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ABSTRACT

We present the study on the relationship between SMBHs and their host galaxies using our

variability-selected AGN sample (iAB ≤ 25.9, z ≤ 4.5) constructed from the HSC-SSP Ultra-deep sur-

vey in the COSMOS field. We estimated the BH mass (MBH = 105.5−10 M⊙) based on the single-epoch

virial method and the total stellar mass (Mstar = 1010−12 M⊙) by separating the AGN component with

SED fitting. We found that the redshift evolution of the BH-stellar mass ratio (MBH/Mstar) depends

on the MBH which is caused by the no significant correlation between MBH and Mstar. Variable AGNs

with massive SMBHs (MBH > 109 M⊙) at 1.5 < z < 3 show considerably higher BH-stellar mass

ratios (>∼ 1%) than the BH-bulge ratios (MBH/Mbulge) observed in the local universe for the same

BH range. This implies that there is a typical growth path of massive SMBHs which is faster than the

formation of the bulge component as final products seen in the present day. For the low-mass SMBHs

(MBH < 108 M⊙) at 0.5 < z < 3, on the other hand, variable AGNs show the similar BH-stellar mass

ratios with the local objects (∼ 0.1%) but smaller than those observed at z > 4. We interpret that

host galaxies harboring less massive SMBHs at intermediate redshift have already acquired sufficient

stellar mass, although high-z galaxies are still in the early stage of galaxy formation relative to those

at the intermediate/local universe.

Keywords: Active galactic nuclei (16) — Supermassive black holes (1663) — Black hole physics (159)

— Seyfert galaxies (1447)

1. INTRODUCTION

It is widely accepted that Supermassive Black Holes

(SMBHs) are located at the center of their host galax-

ies. The mass of SMBHs (MBH) and the bulge mass of

their hosts (Mbulge) show a well-established tight corre-

lation in the local universe (e.g., Magorrian et al. 1998;

Häring & Rix 2004; Kormendy & Ho 2013; McConnell &

Ma 2013). This correlation indicates that the growth of

SMBHs and the formation of galaxies are tightly related

to each other. There is also a scaling relation between

MBH and the total stellar mass (Mstar), which is more

scattered compared to the MBH −Mbulge relation (e.g.,

Beifiori et al. 2012; Kormendy & Ho 2013; Reines &

Volonteri 2015; Davis et al. 2018). The scatter of the

scaling relation depends on the morphology of the host

galaxies (e.g., Davis et al. 2018; Sahu et al. 2019). Since

Mstar includes not only the bulge but the disk compo-

nent of the host galaxy, the scaling relation is known

to shift toward the direction of larger galaxy mass com-

pared to the MBH−Mbulge relation. For instance, spiral

galaxies generally possess larger stellar masses than el-

liptical or S0 galaxies when compared at the same BH

mass range.

To understand the origin of the local MBH−Mbulge re-

lation, it’s essential to explore the relationship between

SMBHs and galaxies not just in the nearby universe but

also at the intermediate (e.g., 0 < z < 4) and high red-

shift (e.g., 4 < z). Since it is challenging to estimate

Mbulge accurately beyond the local universe, the stel-

lar mass Mstar or the dynamical mass Mdyn has been

used instead of the bulge mass Mbulge. At intermedi-

ate redshift, Decarli et al. (2010) shows that the BH-

stellar mass ratio (MBH/Mstar) increases by a factor

of ∼ 7 from z = 0 to z = 3, (see also Merloni et al.
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2009), while Suh et al. (2020) shows that there is no

significant redshift evolution of the BH-stellar mass ra-

tio up to z = 2.5. At high redshift, some studies (e.g.

Targett et al. 2012; Ding et al. 2020; Pensabene et al.

2020; Harikane et al. 2023) show that the high BH-

stellar mass ratios (or the high BH-dynamical mass ra-

tios) tend to be observed. It is interpreted that SMBHs

grow faster than their host galaxies, although the selec-

tion bias for luminous objects should be carefully con-

sidered. Indeed, the Subaru high-z exploration of low-

luminosity quasars (SHELLQs) revealed that relatively

low-luminosity quasars (M1450 > −25 mag) at z > 6

seem to be consistent with the local relation, particularly

at the high dynamical mass range ofMdyn > 4×1010 M⊙
(Izumi et al. 2019, 2021). To avoid such possible bias,

it is necessary to construct a sample of AGN cover-

ing the objects with sufficiently low luminosity. How-

ever, constructing a less biased AGN sample is difficult

due to the limitations of each selection method. Opti-

cal and IR color selection methods may be affected by

the host galaxy contamination for low-luminosity AGN

(e.g., Boutsia et al. 2009). X-ray searches for the faint

or distant objects are limited by the sensitivity of the

current facilities. Emission line diagnostics (e.g., Bald-

win et al. 1981) are also affected by contamination from

the host galaxies.

In this paper, we aim to explore the relationship

between SMBHs and galaxies utilizing a variability-

selected AGNs sample (iAB ≤ 25.9, z ≤ 4.5) constructed

by Kimura et al. (2020). The optical variability-based

AGN selection method has advantages in exploring

the low-mass SMBH beyond the local universe. This

method allows only Type1 AGNs to be selected indepen-

dent of the broad line width in principle, as the central

variable source inside BLR is not obscured by dust torus.

Consequently, there’s no need to set a threshold for

the minimum velocity width (e.g., ∆V = 2000 km s−1,

(Merloni et al. 2009; Suh et al. 2020)) to distinguish

between Type 1 and Type 2 AGNs. Moreover, since

there is a strong anti-correlation between variability am-

plitude and AGN luminosity (e.g., Berk et al. 2004),

the deep optical variability-based AGN selection can

construct the low luminosity Type1 AGN sample (e.g.,

Kimura et al. 2020; Guo et al. 2020).

The structure of the paper is as follows. In section

2, we explain the sample of variability-selected AGNs

and the photometry and the spectroscopic data to es-

timate the BH mass and the stellar mass. In section

3, we describe the single epoch virial mass method to

estimate the BH mass and the spectral energy distribu-

tion (SED) fitting model to measure the stellar mass. In

sections 4 and 5, we present the results and discussion

on the relationship of SMBHs and the galaxies using

the variability-selected AGN sample constructed from

the HSC-SSP survey. Throughout this paper, we as-

sume a ΛCDM cosmological parameters of Ωm = 0.3 and

ΩΛ = 0.7 and Hubble constant H0 = 70 km s−1Mpc−1.

We use the AB magnitude system.

2. DATASET

2.1. Variability-based Sample

The Hyper Suprime-Cam Subaru Strategic Program

(HSC-SSP) survey consists of three layers (Wide: 1400

deg, Deep: 27 deg, Ultradeep: 3.5 deg) with multi-band

(g, r, i, z, y-band and 4 narrow band) filters, achieving

a deep multi-band optical imaging observation with the

limiting magnitude iAB ∼ 27.4 in the Ultradeep layer

(Aihara et al. 2018a,b). Using the data set of HSC-

SSP survey in the Ultradeep layer in the COSMOS field,

Kimura et al. (2020) conducted a variability search to

detect the 491 robust AGNs. This parent sample covers

the redshift up to z = 4.5 and the i-band AB magni-

tude down to iAB = 25.9 including 441 X-ray detected

AGNs and 50 X-ray undetected AGNs. In this paper,

’X-det varAGNs’ (’X-undet varAGNs’) refer to objects

that are detected as X-ray sources by the Chandra COS-

MOS Legacy Survey (Laigle et al. 2016; Marchesi et al.

2016) with a signal-to-noise ratio (S/N) greater (less)

than 3.

2.2. Photometry and Spectroscopy

We used the latest UV-IR photometry dataset of COS-

MOS2020 (Weaver et al. 2022) and the deep X-ray

catalog of Chandra COSMOS Legacy Survey (Laigle

et al. 2016; Marchesi et al. 2016) to obtain the SED

of varAGNs The X-ray flux limits for 20% complete-

ness correspond to 1.3× 10−15 erg s−1 cm−2 for the full

band (0.5-10 keV), 3.2×10−16 erg s−1 cm−2 for the soft

band (0.5-2 keV), and 2.1× 10−15 erg s−1 cm−2 for the

hard band (2-10 keV), respectively. To estimate the BH

mass, we compiled the following archival spectroscopic

dataset. From SDSS DR16, we use the data with a

spectral resolution of R ∼ 2000 covering the wavelength

range 3600 Å < λ < 10400 Å (Ahumada et al. 2020).

We also use the data from Keck DEIMOS with R ∼ 6000

covering 4100 Å < λ < 11000 Å (Hasinger et al. 2018).

zCOSMOS provides the data with R ∼ 500 within the

range 5500 Å < λ < 9500 Å (Lilly et al. 2007). FMOS-

COSMOS version 2.0 provides near-infrared spectro-

scopic data at resolutions of R ∼ 600 or 3000 cover-

ing 11100 Å < λ < 18000 Å (Silverman et al. 2015;

Kashino et al. 2019). Finally, we also use the data ob-

tained with the Dark Energy Spectroscopic Instrument

(DESI) at resolutions of 2000 < R < 5500 covering
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3500 Å < λ < 10000 Å (DESI Collaboration et al. 2022,

2023). In total, we estimated MBH of the 208 objects

using the available spectroscopic data, however, we were

unable to determine the broad line width for 283 objects,

especially for the faint objects. The redshift distribution

of AGNs for which we measured the broad line width is

similar to that of the parent sample. Note that the re-

quirement for sufficient S/N in spectroscopic data for

broad line width measurements could bias the sample

towards more luminous and massive objects. We antic-

ipate uncovering further low-mass SMBHs through the

deeper spectroscopic observations in the future.

3. METHOD

3.1. SMBH mass estimate

Since the optical variability-selected AGNs can be

generally classified as Type1 AGN, independent of their

broad line velocity width, we utilize the single epoch

virial method to estimate their black hole mass. Assum-

ing the material in BLR is under the virial equilibrium,

we obtained the black hole mass following the equation,

log(MBH/M⊙) =

6.66 + 0.53 log
(

λLλ(1350)

1044 erg s−1

)
+ 2 log

(
FWHMCIV

103 km s−1

)
6.79 + 0.5 log

(
λLλ(3000)

1044 erg s−1

)
+ 2 log

(
FWHMMgII

103 km s−1

)
,

6.64 + 0.64 log
(

λLλ(5100)

1044 erg s−1

)
+ 2 log

(
FWHMHβ

103 km s−1

)
,

6.70 + 0.64 log
(

λLλ(5100)

1044 erg s−1

)
+ 2.06 log

(
FWHMHα

103 km s−1

)
where λLλ is the AGN luminosity [erg s−1] at the wave-

length λ, FWHMline is the full width at half max-

imum for CIV, MgII, Hβ, and Hα broad emission

lines (Vestergaard & Peterson 2006; Bahk et al. 2019;

Greene & Ho 2005). For the objects with multiple

broad emission lines detected, we selected lines from

spectroscopic data with higher wavelength resolution or

higher S/N ratios. The reliability of mass measure-

ments obtained with CIV line has been studied (e.g.,

Coatman et al. 2016; Marziani et al. 2019). While lu-

minous AGNs with the higher bolometric luminosity

(Lbol > 1046.5) tends to have larger differences in BH

mass measured by CIV and Hβ, most of our sample

has a moderate bolometric luminosity (Lbol = 1044−46).

To obtain λLλ(5100) for X-det varAGNs, we applied the

bolometric correction from the hard X-ray luminosity

(BCX = Lbol/λLλ(2−10 keV)) represented by the poly-

nomial equation as a function of bolometric luminos-

ity (Lusso et al. 2012) and the optical conversion fac-

tor (BCO = Lbol/λLλ(5100)) of 10.33 (Richards et al.

2006). The optical slope αo = −0.5 is used to convert

from the λLλ(5100) to λLλ(3000) or λLλ(1350) (Richards

et al. 2006). For the X-undet varAGNs with S/N < 3

or no detection in hard X-ray, the AGN bolometric lu-

minosity is calculated from the parameter accretion

luminosity in the SED fitting results. We will explain

the SED fitting method in § 3.2. For the measurement

of FWHMline, we perform spectral fitting utilizing the

curve fit tool from Python, a function from the scipy

module (Virtanen et al. 2020). We fit the continuum

with a linear component and the broad line with a sin-

gle Gaussian component. If the spectrum around the

broad line shows narrow lines or absorption features,

additional Gaussian components are incorporated into

the fitting model. We visually inspected carefully all

the spectra to remove objects with poor fitting accu-

racy even if the broad lines are detected. Since opti-

cal variability-selected AGNs are essentially classified as

Type 1 AGNs, the minimum threshold for FWHMline

is set as small as 500 km s−1. We also excluded ob-

jects where the line width of CIV, MgII, Hβ, and Hα

is similar with those of the forbidden lines in the spec-

tra and difficult to identify the broad line components.

Very low-mass SMBHs with the velocity width less than

500 km s−1 are thus not included in our sample. We

show the six typical examples of the spectra to obtain

SMBH mass by using the single epoch virial method in

Figure 1.

3.2. Host galaxies

To estimate the AGN luminosity and the stellar mass,

we utilize the SED fitting code CIGALE-v2022 (Boquien

et al. 2019). We use the multi-wavelength photometry

catalog of COSMOS2020 (Weaver et al. 2022) and the

X-ray photometry catalog of Chandra COSMOS Legacy

survey (Marchesi et al. 2016) and the filter band used in

the fitting is summarized in Table 1. We adopt the de-

layed star formation history (Ciesla et al. 2017) and the

stellar synthesis population (Bruzual & Charlot 2003)

with a Salpeter initial mass function (Salpeter 1955) for

stellar SED models. The nebular emission from the pho-

toionization models (Inoue 2011) is included. We use

the dust attenuation in the interstellar medium (Char-

lot & Fall 2000) and the heated dust emission (Dale

et al. 2014). The SKIRTOR AGNmodel (Stalevski et al.

2012, 2016) is used for the AGN SED model. The pho-

ton index of the X-ray (Stalevski et al. 2016) takes into

account not only Type 1 AGN but also the hard spec-

trum seen in Type 2 AGN since there are some varAGNs

that are strongly absorbed by (soft) X-ray (Kimura et al.

2020). We performed SED fitting without using soft-

X-ray data for the varAGN which shows strong X-ray

absorption with X-ray hardness ratio HR > 0. All the

SED fitting parameters are listed in Table 2. We set the

criteria of the reduced chi-square χ2
red < 5 for varAGNs.

4. RESULTS
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Figure 1. Six typical examples of spectral fitting around the broad line for varAGNs. Gray and blue lines show the restframe
observed spectra and the total fitting results respectively. Red, orange and black dashed lines represent the fitting component
of the broad line, the narrow (or the absorption) lines and the continuum respectively. Each varAGN ID taken from Kimura
et al. (2020), the spectroscopic redshift, and the BH mass are displayed in upper left area of each panel.



5

4.1. Redshift distribution of the BH mass

We showed the obtained SMBH mass for the 191 X-

det varAGNs and the 17 X-undet varAGNs in Figure

2 and the results are also summarized in Table 3. We

identified 6(7) varAGNs with 106(5) ≤ MBH/M⊙ < 107

up to z ∼ 1.6, 53 varAGNs with 107 ≤ MBH/M⊙ < 108

up to z ∼ 2.9, 131 varAGNs with 108 ≤ MBH/M⊙ < 109

up to z ∼ 4.2, and 17 varAGNs with 109 ≤ MBH/M⊙ <

1010 up to z ∼ 3.7. We measured BH mass by CIV

line for 63 objects, by MgII for 127 objects, by Hβ for

9 objects, and by Hα for 9 objects. The colored solid

lines show the detection limit of the low mass MBH as a

function of redshift, which refers the 20% completeness

limit which corresponds to the hard band X-ray of fX =

2.5×10−15 erg s−1 cm−2 (2-7 keV, αx = −1.5, Marchesi

et al. (2016)) and the broad line velocity width of ∆V =

2000 km s−1 (e.g. Merloni et al. 2009; Suh et al. 2020)).

Notably, 5 varAGNs are plotted below this relatively

conservative X-ray detection limit, which shows that the

optical variability-selected method is an effective tool for

detecting low mass SMBHs beyond the local universe.

While the majority of AGNs at z > 1 in literature are

limited to SMBHs of MBH > 108 M⊙ (Shen et al. 2011),

our sample is unique in encompassing low mass SMBHs

of MBH < 108 M⊙ extending to z = 3. Furthermore,

massive SMBHs with MBH > 109 M⊙ are also included

in our sample. Regarding X-undet varAGNs, the SMBH

masses are lower than those of the X-det varAGN at

z ∼ 2. Our sample covers a wide range of redshifts (0 <

z < 4.2) and SMBH mass (5.5 < log (MBH/M⊙) < 10).

4.2. Eddington Ratio and the BH mass

We show the relationship between BH mass and Ed-

dington ratio (λEdd) in varAGN sample in Figure 3.

Many of our varAGN sample shows the Eddington ratio

around λEdd = 0.1 which is consistent with the prop-

erties of the typical Type1 AGN (e.g. Caccianiga et al.

2013). The mean Eddington ratio in X-det and X-undet

varAGN sample are 0.10, and 0.06 respectively. X-undet

varAGNs show slightly lower accretion rates than X-det

varAGNs. The gray and green contours represent the

distribution of the objects in literature at z < 0.35 (Liu

et al. 2019) and 1 ≤ z < 2 (Shen et al. 2011). Our vari-

ability sample (0 < z < 4.2) is located between these

samples at z < 0.35 and 1 ≤ z < 2 due to the difference

in the observed volume and redshift.

4.3. The relation of SMBHs and host galaxies

The MBH − Mstar relation in our varAGN sample is

shown in Figure 4 and the results are listed in Table 4.

As we plotted the objects whose stellar mass can be ob-

tained by the SED model fitting (Section 2), the number
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Figure 2. The distribution of MBH as a function of redshift.
Blue and red circles represent X-det and X-undet varAGN
samples. We plot X-ray detected AGNs which have the broad
line velocity width ∆V > 2000 km s−1 estimated by Suh
et al. (2020) shown by black open circles. The orange, red,
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ton ratio in our X-det varAGN sample, respectively.
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of objects displayed in Figure 4 is limited to 111 X-det

varAGNs and 9 X-undet varAGNs. As our spectroscopic

sample is limited by the available archived data, we infer

that the completeness is low at the low-mass region in

both MBH < 107 M⊙ and Mstar < 1010 M⊙. Since there

seems no significant difference in the distribution X-det

and X-undet varAGNs, we do not treat them separately

in the following discussion and hereafter simply refer

them as varAGN. For the reference, MBH and Mstar for

AGNs in the local universe (z < 0.055) are shown by

gray crosses (Reines & Volonteri 2015). The black solid

line represents MBH − Mbulge relation for the elliptical

galaxies and bulge dominant galaxies in the local uni-

verse (Kormendy & Ho 2013). The red and blue dashed

lines represent MBH − Mstar relation in the local uni-

verse for early type galaxies (ETGs, (Sahu et al. 2019))

and for spiral galaxies (Spiral, (Davis et al. 2018)) re-

spectively. We also plot the high-z AGNs detected by

JWST (e.g., Harikane et al. 2023; Maiolino et al. 2023)

and by ALMA (Izumi et al. 2019; Pensabene et al. 2020;

Izumi et al. 2021) by gray diamonds and gray squares,

respectively.

Our sample is widely scattered and appears to be no

strong correlation between MBH and Mstar. The cor-

relation coefficient is 0.196. For varAGNs with smaller

MBH relative to the MBH −Mbulge relation in the local

universe, these BH-stellar mass ratios seem to be con-

sistent with the local ETGs, and spiral galaxies. Fur-

thermore, when comparing AGNs at z < 0.055 (gray

crosses) with varAGNs in the low-mass SMBH range

(MBH < 108 M⊙), there appears no significant differ-

ence. The stellar mass of these objects at intermediate

redshift is also likely to be affected by the disk compo-

nents although their true morphology is yet to be inves-

tigated. This will be discussed in Section 5.

On the other hand, we found that varAGNs with sig-

nificantly massive SMBH compared to MBH − Mbulge

relation in the local universe are hard to explain by

the disk component. Overmassive AGNs are frequently

observed at high redshift (gray diamonds and gray

squares), and their presence is seen among varAGNs

even at intermediate redshift. This implies that there

is a typical growth path of massive SMBHs which is

faster than the formation of their host galaxies.

4.4. The BH-stellar mass ratio as a function of the

redshift

Figure 5 shows the BH-stellar mass ratio (MBH/Mstar)

in our sample as a function of redshift and the com-

parison with the different redshift samples. Colors

represent different BH mass ranges, namely, purple,

blue, orange, and red correspond to BH mass ranges
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Figure 4. The relationship of MBH and Mstar in X-det
varAGN and X-undet varAGN shown by blue and red cir-
cles respectively. The black circle and error bar at the lower
right represent the mean error of the X-det varAGN sam-
ple. The black solid line shows MBH − Mbulge relation for
elliptical galaxies and bulge dominant galaxies in the local
universe (Kormendy & Ho 2013). The red and blue dashed
lines represent MBH−Mstar relation in the local universe for
early type galaxies (ETGs, (Sahu et al. 2019)) and for spiral
galaxies (Spiral, (Davis et al. 2018)) respectively. The gray
cross markers show the MBH −Mstar relation in AGN sam-
ple at the nearby universe (Reines & Volonteri 2015). The
gray diamonds show MBH −Mstar in AGN sample at z ∼ 4
(Harikane et al. 2023; Maiolino et al. 2023) from JWST. The
gray squares show MBH−Mdyn in AGN sample at z = 4 ∼ 7
from ALMA (Izumi et al. 2019; Pensabene et al. 2020; Izumi
et al. 2021).

of 106 ≤ MBH/M⊙ < 107, 107 ≤ MBH/M⊙ < 108,

108 ≤ MBH/M⊙ < 109, and 109 ≤ MBH/M⊙ < 1010

respectively. The dashed colored lines represent the

average BH-stellar mass ratio −3.9 ± 0.4, −3.1 ± 0.4,

−2.4 ± 0.4, and −1.5 ± 0.5 in each BH mass range.

Our sample shows a wide range of the BH-stellar ra-

tio (−4.5 < log (MBH/Mstar) < −0.5) and the MBH

dependence of the BH-stellar mass ratio implying that

no significant correlation exists between MBH and Mstar

at the observed redshift. We also obtained slightly posi-

tive slopes of 0.21± 0.11 and 0.19± 0.09 from the linear

fitting results in mass ranges 107 ≤ MBH/M⊙ < 108

and 108 ≤ MBH/M⊙ < 109. These findings suggest

that the BH-stellar mass ratios in our sample with

107 ≤ MBH/M⊙ < 108 and 108 ≤ MBH/M⊙ < 109

haven’t significantly evolved up to their respective red-
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Figure 5. The redshift evolution of the BH-stellar mass ratio : X-det and X-undet varAGNs are shown by the filled color
circles and the colors represent different BH mass ranges. The dashed colored lines represent the average BH-stellar mass
ratio within each BH mass range of varAGN. Crosses, left triangles and right triangles at the left side of the panel show
the BH-stellar mass ratios with log (MBH/M⊙) = 6.5, 7.5, 8.5, 9.5 of AGNs (Reines & Volonteri 2015), spiral galaxies (Davis
et al. 2018) and ETGs (Sahu et al. 2019) in the local universe, respectively. Upward triangles show the BH-bulge mass ratios
with log (MBH/M⊙) = 6.5, 7.5, 8.5, 9.5 of elliptical and S0 galaxies (Kormendy & Ho 2013). Squares and the diamonds show
the average BH-dynamical mass (Izumi et al. 2019; Pensabene et al. 2020; Izumi et al. 2021) with the BH mass range of
log (MBH/M⊙) > 8 and the average BH-stellar mass ratio (Harikane et al. 2023; Maiolino et al. 2023) with the BH mass range
of log (MBH/M⊙) < 8 at high-z.

shifts. Our spectroscopic data sample may suffer from

a bias in which less luminous AGNs at high redshift

are not involved, as they have not been observed or the

S/N ratios of the available spectra are insufficient to

measure the broad line width. Consequently, we expect

the slopes to be even flatter when considering the un-

detected low-mass SMBHs at high redshift. Due to the

small sample of varAGNs with 106 ≤ MBH/M⊙ < 107

and 109 ≤ MBH/M⊙ < 1010, the redshift evolution in

these ranges remains unclear with our varAGN sample

alone.

For comparison, we plot the BH-stellar mass ratios

of nearby AGNs with log (MBH/M⊙) = 6.5, 7.5, 8.5

taken from the linear regression of Reines & Volonteri

(2015) by the crosses. Left and right triangles show

the BH-stellar mass ratios of spiral galaxies and ETGs

with log (MBH/M⊙) = 6.5, 7.5, 8.5, 9.5 from Davis et al.

(2018) and Sahu et al. (2019), respectively. Upward

triangles show the BH-bulge mass ratios (MBH/Mbulge)

with log (MBH/M⊙) = 6.5, 7.5, 8.5, 9.5 of elliptical and

S0 galaxies in the local universe (Kormendy & Ho 2013).

The BH-stellar mass ratio of varAGNs in the BH mass

range of 106 ≤ MBH/M⊙ < 109 roughly coincides

with the ratio of AGNs, Spiral and ETGs observed in

the local universe. On the other hand, varAGNs with

109 ≤ MBH/M⊙ < 1010 show a higher BH-stellar mass

ratio than the BH-stellar mass ratio and even the BH-

bulge mass ratio in the local universe.

When comparing high-z AGN with our sample, we

take the average of all high-z samples within each BH

mass range, regardless of their luminosity. We note that

there is a debate on the possible observed bias for the

results of high-z luminous quasars. High-z AGNs with

MBH = 108−9 M⊙ and MBH = 109−10 M⊙ have been

detected by ALMA, showing the high BH-stellar mass

ratio on average, −1.7± 0.6 and −1.9± 1.0 (orange and

red squares, (Izumi et al. 2019; Pensabene et al. 2020;

Izumi et al. 2021)). The BH-stellar mass ratio of our

sample in the same BH mass range is similar to these of

high-z AGNs. Recent observations from JWST reveals

that AGNs in the low mass range of MBH = 106−7 M⊙
and MBH = 107−8 M⊙ at z = 4 − 6 also have the

high BH-stellar mass ratio on average, −2.2 ± 0.7 and

−1.3± 0.5 (purple and blue diamonds, (Harikane et al.



8

2023; Maiolino et al. 2023)). Compared with our re-

sults, we found that the BH-stellar mass ratio for the

BH mass range MBH = 106−8 M⊙ shows significant dif-

ference between z > 4 and z < 3. We interpret the

behavior as follows; at intermediate redshift or the local

universe, the galaxies hosting relatively low-mass SMBH

(MBH = 106−8 M⊙) have already obtain the sufficient

total stellar mass, although high-z galaxies are still in

an early stage of galaxy formation.

5. DISCUSSION

We here discuss the possible interpretation of our re-

sults in terms of the co-evolution of SMBHs and their

host galaxies. Our findings reveal the absence of a strong

correlation between MBH and Mstar, although it is un-

clear whether a correlation exists between MBH and

Mbulge at intermediate redshift, as observed in the lo-

cal universe (e.g., Kormendy & Ho 2013).

5.1. BH-bulge relation for massive SMBH

Firstly, we consider that the BH-stellar mass ratios

with massive SMBHs (9 ≤ MBH/M⊙ < 10) at in-

termediate redshift show large values compared to the

local universe. In the local universe, most SMBHs

in this mass range are typically found in giant ellip-

tical galaxies with small disk contributions. In Fig-

ure 5, the red dashed line shows the average value

log (MBH/Mstar) = −1.5, for the 7 objects at 1.5 <

z < 3, which is much larger than the BH-bulge ra-

tio log (MBH/Mbulge) = −2.2 in the local universe for

the same BH mass range (e.g., Kormendy & Ho 2013).

These overmassive SMBHs are rare in the local uni-

verse, with only a few reported so far, such as NGC1277,

Mrk1216, and PGC032873 (van den Bosch et al. 2012;

Yıldırım et al. 2015; Ferré-Mateu et al. 2017). These

galaxies have extremely high central densities, ended

their star formation in the early universe and are pri-

marily composed of red stars. Ferré-Mateu et al. (2015)

propose a scenario where the host galaxies of these over-

massive SMBHs follow a unique evolutionary path, dif-

ferent from the two-phase growth model typically as-

sumed for massive galaxies. After the formation of the

SMBH and the galaxy’s core, these galaxies bypass the

second growth phase, maintaining their original struc-

ture without further increases in mass and size. The

overmassive SMBHs at intermediate redshift in our sam-

ple could also be formed through this scenario. However,

considering many of these objects will eventually evolve

into the established MBH − Mbulge relation seen in the

local universe, it’s necessary to trigger events that in-

crease only the stellar mass. At high redshift, z > 4, re-

cent studies using ALMA (Izumi et al. 2019; Pensabene

et al. 2020; Izumi et al. 2021) have found that the BH-

dynamical mass ratios also show the similar large value

on average, log (MBH/Mdyn) ≥ −2. The presence of

such large BH-stellar mass ratios not only at high-z but

also at intermediate redshift implies that there is a typ-

ical growth path of massive SMBHs which is faster than

the formation of stars in the associated bulges/spheroids

as final products yet to reach the canonical mass ratio

in the end.

5.2. BH-bulge relation for less massive SMBH

We also discuss the MBH − Mbulge relation for less

massive SMBHs (107 ≤ MBH/M⊙ < 109) in our sam-

ple. Two possibilities regarding MBH −Mbulge relation

can be considered to explain the observed result that

the BH-stellar mass ratios for the given BH mass do not

appear to evolve significantly over the observed redshift

range. The first possibility is that the observed AGNs

at intermediate redshift have already developed their

present-day structures in terms of the BH, bulge, and

disk components, implying that the correlation of the

MBH − Mbulge relation has already been established in

their formation history. In other words, what we observe

as AGN with 107 ≤ MBH/M⊙ < 109 at 0.5 < z < 3 are

nearly the end products of their BH growth and galaxy

formation. However, this synchronized evolution con-

trasts with the recent discovery of the overmassive BH

in less massive SMBHs range at high redshift, 4 < z < 7

(e.g., Harikane et al. 2023; Maiolino et al. 2023). Less

massive SMBH host galaxies at z > 4 may be affected

by selection bias, potentially leading to an underestima-

tion of their stellar mass. However, Pacucci et al. (2023)

reported that the MBH − Mstar relation with low-mass

SMBH range MBH/M⊙ < 8.5 at z > 4 deviates signifi-

cantly from the local relation which is not due to selec-

tion effects. Why, then, do we observe such a difference

in the BH-stellar mass ratio between intermediate and

high redshift? Pacucci & Loeb (2024) show the inter-

pretation of the overmassive BHs with the assumption

that black hole mass growth is regulated by the quasar’s

output, and the stellar mass growth is also quenched by

it. This process works at high redshift when the host

galaxies are physically small, and the accretion duty cy-

cle is high, but a runaway process brings the originally

overmassive system towards the local BH to stellar mass

relation once the condition of suppressing star-formation

is broken. This may explain the difference of the BH-

stellar mass ratio between intermediate and high red-

shift.

The second possibility is that the BH is overmassive

in terms of the BH-bluge mass ratio, as observed at high

redshift (Harikane et al. 2023; Maiolino et al. 2023) or
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for the more massive SMBH (> 109M⊙) in our sample,

even though this does not appear in the BH-stellar mass

ratio. BH is being formed in overmassive to their bulges

but eventually the surrounding stellar system, proba-

bly disks, are formed to show the observed BH-stellar

mass ratio. Considering that host galaxies have already

acquired total stellar mass, these galaxies likely have a

larger disk contribution compared to their local universe

galaxies in the same BH range. This redshift evolution of

MBH−Mbulge relation was also shown by Croton (2006)

using a semi-analytic simulation. They argue that if

galaxy mergers are the primary drivers for both BH and

bulge growth, one should expect the MBH −Mbulge re-

lation to evolve with redshift, with a larger black hole

mass associated with a given bulge mass at earlier times

relative to the present day. In this model, the growth of

bulge mass is due to the disruption of the disks in merg-

ing events. This model with high BH feeding efficiency

could explain the high BH-bulge mass ratios observed

beyond the local universe. As an another method to

maintain total stellar mass while increasing bulge mass

from z ∼ 3 to z = 0, there is a case that clumps falling

into the bulge by dynamical friction. Since galaxies at

intermediate redshift to be much more clumpy than their

counterparts in the local universe (e.g., Shibuya et al.

2016), mass transfer from clumpy disks might be effec-

tive for some less massive SMBH hosts, but not for all,

inferred from the clumpy galaxy fraction (< 0.7 at z = 2

in Shibuya et al. (2016)).

In the context of the redshift evolution of the MBH −
Mbulge relation for the less massive SMBHs, the host

galaxies should have experienced the morphological

changes through the merging, disk instability or the

clumpy disk transformation.

For future work, using the data from the JWST trea-

sury program, COSMOS-Web, we aim to investigate

into the galaxy morphology of our sample, focusing on

accurately distinguishing between bulges and disks (in-

cluding clumps), to explore whether the MBH −Mbulge

relation evolves with redshift.

6. CONCLUSION

We investigated the relationship between SMBHs and

their host galaxies using the variability-selected AGN

sample from the HSC-SSP UD survey in the COSMOS

field. Our main results of this work are summarized as

follows:

• We estimated the MBH of the deep optical

variability-selected AGN sample using the sin-

gle epoch virial method. Our sample which in-

cludes X-ray detected and X-ray undetected AGNs

showed wide BH mass range 105.5 < MBH/M⊙ <

1010 and redshift range 0 < z < 4.2. We pre-

sented that the optical variability-selected AGNs is

a powerful tool to investigate the low-mass SMBH

at intermediate redshift.

• Eddington ratios of X-ray detected and X-ray un-

detected variability-selected AGNs are converted

from hard X-ray luminosity and intrinsic bolo-

metric AGN luminosity of SED results, respec-

tively. The mean Eddington ratio of X-ray de-

tected variability-selected AGNs is ∼ 0.1, showing

that of the typical Type1 AGN sample. The mean

Eddington ratio of X-ray undetected variability-

selected AGNs is ∼ 0.06, showing small acre-

tion rate compared to that of the X-ray detected

variability-selected AGNs.

• We obtained the Mstar by separating the AGN

and host stellar components with the SED fitting.

We found that the MBH − Mstar relation in our

sample shows little correlation, resulting that the

MBH/Mstar ratio apparently depends on MBH up

to z = 3.5.

• The MBH/Mstar ratios with 106 ≤ MBH/M⊙ <

109 in our variability sample seem to be consistent

with the that of AGNs and galaxies observed in

the local universe, although the MBH/Mstar ratio

with 109 ≤ MBH < 1010 shows significantly high

values compared to those in the the local universe.

• The MBH/Mstar ratio with 108 ≤ MBH/M⊙ <

1010 in our variability sample is roughly consistent

with those of AGNs at z > 4, on the other hand, in

the low-mass SMBH ranges of 106 ≤ MBH/M⊙ <

108, the MBH/Mstar ratio shows small values com-

pared to those at high-z.
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Ferré-Mateu, A., Trujillo, I., Mart́ın-Navarro, I., et al. 2017,

MNRAS, 467, 1929

Greene, J. E., & Ho, L. C. 2005, ApJ, 630, 122

Guo, H., Burke, C. J., Liu, X., et al. 2020, MNRAS, 496,

3636

Harikane, Y., Zhang, Y., Nakajima, K., et al. 2023, arXiv

preprint arXiv:2303.11946

Hasinger, G., Capak, P., Salvato, M., et al. 2018, ApJ, 858,

77
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APPENDIX

Table 1. Filter List used in SED fitting

Telescope Filter Name Pivot Wavelength [nm]

(1) (2) (3)

Chandra(0.5-2 keV) xray boxcar 0p5to2keV -

Chandra(0.5-7 keV) xray boxcar 0p5to7keV -

Chandra(2-7 keV) xray boxcar 2to7keV -

CFHT/Megacam MCam u 380

CFHT/Megacam cfht.megacam.u 382

Subaru/HSC subaru.hsc.g 479

Subaru/HSC subaru.hsc.r 619

Subaru/HSC subaru.hsc.i 767

Subaru/HSC subaru.hsc.z 890

Subaru/HSC subaru.hsc.y 978

VISTA/VIRCAM vista.vircam.Y 1020

VISTA/VIRCAM vista.vircam.J 1252

VISTA/VIRCAM vista.vircam.H 1643

VISTA/VIRCAM vista.vircam.Ks 2152

Subaru/suprime subaru.suprime.IB427 426

Subaru/suprime subaru.suprime.IB464 463

Subaru/suprime subaru.suprime.IB505 506

Subaru/suprime subaru.suprime.IB574 576

Subaru/suprime subaru.suprime.IB709 707

Subaru/suprime subaru.suprime.IB827 824

Subaru/suprime subaru.suprime.NB711 711

Subaru/suprime subaru.suprime.NB816 814

Subaru/suprime subaru.suprime.B 444

Subaru/suprime subaru.suprime.V 547

Subaru/suprime subaru.suprime.zpp 909

Spitzer/irac spitzer.irac.ch1 3556

Spitzer/irac spitzer.irac.ch2 4502

HST/WFC3 hst.wfc.F814W 805

(1)Telescope and Camera (2)Filter name used in CIGALE-v2022.0 (3)Pivot wavelength of the filter
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Table 2. SED CIGALE model parameter

Parameter Input values

Star Formation History : sfhdelayed (Ciesla et al. 2017)

e-folding time of the main stellar population model in Myr 1000, 3000, 6000, 9000, 12000

Age of the main stellar population in the galaxy in Myr 1000, 3000, 6000, 9000, 12000

e-folding time of the late starburst population model in Myr 50

Age of the late burst in Myr. The precision is 1 Myr 50

Mass fraction of the late burst population 0.1

Stellar Synthesis Population : bc03 (Bruzual & Charlot 2003)

Initial Mass Function Saplpeter (Salpeter 1955)

Metallicity 0.02

Nebular emission : nebular (Inoue 2011)

Ionisation parameter −0.2

Electron density 100

Fraction of Lyman continuum photons escaping the galaxy 0

Fraction of Lyman continuum photons absorbed by dust 0

Line width in km/s 300.0

Dust attenuation : dustatt modified CF00 (Charlot & Fall 2000)

V-band attenuation in the interstellar medium 0.5, 1, 1.5, 2

Power law slope of the attenuation in the ISM −0.7

Dust emission : dale2014 (Dale et al. 2014)

Powerlaw slope dU/dM ∝ Uα 1.5, 2.0, 2.5

AGN model : skirtor2016 (Stalevski et al. 2012, 2016)

Average edge-on optical depth at 9.7 micron 3, 7, 11

Inclination 0,10, 20, 30, 40, 50

AGN fraction 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9

Extinction law of the polar dust SMC

E(B-V) for the extinction in the polar direction in magnitudes 0, 0.03, 0.1

X-ray : from AGN, galaxy (Stalevski et al. 2016)

Photon index Γ of the AGN intrinsic X-ray spectrum 1.4, 1.6, 1.8

Power law slope connecting Lν at rest frame 2500 Å and 2 keV : αox −1.8, −1.7, −1.6, −1.5, −1.4, −1.3

Maximum allowed deviation of αox from the empirical αox − Lν 2500 Å 0.2
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Table 3. The physical parameters of variability-selected AGNs with estimated MBH

varAGN ID R.A.(J2000) Dec.(J2000) i-band Redshift FWHM MBH Lbol S/N line

[deg] [deg] [mag] [103 km s−1] [M⊙] [erg s−1]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

X-det varAGN

1 150.74386 2.20245 22.71 1.618 6.4 ± 1.17 8.6 ± 1.08 45.3 6.63 2

2 150.73557 2.19957 20.36 3.497 5.6 ± 0.03 8.8 ± 0.16 45.9 4.76 2

7 150.78838 2.34399 19.82 1.964 4.6 ± 0.00 8.5 ± 0.07 45.8 7.46 2

8 150.71511 2.48483 19.20 2.003 4.4 ± 0.00 8.5 ± 0.04 45.8 8.95 2

12 150.65294 1.99685 19.52 1.518 3.0 ± 0.03 7.9 ± 0.19 45.1 8.03 1

15 150.61224 1.99442 21.40 1.609 3.1 ± 0.16 7.8 ± 0.40 45.0 6.42 1

16 150.57489 1.97677 20.98 1.541 4.9 ± 0.01 8.5 ± 0.08 45.5 11.98 1

X-undet varAGN

56 150.42931 1.82558 21.74 2.084 5.9 ± 0.17 8.4 ± 0.42 45.0 0 2

108 150.36187 2.77911 22.54 2.537 6.5 ± 0.51 8.5 ± 0.71 45.2 0 2

113 150.30622 1.87518 23.31 1.755 2.2 ± 0.08 7.6 ± 0.28 45.2 0 1

(1)(2)(3)(4) ID, Right Ascension, Declination and i-band AB magnitude are taken from Kimura et al. (2020). (5) spectro-
scopic redshift (6)(7) the FWHM of the broad line, mass of the SMBH (8) bolometric luminosity converted from hard X-ray
luminosity and SED fitting result for X-ray detected AGNs and X-ray undetected AGNs respectively. (9) Signal to noise
ratio of hard X-ray in the Chandra COSMOS Legacy Survey (Laigle et al. 2016; Marchesi et al. 2016) (10) the label of the
broad lines we use to estimate MBH, 1 :MgII, 2: CIV, 3: Hβ, 4: Hα. The full data can be available in the machine-readable
version.

Table 4. Summary of our results

varAGN ID Redshift MBH Mstar χred

[M⊙] [M⊙]

(1) (2) (3) (4) (5)

1 1.618 8.6 ± 1.08 11.0 ± 0.71 2.3

2 3.497 8.8 ± 0.16 11.5 ± 0.49 1.5

7 1.964 8.5 ± 0.07 10.3 ± 0.15 3.4

12 1.518 7.9 ± 0.19 10.8 ± 0.21 1.9

(1) varAGN IDs are taken from Kimura et al. (2020). (2) Spectroscopic redshift (3) the mass of the SMBHs (4) the total
stellar mass of the host galaxies (5) reduced chi-square in SED fitting results. The full data can be available in the machine-
readable version.
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