti ve radius,
rientation of the major axis, and axial ratio (minor -axis/major -
xis). These components were fitted in log space with uniform priors
sing the Bayesian optimization scheme from LAPLACESDEMON with 
he maximum likelihood galaxy model solution from the BFGS 

lgorithm (Fletcher 1970 ) as an initial starting point. Ultimately, 
he bulge-to-total ratio is the ratio of the computed bulge magnitude
o the total (bulge + disc) magnitude and the results are listed in
able B1 , Appendix B . In 24 cases, the B/T was computed from the
DSS g image, and for the remaining five cases from the PanSTARRS
 image. When both images were available, the computed B/T agreed
ery well (B/T SDSS – B/T PanSTARRS = 0.034 ± 0.072). 

We note that French et al. ( 2020 ) modelled four TDE host galaxies
ASASSN14li, ASASSN14ae, iPTF15af, PTF09ge) with various 
urface brightness profiles, and found that the disc + de Vaucouleurs
rofile may not be the best model in two out of their four fits. In order
o test the robustness of our disc + de Vaucouleurs fits for the galaxy
nd bulge, we refit these four events while allowing the Sersic index
f the bulge component to vary within the wide range of n = 2 to 20.
o significant difference was seen in the B/T ratio compared with
ur results with the disc + de Vaucouleurs profile, with any variation
ell within the 1 σ uncertainties. 

 T H E  B H – BU L G E  MASS  RELATI ON  

.1 Data analysis methods 

n order to identify correlations between our data, we utilized 
oth the Pearson Correlation Coefficient r p and the Spearman 
ank Correlation Coefficient r s , testing the strength of linear and
onotonic relationships, respectively. The slope of an assumed 

ower-law relation (e.g. Kormendy & Ho 2013 ) was determined 
MNRAS 515, 1146–1157 (2022) 
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M

Table 2. Statistical values obtained via data analysis for both the isolated TDE sample and combined sample. Values resulting from systematic errors 
added in quadrature are also shown. Resampling refers to the bootstrapping + perturbation method detailed in Section 3.1 . 

Pearson coeff 
( r p ) 

Pearson P-val 
( P p ) 

Spearman 
coeff ( r s ) 

Spearman 
P -val ( P s ) Gradient y -intercept 

TDE sample Simple fit 0.38 0.05 0.35 0.06 0.28 3.82 

Resampling 0 . 34 + 0 . 08 
−0 . 00 0 . 08 + 0 . 11 

−0 . 05 0 . 33 + 0 . 09 
−0 . 09 0 . 13 + 0 . 10 

−0 . 10 0 . 26 + 0 . 07 
−0 . 07 4 . 00 + 0 . 66 

−0 . 67 

Resampling + systematic 0 . 24 + 0 . 14 
−0 . 00 0 . 20 + 0 . 38 

−0 . 16 0 . 23 + 0 . 15 
−0 . 15 0 . 31 + 0 . 33 

−0 . 27 0 . 18 + 0 . 11 
−0 . 11 4 . 83 + 1 . 04 

−1 . 07 

Combined TDE 

+ high-mass sample 
Simple fit 0.86 < 0.001 0.82 < 0.001 1.34 −6.33 

Resampling 0 . 84 + 0 . 01 
−0 . 00 < 0.001 0 . 81 + 0 . 01 

−0 . 01 < 0.001 1 . 31 + 0 . 03 
−0 . 03 −6 . 06 + 0 . 31 

−0 . 31 

Resampling + systematic 0 . 82 + 0 . 02 
−0 . 00 < 0.001 0 . 79 + 0 . 02 

−0 . 02 < 0.001 1 . 24 + 0 . 05 
−0 . 05 −5 . 33 + 0 . 53 

−0 . 52 

Note: Any zero values shown represent p -value (and errors) that tend to zero. These values are ≤0.05. 
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Figure 1. SMBH mass as a function of host galaxy bulge mass, with a basic 
fit to the correlation in black. The green line and grey region represent the 
median and 90-per cent confidence interval calculated through Bootstrapping 
and Perturbation (P + B) of the data. The top panel includes only our derived 
statistical errors, while the bottom includes estimates of the systematic error 
on each quantity from MOSFIT and PROSPECTOR . The black line corresponds 
to equation ( 3 ), while the green line in the lower panel corresponds to 
equation ( 4 ). 
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hrough the best-fitting straight line in log M BH − log M bulge , and was
alculated using standard χ2 minimization. 

MC sampling techniques were used to account for limitations
ithin our data sets. To ensure any correlation was not driven by
 few extreme values, we first applied a bootstrapping method.
ithin each iteration, we randomly draw N = 29 data points with

eplacement, (i.e. N = the number of data points within the sample).
hese were then resampled within their errors by approximating each
rawn point as a 2D Gaussian distribution using the 1 σ widths of
he PROSPECTOR posteriors and MOSFIT posteriors. When including
ystematic errors in the analysis, these widths included a systematic
rror of 0.32 dex in galaxy mass, taken from the average difference
etween our masses and those for the same objects in van Velzen et al.
 2021 ) and Graur et al. ( 2018 ), and a systematic error of 0.20 in the
MBH mass (from Mockler et al. 2019 ), respectively. This approach,

ermed ‘bootstrapping + perturbation’ by Curran ( 2014 ), captures
oth the size of the errors and the effects of a finite sample size. 
The best-fitting gradients and intercepts, the statistical coefficients

 p and r s and their p -values were calculated at each step. Each
osterior was explored in full o v er 50 000 iterations, and probability
istributions for each of the six statistical values were produced.
able 2 presents all values obtained via statistical analysis methods
escribed, with and without including the estimated systematic
rrors. 

.2 TDE sample 

MBH mass as a function of host galaxy bulge mass for the TDE
ample is illustrated in Fig. 1 . With no resampling, we find a
pearman coefficient r s = 0.35 with a significance of P s = 0.06.
he best-fitting straight line, which we call the ‘simple’ fit, has a
radient of 0.28 and a y -intercept of 3.82. Expressed in the same
orm as Kormendy & Ho ( 2013 ), this gives a relationship between
MBH mass and host galaxy bulge mass 

M BH 

10 9 M �
= 0 . 01 

(
M Bulge 

10 11 M �

)0 . 28 

. (3) 

On the same plot, we show the results after applying the MC
esampling alongside bootstrapping with replacement, with the
verage fit shown as a green line. If we consider only the sta-
istical errors in the data, we calculate a Spearman coefficient of
 s = 0 . 33 + 0 . 09 

−0 . 09 with a significance of P s = 0 . 13 + 0 . 10 
−0 . 10 . A correlation is

sually considered significant only if p < 0.05. From this fitting
rocedure, we see that approximately 32 per cent of trials were
ormally significant, suggestive of a possible positive correlation
t moderate statistical significance for this sample. If we include also
NRAS 515, 1146–1157 (2022) 
he systematic errors on each parameter (Leja et al. 2017 ; Mockler
t al. 2019 ), we instead find, r s = 0 . 23 + 0 . 15 

−0 . 15 with a significance of
 s = 0 . 31 + 0 . 33 

−0 . 27 . When looking at the percentage of significant trials
rom the fitting procedure, after considering both statistical and
ystematic uncertainties, it remains that approximately 15 per cent
f trials were significant ( p < 0.05) despite the limitations of the
arge systematic errors. 

The bootstrapping + perturbation best fit, illustrated in Fig. 1 ,
as a gradient of 0 . 26 + 0 . 07 

−0 . 07 (without systematic errors), or 0 . 18 + 0 . 11 
−0 . 11 

art/stac1810_f1.eps
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Figure 2. SMBH mass as a function of host galaxy bulge mass for the TDE sample (blue, showing statistical errors only) and the high-mass regime: ellipsoidal 
galaxies (orange), classical bulges (green), and pseudobulges (red). The black line (equation 5 ) shows the averaged fit to the combined sample, after bootstrapping 
and MC resampling, while the green line shows the equivalent quantity for the TDEs only (equation 4 ). Histograms of the bulge and SMBH mass distributions 
are shown on their respective axes, where the median of each distribution is indicated via a dashed line. 
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f we include the estimated systematics. The most conserv ati ve 
elationship between SMBH mass and host galaxy bulge mass was 
herefore found to lie within the 1 σ range 

M BH 

10 9 M �
= (0 . 01 + 0 . 01 

−0 . 02 ) ·
(

M Bulge 

10 11 M �

)(0 . 18 ±0 . 11) 

. (4) 

In order to determine how well BH masses can be derived using
he relationship, the intrinsic scatter of the data around this line was
alculated. We used the method of McConnell & Ma ( 2013b ; their
quation 4 ), taking into account the statistical and systematic errors
n each parameter, and varying the intrinsic scatter term for each 
t until χ2 = 1 was achieved. We find that the intrinsic scatter of

he data around equation ( 4 ) is 0.22 dex. If we instead use the slope
rom equation ( 3 ), we find a scatter of 0.20 dex. In summary, these
quations can be used to estimate the SMBH masses of TDE hosts
rom their bulge masses to within around 0.2 dex. 
.3 TDE sample in combination with high-mass regime 

n order to determine where TDEs and their hosts fall within the
ass distributions of other SMBH samples, and whether they can 

mpro v e the calibration of the SMBH–stellar mass relationship at the
ow end of the mass spectrum, the TDE sample was combined with
hat of the high-mass regime. We used the data from Kormendy &
o ( 2013 ), which is sourced from an inventory of host galaxies
ith SMBH measurements based on stellar dynamics, maser disc 
ynamics, ionized gas dynamics, or CO molecular gas disc dynamics. 
he inventory was categorized into morphological types: elliptical 
alaxies, classical bulges, and pseudobulges. The data in total 
omprise 67 sources. We omitted any data that Kormendy & Ho
 2013 ) neglected to fit, and any sources that they identified as ongoing
ergers. 
Fig. 2 shows SMBH mass as a function of host galaxy bulge mass

or the combined sample. TDE host galaxies have the lowest SMBH
nd bulge masses, and populate the previously sparsely filled region 
f the plot with M bulge � 10 10 M � and M BH � 10 7 M �. We apply
MNRAS 515, 1146–1157 (2022) 
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he same statistical tests to this sample as in the previous section.
nsurprisingly, given the known correlation in the high-mass sample,

he combined sample is found to have a strong correlation with p �
.05. 
The gradient derived from the MC sampling and bootstrapping,

llustrated in Fig. 2 but including systematic errors, is 1 . 31 + 0 . 03 
−0 . 03 , with

 y -intercept of −6 . 06 + 0 . 31 
−0 . 31 . The best-fitting relationship across the

hole sample was therefore found to be 

M BH 

10 9 M �
= (0 . 22 + 0 . 27 

−0 . 26 ) ·
(

M Bulge 

10 11 M �

)(1 . 24 ±0 . 05) 

. (5) 

 DISCUSSION  

ompared to other methods of measuring BH mass, we find that
DEs can be used to directly target low mass SMBHs. The median
MBH mass found for our TDE sample is 10 6 . 57 M � (Nicholl et al.
022 ) compared to the median of the high-mass regime 10 8 . 07 M �.
his supports the idea that observations of lower mass SMBHs ( ∼
0 6 M �) are more common around TDEs, due to the critical mass
esulting from the tidal and gravitational radius inequality, R T > R S 

Hills 1975 ). Here, we have demonstrated that these are also found
n galaxies with low bulge masses, � 10 10.5 M �. 

The scaling of SMBH mass with host galaxy mass identified
n our isolated TDE sample was statistically weaker than the very
trong correlation found in the combined sample. Shown in Fig. 2 ,
he TDE sample visibly populates the lower half of the combined
elationship, extending it to lower mass BHs. There is significant
 v erlap between pseudobulges and our TDE sample, with the median
seudobulge SMBH mass laying much closer to that of the TDEs
han the other components of the high-mass regime. Kormendy & Ho
 2013 ) remo v ed the pseudobulge sample from their final relationship
fter concluding they did not satisfy the tight SMBH–host galaxy
orrelations that classical and elliptical bulges did. 

For our purposes, the pseudobulge sample are interesting to
onsider due to their greater o v erlap in SMBH mass with the TDE
osts (Kormendy & Ho 2013 ). As a general definition, pseuodobulges
re bulges which have morphologies reminiscent of disc galaxies –
s opposed to classical bulges, which appear similar to elliptical
alaxies (Fisher & Drory 2008 ; Kormendy & Ho 2013 ). When
tted with a S ́ersic profile, pseudobulges have a lower index, n b ,

ndicating a smaller bulge (Fisher & Drory 2008 ) which, considering
o-e volution, suggests a lo wer mass SMBH. Furthermore, Hu ( 2008 )
ound that pseudobulges have a tight SMBH–velocity dispersion
elation, but with a slope that is distinct from that measured in the
lassical bulges and elliptical galaxies. This suggests that SMBH
rowth in pseudobulges is slower than that in the early-type bulges
Hu 2008 ; Jiang, Greene & Ho 2011 ; Kormendy & Ho 2013 ).

hile they have been previously omitted from the SMBH–stellar
ass relationship, with the addition of the TDE sample, it is clear

hat pseudobulges do fit within the combined sample. This further
ndicates the successful role TDEs play in extending the relationship
o the lower mass end of the SMBH spectrum. 

Comparing the final extended SMBH–stellar mass relationship
erived for the combined sample, equation ( 5 ), to that derived in
ormendy & Ho ( 2013 ) 

M BH 

10 9 M �
= (0 . 49 + 0 . 06 

−0 . 05 ) 

(
M Bulge 

10 11 M �

)1 . 16 ±0 . 08 

, (6) 

e see that the normalization is in ∼1 σ agreement, but the difference
n the exponent is significant. Moreover, the exponent we derived is

5 σ away from being linear, compared to the ∼2 σ difference in
NRAS 515, 1146–1157 (2022) 
ormendy & Ho ( 2013 ). Therefore, with the combined sample, we
nd a steeper SMBH–stellar mass relationship, indicative of a faster
caling SMBH mass. It is worth noting that while Kormendy &
o ( 2013 ) omitted pseudobulges in their final relationship due to
nding a reduced correlation between SMBHs, when removing
seudobulges from our combined sample there are no significant
hanges in the statistical values shown in Table 2 . 

Although we have extended the mass range, we are not claiming
hat our measured relationship is more reliable than the widely
sed relation from Kormendy & Ho ( 2013 ). In particular, the faster
caling in our sample relies on the accuracy of the SMBH mass
easurements from Nicholl et al. ( 2022 ), and hence are limited

y the approximations used in light-curve modelling. Ho we ver, the
ndicative results from our study suggest that if we can obtain
ccurate SMBH masses for future large TDE samples, these will
ave significant statistical power in constraining the slope of this
undamental relationship. 

The comparative flatness between the TDE-only and combined
amples could be due to a restrictive and small sample size for
he TDEs. The TDE sample obtained is a good representation of
ll observed TDEs, but covers narrow ranges of SMBH (10 5 . 80 −
0 7 . 37 M �) and host galaxy bulge masses (10 8 . 91 − 10 10 . 99 M �).
eco v ering a correlation with substantial intrinsic scatter is difficult
ith only a small dynamic range. Ho we ver, it is also possible that this

hallower correlation is a true physical effect of the TDE sample; it
ould be caused by the bias TDEs have towards lower mass BHs due
o the limiting Hills mass (Hills 1975 ). In addition, it can be seen in
ig. 2 , between a fixed bulge mass of 10 10 − 10 11 M �, that the TDE
MBH masses are systematically lower than those of the elliptical
nd classical samples, by ∼1 dex. This further highlights the bias that
DEs have towards lower mass SMBHs. A larger sample is required

o further understand the difference in relation in this crucial mass
ange. Furthermore, the comparative flatness could also be a result of
he SMBH–bulge mass relationship changing at lower masses. For
xample, Jiang et al. ( 2011 ) studied the scaling between host galaxy
ulge luminosity and the mass of the central BH. Similar to our
tudy, they found that the relation flattened in the lower mass region,
n which the host bulges spanned a wide range of luminosities at a
xed BH mass. This is similar to what we see here: a wide range
f bulge masses ( ∼ 10 9 − 10 11 ) M � compared to a narrow band of
H masses ( ∼ 10 5 . 5 − 10 7 . 5 M �). It is worth noting that additional

tudies also find evidence that bulges ∼10 10 M � contain black hole
asses systematically lower than expected (Graham & Scott 2015 ;
a v orgnan et al. 2016 ). 
It is predicted that TDE observations will be revolutionized by

pcoming surv e ys; the current detection rate of 10 yr −1 is set to
ncrease to thousands yr −1 (Khabibullin et al. 2013 ; Bricman &
omboc 2020 ). Co v ering ∼10 000 de g 2 of sk y each night, the
pcoming LSST will surv e y six optical bands o v er 10 yr, visiting
ach field approximately 900 times. Using the LSST simulation
ramework, Bricman & Gomboc ( 2020 ) predicted that LSST will
isco v er between 35 000–80 000 TDEs during the surv e y. A large
raction will not have sufficient follow-up data for detailed individual
tudy. Ho we ver, the host galaxy information provided by LSST
ill be e xcellent, ev en with no targeted follow-up, due to the
nprecedented surv e y depth. Hence, utilizing the derived relationship
etween TDE host galaxy bulge mass and BH mass will allow us
o efficiently analyse the upcoming sample. Given the narrow mass
ange of TDE hosts and the offset in SMBH masses for hosts in
he range 10 10 –10 11 M �, we suggest to use the TDE-only relation
o estimate SMBH masses for these events. This is accurate to

0.2 dex which is smaller than the systematic offset compared to



Bulge masses of TDE hosts 1153 

t  

w  

m
s

5

W
d  

S
s  

r  

f

m
c

 

a

b
b
s
s  

i

a
o

t
i  

c  

p
m
f

l
p  

l  

t
t
e

A

W
t
u
b
E
(
T

D

T

R

A
A
B

B  

 

B
B
B
B
B
B
C
C
C
C
D  

F
F
F
F
F  

F  

F
G
G
G
G
G
G  

G
G  

G  

G
H
H
H
H
H
H
H
H
I
I
J
K  

K
K  

K
L
L  

L  

M
M
M
M
M
M
M  

M
N
N

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/1146/6623673 by U
niversity of Birm

ingham
 user on 19 August 2022
he Kormendy & Ho ( 2013 ) relation. In time, the larger TDE sample
ill also enable us to impro v e the calibration of the SMBH–stellar
ass relationship for TDEs, using those LSST events which are 

ufficiently well-observed for independent BH mass estimates. 

 C O N C L U S I O N S  

e have modelled photometric data of 29 TDE host galaxies, 
eriving the total stellar mass and bulge mass for each event. The
MBH–stellar mass relationship was investigated for both the TDE 

ample and the TDE sample combined with that of the high-mass
egime from Kormendy & Ho ( 2013 ). Our main conclusions are as
ollows: 

(i) TDEs are successful in providing direct measurements of low 

ass SMBHs, with a median observed SMBH mass of 10 6 . 57 M �
ompared to 10 8 . 07 M � for previous SMBH samples. 

(ii) We find bulge masses in the range of 10 8.91 −10 10.99 M � with
 median of 10 9 . 95 M �. 

(iii) We find a correlation between TDE host SMBH and 
ulge masses, with moderate statistical significance. The simple 
est-fitting relation has a power-law slope of 0.28. After applying 
tatistical tests and considering systematic errors, we show that the 
lope lies in the range 0.18 ± 0.11 (1 σ ) and the relation has an
ntrinsic scatter of 0.2 dex. 

(iv) The relative flatness of this relation is different from that seen 
t higher SMBH mass, possibly reflecting event horizon suppression 
f the TDE rate. 
(v) Combining the TDE sample with higher mass SMBHs, 

he strong positive correlation between bulge and SMBH mass 
s unsurprisingly reco v ered. Ho we v er, TDEs pro v e to be highly
onstraining of the slope at the low-mass end, and our sample shows
ossible evidence for a faster scaling of SMBH mass with bulge 
ass than previous studies, warranting further investigation with 

uture large samples. 

Our results indicate that TDEs are promising future probes for 
ow-mass SMBHs. With the projected detection rate of thousands 
er year, TDEs present an opportunity to explore a population of
ow-mass SMBHs that may otherwise lay dormant in the centre of
heir galaxies. The sample of TDEs and their hosts will continue 
o grow, enabling further understanding of the relationships and co- 
volution between them. 
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Figure A1. Archi v al photometry of each host galaxy (red) and the best-fitting model (dark blue) with the 16th to 84th percentiles of the distribution of model 
draws from the posterior (shaded region), derived through PROSPECTOR . 
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Figure A2. Archi v al photometry of each host galaxy (red) and the best-fitting model (dark blue) with the 16th to 84th percentiles of the distribution of model 
draws from the posterior (shaded region), derived through PROSPECTOR . 

APPENDIX  B:  APPENDIX  B:  PA R A M E T E R S  

Table B1 lists our full sample of host galaxies, their bulge to total mass ratios and posteriors of the PROSPECTOR model. 
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