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Abstract

We investigate the cosmic evolution of the ratio between black hole (BH) mass (Mpgy) and host galaxy total stellar
mass (Mear) OUt to z ~ 2.5 for a sample of 100 X-ray-selected moderate-luminosity, broad-line active galactic
nuclei (AGNs) in the Chandra-COSMOS Legacy Survey. By taking advantage of the deep multiwavelength
photometry and spectroscopy in the COSMOS field, we measure in a uniform way the galaxy total stellar mass
using an spectral energy distribution decomposition technique and the BH mass based on broad emission line
measurements and single-epoch virial estimates. Our sample of AGN host galaxies has total stellar masses of
10'°""2M, and BH masses of 10”°?°M_. Combining our sample with the relatively bright AGN samples from
the literature, we find no significant evolution of the Mgy—Mge1ar relation with the BH-to-host total stellar mass
ratio of Mpy/Mgenar ~ 0.3% at all redshifts probed. We conclude that the average BH-to-host stellar mass ratio
appears to be consistent with the local value within the uncertainties, suggesting a lack of evolution of the

Mgyu—Mepar relation up to z ~ 2.5.

Unified Astronomy Thesaurus concepts: AGN host galaxies (2017); Active galaxies (17); Active galactic nuclei
(16); X-ray active galactic nuclei (2035); Galaxy evolution (594); Black holes (162)

1. Introduction

The local universe provides clear evidence that the growth of
supermassive black holes (SMBHSs) is closely connected with
galaxy evolution, as revealed by well-known tight correlations
between the black hole (BH) mass and their host bulge
properties (i.e., Mgy—Mpyige, Mpu—0o relations; Magorrian et al.
1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Hiring
& Rix 2004; Giiltekin et al. 2009; Sani et al. 2011; Kormendy
& Ho 2013; McConnell & Ma 2013; Shankar et al. 2016).
Several studies have reported that the mass ratio between BH
and host bulge is Mpp/Mpyige ~ 103, with intrinsic dispersion
of ~0.3 dex (e.g., Marconi & Hunt 2003; Hiring & Rix 2004;
Sani et al. 2011). Kormendy & Ho (2013) argued for larger
values of Mpy/Mpuige ~ 10723, mainly because of their
revision of increased BH masses. Many theoretical models
have proposed active galactic nucleus (AGN) feedback to
explain these physical connections (e.g., Silk & Rees 1998; Di
Matteo et al. 2005; Hopkins et al. 2006), but how SMBHs and
their host galaxies evolve onto these local scaling relations
through cosmic time remains unclear.

While relations between BH mass and bulge properties in
quiescent bulge-dominant galaxies show the tightest correla-
tion, for high-redshift studies (z > 1) it is difficult to estimate
the bulge mass due to the lack of spatial resolution and
sensitivity, thus, the total stellar mass is used instead,
estimated by assuming a mass-to-light ratio or a spectral
energy distribution (SED) fitting (e.g., Merloni et al. 2010;
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Cisternas et al. 2011; Bongiorno et al. 2014). Measuring the
BH mass is also challenging beyond the local universe, and
the virial method is often used to estimate the BH mass for
galaxies hosting broad-line AGNs (e.g., Kaspi et al. 2000;
Vestergaard 2002; McLure & Jarvis 2002; Woo & Urry 2002;
McLure & Dunlop 2004; Greene & Ho 2005; Kollmeier et al.
2006; Vestergaard & Peterson 2006; Shen et al. 2008, 2011;
Trakhtenbrot & Netzer 2012).

Reines & Volonteri (2015) quantified the relationship
between BH mass and total stellar mass for nearby galaxies
to facilitate work at higher redshifts, including galaxies with
quiescent and active BHs. They found that local AGN host
galaxies tend to fall below the canonical BH-to-bulge mass
relations defined by inactive early-type galaxies at a given total
stellar mass, by more than an order of magnitude, with
Mpu/Mgenar ~ 10~*. Shankar et al. (2016; see also Bernardi
et al. 2007; Shankar et al. 2017) used detailed Monte Carlo
simulations to put forward evidence for a possible bias in the
local Mgy—M 1o relation of inactive BHs with dynamically
measured masses. They showed that, especially in early-type
galaxies, the necessary requirement of resolving the gravita-
tional sphere of influence of the central BH for reliable
dynamical mass measurements can, by itself, bias upward the
Mpy—Mepor relation, and proposed an intrinsic scaling
Mpgyu—Menr relation, in the hypothesis that the mass of the
BH is predominantly dependent on velocity dispersion.
Shankar et al. (2019) further showed that local AGNs, which
do not suffer from this selection effect, tend instead to naturally
sit around the intrinsic Mpy—Mgepar relation proposed by
Shankar et al. (2016; see also Reines & Volonteri 2015).


https://orcid.org/0000-0002-2536-1633
https://orcid.org/0000-0002-2536-1633
https://orcid.org/0000-0002-2536-1633
https://orcid.org/0000-0002-3683-7297
https://orcid.org/0000-0002-3683-7297
https://orcid.org/0000-0002-3683-7297
https://orcid.org/0000-0001-8973-5051
https://orcid.org/0000-0001-8973-5051
https://orcid.org/0000-0001-8973-5051
https://orcid.org/0000-0002-0797-0646
https://orcid.org/0000-0002-0797-0646
https://orcid.org/0000-0002-0797-0646
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0001-7232-5152
https://orcid.org/0000-0001-7232-5152
https://orcid.org/0000-0001-7232-5152
mailto:suh@naoj.org
http://astrothesaurus.org/uat/2017
http://astrothesaurus.org/uat/17
http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/2035
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/162
https://doi.org/10.3847/1538-4357/ab5f5f
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab5f5f&domain=pdf&date_stamp=2020-01-22
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab5f5f&domain=pdf&date_stamp=2020-01-22

THE ASTROPHYSICAL JOURNAL, 889:32 (11pp), 2020 January 20

Many observational studies have found that SMBHs beyond
the local universe are over-massive at a given host stellar mass
compared with that at the present time, suggesting that BHs were
able to grow more efficiently than their host galaxies (e.g., Peng
et al. 2006; Treu et al. 2007; Woo et al. 2008; Decarli et al. 2010;
Trakhtenbrot & Netzer 2010; Merloni et al. 2010; Bennert et al.
2011; Caplar et al. 2015; Park et al. 2015; Trakhtenbrot et al.
2015; Caplar et al. 2018). Peng et al. (2006) suggested that the
Mpy/Mgep.: 1atio is by a factor of =>4 times larger at z > 1.7
than today. Decarli et al. (2010) also claimed that the BH-to-host
mass ratios significantly increase by a factor of ~7 at z = 3 from
a sample of 96 quasars. Merloni et al. (2010) reported that the
average BH-to-host-galaxy mass ratio appears to evolve
positively with redshift, with Mgg/Mena o< (1 + 2)*%.

On the other hand, others found that the relationship between
SMBHs and their host masses matches the correlation that we
observe today, suggesting no evolution in the scaling relation
within the uncertainties (e.g., Shields et al. 2003; Salviander
et al. 2007; Shen et al. 2008; Shankar et al. 2009; Cisternas
et al. 2011; Schramm & Silverman 2013; Salviander et al.
2015; Shen et al. 2015; Sun et al. 2015). Jahnke et al. (2009)
suggested no evolution in the Mgy—Mgepa, relation using 10 of
the targets in the Merloni et al. (2010) sample when they
independently derived host galaxy properties using Hubble
Space Telescope (HST) observations. They found some
evidence of substantial disk components from their HST
imaging, suggesting that if the objects were purely bulge-
dominated, the Mgy—M 1o relation has not evolved, or at least
not as rapidly as the relations between BH mass and spheroid
properties since z ~ 2.

However, selection biases could affect the interpretation of
the results of these relations at high redshift (e.g., Lauer et al.
2007; Treu et al. 2007; Schulze & Wisotzki 2014; Shen et al.
2015). Lauer et al. (2007) pointed out that high-redshift
samples are generally selected by nuclear activity (i.e., AGN
luminosity), and therefore biased toward the most luminous
AGNSs. Such luminous systems are intrinsically rare and do not
represent the typical AGN population (Richards et al. 2006;
Ross et al. 2013; Aird et al. 2015). Due to this bias, luminous
AGNs are more likely to found in less massive galaxies at
higher redshift, resulting in an apparent evolution of the
MBH_MstellaI relation.

In this paper, we make use of a large, deep/uniform X-ray
depth and the extensive multiwavelength photometric and
spectroscopic data of the Chandra-COSMOS Legacy Survey
(Civano et al. 2016) to investigate the cosmic evolution of the
relationship between BH mass and galaxy total stellar mass up
to z ~ 2.5. The redshift range of 1 < z < 3 is an essential
cosmic period for studying the link between BH growth and
galaxy evolution, which corresponds to the peak epoch of star
formation and AGN activity. Our sample of X-ray-selected
AGNs with lower luminosities (Lyo ~ 10** 0 ergs™!),
together with the deep high-quality spectroscopy, contains a
much more representative population of SMBHs and host
galaxies, and is therefore less susceptible to the selection biases
induced by flux limit effects, compared to previous, mostly
optical, samples. The BH mass estimate is based on the single-
epoch virial method using the Keck/DEIMOS optical and
Subaru/FMOS near-IR (NIR) spectroscopy, and the stellar
mass is measured via a multi-component SED fitting. These
measurements allow us to investigate the evolution of BH-
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galaxy scaling relations up to z ~ 2.5, for the deepest/largest
data set adopted so far in this kind of study.

Throughout this work, we adopt a standard ACDM cosmology
with ©,, = 0.3, Q4 = 0.7, and Hy = 70 km s~ Mpc~".

2. Broad-line AGN Sample and Data

We construct our sample of broad-line AGNs from the Chandra
COSMOS Legacy Survey (CCLS; Civano et al. 2016) with a
multiwavelength data set (Marchesi et al. 2016; Laigle et al. 2016)
that contains a total of 4016 X-ray sources down to a flux limit of
22%x107'% 15 x 107"°, and 8.9 x 10 "% ergcm 25! at 20%
completeness in the 0.5-2keV, 2-10keV, and 0.5-10 keV bands.
Recently, Hasinger et al. (2018) presented the first comprehensive
spectroscopic observations with Keck/DEIMOS (Faber et al. 2003)
over a large area of ~2.2 deg” in the COSMOS field (DEIMOS
10K spectroscopic survey). Compared with the previous spectro-
scopic surveys in the COSMOS field, such as the zCOSMOS
bright spectroscopic catalog (Lilly et al. 2007) containing 10,644
spectra for a sample of galaxies with I,g < 22.5 mag, the DEIMOS
10K spectroscopic catalog provides spectroscopy with a spectral
resolution R ~ 2000-2700 for a sample of 10,718 objects with
Iap < 23.5-25 mag, including the newly detected deep Chandra
X-ray sources selected from CCLS. With the deeper magnitude
limits, we expect to obtain a lower limit to the BH masses of log
Mgy ~ 7.04M, at z = 2 using the methods detailed in Section 4.
Furthermore, the FMOS-COSMOS spectroscopic survey was
conducted with the Subaru/FMOS (Kimura et al. 2010) NIR
high-resolution spectrographs (R ~ 2200), described in detail in
Silverman et al. (2015; see also Kashino et al. 2013; Schulze et al.
2018). Our sample therefore represents the most typical AGN
population covering lower luminosities, compared to previous
studies at z > 1.

We select our sample of broad-line AGNs, for which one or
more broad emission lines with an FWHM larger than
2000 kms ™' have been identified by analyzing optical spectra
of 1078 sources with DEIMOS, and additionally NIR spectra
of 589 sources with FMOS. We detect 21 Ha, 5 HS, and
74 Mg 1l broad emission lines, which have signal-to-noise
ratios (S/Ns) greater than 10 per pixel, in the optical/NIR
spectra. We obtain 100 broad-line AGNs covering the redshift
range z = 0-2.5 (Table 1).

In Figure 1, we show the distribution of the absorption-
corrected 0.5-10keV X-ray luminosity (left) and total stellar
mass (right; Suh et al. 2019) as a function of redshift for all
the CCLS sources. The final sample of our broad-line AGNs
covers the full region of the X-ray luminosity (Los_10kev ~
1084 erg s71) and stellar mass (Myejar ~ 10'0712M,), as the
overall CCLS Type 1 AGN sample spans about 2 dex
atl <z <2

3. Host Stellar Mass

The total stellar mass of our sample of broad-line AGN host
galaxies is adopted from Suh et al. (2019) by performing a
multi-component SED fitting from far-IR (500 m) to near-UV
(2300 A). Suh et al. (2019) decomposed the SED using an
AGN accretion disk emission model (i.e., big blue bump) from
Richards et al. (2006), a dust torus model from Silva et al.
(2004), a starburst template from Chary & Elbaz (2001) and
Dale & Helou (2002), and a galaxy stellar population model of
Bruzual & Charlot (2003). For the galaxy model template, they
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Figure 1. Absorption-corrected 0.5-10 keV X-ray luminosity (left) and stellar mass (right) vs. redshift (spectroscopic or photometric) distribution for all X-ray sources
in the CCLS (circles). The sources classified as Type 1 (optically unobscured and/or broad-line) AGNs are denoted by filled gray circles (see Marchesi et al. 2016;
Suh et al. 2019 for details). Our final sample of broad-line AGNs is shown as filled blue circles.

Table 1
Broad-line AGN Sample
Object ID Redshift log Mgy log Ly log Menar Instrument Line
M) (erg s M)
1) @) (3) (C)) () © @
cid_36 1.826 9.38 + 0.06 45.63 12,1840 DEIMOS Mg I
cid_61 1.478 8.62 % 0.00 45.38 11.4879% DEIMOS Mg I
cid_66 1.512 8.45 + 0.03 45.77 11.2149% DEIMOS Mg I
cid_69 0.979 8.42 + 0.78 45.68 11.22598 DEIMOS Mg II
cid_70 1.638 8.85 + 0.11 45.28 11.597948 DEIMOS Mg Il
cid_87 1.606 8.77 + 0.11 46.69 11.6113% DEIMOS Mg I
cid_98 1.506 7.74 + 0.05 45.59 10.79750:8 DEIMOS Mg Il
cid_102 1.847 8.75 + 0.23 45.81 11.097 924 DEIMOS Mg It
cid_103 1.431 8.26 & 0.08 45.63 11.037518 DEIMOS Mg It
cid_110 0.729 7.90 £ 0.15 45.02 10.84793¢ FMOS Ha
cid_120 1.002 7.47 £ 0.06 45.18 10.677922 FMOS Ha
cid_142 0.699 8.43 + 0.16 45.50 11.2579% DEIMOS HEG
cid_157 1.333 8.56 + 0.39 45.46 11.25703 DEIMOS Mg I
cid_162 2.459 9.20 4 0.32 46.10 10.95+5:33 FMOS HS
cid_175 1.627 8.47 + 0.77 45,51 11.097548 DEIMOS Mg It
cid_179 1.850 8.80 + 0.01 46.40 11.6179% DEIMOS Mg Il
cid_307 2.051 8.92 + 0.06 45.94 11.575397 DEIMOS Mg 11
cid_340 2.188 8.75 + 0.08 45.66 11.1379%3 DEIMOS Mg Il
cid_346 2211 9.53 £ 0.29 45.96 11.901982 DEIMOS Mg 11
cid_356 1.034 8.27 + 0.07 45.12 11.11+548 FMOS Ha
cid_358 0.372 8.32 £ 0.11 45.61 10.667 9% DEIMOS Ha
cid_369 1.172 8.66 + 0.18 4532 11057048 DEIMOS Mg It
cid_389 1.537 9.13 £ 0.32 45.23 11.137542 FMOS Ha
cid_395 2.175 9.50 + 0.18 46.29 117152 DEIMOS Mg It
cid_399 2.177 9.24 £ 0.11 45.96 1180439 DEIMOS Mg 1
cid_438 1.650 8.74 + 0.13 45.96 11.407099 DEIMOS Mg It
cid_452 1.406 8.57 + 0.29 45.79 11.071399 DEIMOS Mg I
cid_454 1.478 8.71 £ 0.23 45.55 11.5243% DEIMOS Mg 1t
cid_467 2.286 9.56 4 0.01 46.59 12.287099 DEIMOS Mg
cid_481 2.283 8.72 + 0.01 45.68 11.227542 DEIMOS Mg Il
cid_492 0.967 9.06 + 0.10 45.87 11.341347 FMOS Ha
cid_495 2.015 9.40 + 0.00 45.55 11527999 DEIMOS Mg Il
cid_510 1.131 8.36 + 0.11 45.65 11727548 DEIMOS Mg It
cid_512 1.516 8.41 + 0.06 45.98 11.99753%8 FMOS Ha
cid_513 1.122 9.10 + 0.02 46.37 11.8050:38 DEIMOS Mg I
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Table 1
(Continued)
Object ID Redshift log Mgy log Ly log Mienar Instrument Line
(M) (erg s™") M)

o @ € (©) ® ©) @)

cid_517 2.097 8.45 + 0.19 45.17 11517397 DEIMOS Mg It
cid_531 1.845 7.85 & 0.34 45.35 10.87+928 DEIMOS Mg 1l
cid_536 0.880 8.66 = 0.08 45.40 11.005043 FMOS Ha

cid_543 1.298 8.68 + 0.59 45.03 11.03753 DEIMOS Mg It
cid_548 1.639 8.73 4+ 0.09 45.74 11.3150% DEIMOS Mg I
cid_556 1.607 8.34 =+ 0.03 45.75 10.9979:%3 DEIMOS Mg It
cid_566 1.458 8.87 + 0.10 45.84 10.9979% DEIMOS Mg It
cid_596 1.836 8.55 + 0.08 45.88 11.4375% DEIMOS Mg Il
cid_599 1.081 8.62 + 0.12 45.01 11.19599) DEIMOS Mg I
cid_604 1.343 8.60 + 0.04 45.60 11.497008 DEIMOS Mg Il
cid_632 0.825 7.70 + 0.04 45.42 10.497091 FMOS Ha

cid_642 1.369 8.58 + 0.09 45.39 11.3350% DEIMOS Mg 1l
cid_644 0.986 8.39 + 0.08 45.37 11.4775% FMOS Ha

cid_807 1.796 8.03 + 0.04 45.07 10967057 DEIMOS Mg It
cid_864 1.617 8.47 % 0.06 44.79 11.477399 DEIMOS Mg I
cid_925 1.817 8.72 + 0.14 45.41 11.784383 DEIMOS Mg It
cid_933 2.492 8.25 & 0.13 45.74 11135003 FMOS H3

cid_958 1.869 7.88 + 0.07 45.28 10.7010% DEIMOS Mg It
cid_997 1.998 8.85 + 0.00 45.76 119499 DEIMOS Mg Il
cid_1031 1.358 8.20 + 0.07 45.05 1104759 DEIMOS Mg 11
cid_1044 1.566 8.79 + 0.02 46.28 11777014 FMOS Ha

cid_1104 2218 7.77 £ 0.32 45.18 10.761992 DEIMOS Mg It
cid_1109 1.827 8.09 + 0.00 45.60 10,9399} DEIMOS Mg 1l
cid_1141 1.661 8.56 + 0.13 44.97 1113759 FMOS Ha

cid_1167 1.855 8.73 & 0.06 44.65 11.17+39 DEIMOS Mg It
cid_1170 1.814 8.09 =+ 0.65 44.97 11.44+39 DEIMOS Mg 1l
cid_1174 0.088 5.85 & 0.01 45.58 8.0150% DEIMOS Ha

cid_1222 1.759 7.75 £ 0.01 45.26 10.8379%9 DEIMOS Mg Il
cid_1281 1.444 8.55 + 0.93 45.16 10.257927 DEIMOS Mg It
cid_1305 2.177 8.26 + 0.11 44.48 10.35793 DEIMOS Mg I
cid_1913 2.089 8.60 + 0.11 45.75 10.78%3% DEIMOS Mg Il
cid_1930 1.568 8.93 + 0.04 45.97 12.13409%¢ FMOS Ho

cid_2252 1.964 8.75 + 0.03 44.79 1148739 DEIMOS Mg It
cid_2564 2.010 8.47 + 0.07 45.29 11.025% DEIMOS Mg 11
cid_2728 1.506 7.69 + 0.73 45.18 1066709 DEIMOS Mg It
cid_3021 1.755 7.57 £ 0.01 45.58 10.5879% DEIMOS Mg It
cid_3242 1.530 8.62 + 0.23 45.25 11.40*5:9¢ DEIMOS Mg It
cid_3385 1.819 8.19 + 0.08 45.46 10.900:53 DEIMOS Mg I
lid_286 1.205 7.93 + 0.02 44.57 10.99793 DEIMOS Mg It
lid_291 0.851 8.28 + 0.46 45.58 1113559 DEIMOS Mg I
lid_338 1.209 8.06 + 0.01 45.83 1157799 DEIMOS Mg It
lid_381 0.767 8.15 £ 0.07 4534 11465099 FMOS Ha

lid_405 1.434 8.98 + 0.08 46.55 11.497021 DEIMOS Mg Il
lid_437 1.260 8.54 + 0.16 45.59 11.2550% DEIMOS Mg 11
lid_485 2.034 7.81 + 0.69 45.42 10.945349 DEIMOS Mg It
lid_491 2.543 8.66 % 0.20 46.34 11.8770% FMOS HEG

lid_579 2.079 8.84 + 0.44 45.87 11.145347 DEIMOS Mg 1l
lid_592 1.561 8.91 + 0.43 46.06 12.3579% DEIMOS Mg I
lid_636 2.393 7.94 + 0.06 45.19 11.2075% DEIMOS Mg II
lid_638 1.421 7.36 + 0.24 45.13 10.420% DEIMOS Mg I
lid_685 2.039 9.04 + 0.18 46.20 12.35799% DEIMOS Mg I
lid_736 1.264 8.03 + 0.01 45.45 11.1950:9¢ DEIMOS Mg I
lid_738 1.477 8.42 + 0.01 45.14 11.30535 DEIMOS Mg It
lid_961 1.507 9.65 + 0.02 46.99 11.38548 FMOS Ha

lid_1273 1.622 8.49 =+ 0.03 45.37 11777533 FMOS Ha

lid_1305 1.247 8.02 + 0.01 45.38 11.3879% DEIMOS Mg It
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Table 1
(Continued)
Object ID Redshift log Mgy log Lyl log Mienar Instrument Line
M) (erg s™h) M)
(€] (@) 3 @ ® ©) @
lid_1453 0.736 8.42 + 0.14 44.32 9.96:007 DEIMOS HG
lid_1476 1.263 8.22 + 0.01 45.34 11287548 DEIMOS Mg I
lid_1502 1.541 8.66 =+ 0.45 45.87 11657999 DEIMOS Mg I
lid_1538 1.523 8.19 + 0.05 46.03 11.8470:98 FMOS Ha
lid_1565 1.592 8.46 + 0.05 46.73 11.78%938 FMOS Ha
lid_1590 1.596 8.78 + 0.06 45.99 1135799 FMOS Ha
lid_1802 2.084 8.08 % 0.06 45.29 11.1675% DEIMOS Mg II
lid_1878 1.608 8.90 + 0.02 45.69 11.6775% FMOS Ha
lid_3456 2.146 8.02 + 0.57 45.03 11.8775% DEIMOS Mg 11

Note. Column (1): object ID (Marchesi et al. 2016). Column (2): redshift. Column (3): BH mass derived from the virial method. Column (4): AGN bolometric
luminosity. Column (5): total stellar mass derived from SED fitting (Suh et al. 2019). Column (6): instrument for spectroscopy. Column (7): broad emission line used

for the BH mass measurement.

used the Chabrier (2003) initial mass function (IMF) and
exponentially decaying star formation histories with character-
istic times ranging from 7 = 0.1 to 30 Gyr and constant star
formation. The law of Prevot et al. (1984) for an AGN
accretion disk template and the law of Calzetti et al. (2000) for
a set of galaxy templates are used to take into account the
reddening effect. Four dust torus templates are used depending
on the amount of nuclear obscuration.

Due to the degeneracy between the AGN accretion disk and
the galaxy emission in the UV-optical wavelengths of SED
fitting, we further require that the AGN emission dominate the
galaxy light in the UV bands (>50% of total) because the UV/
optical emission should come from the AGN accretion disk for
Type 1 AGNs. Therefore, the stellar mass for the best fit with
this constraint could be biased toward the upper limit (see Suh
et al. 2019). The typical uncertainties for the stellar mass are
+0.19dex and —0.36 dex toward higher and lower masses,
respectively. A full detailed description is presented in Suh
et al. (2017, 2019).

4. BH Mass and Accretion Rate

The virial BH mass can be estimated using the broad-line
width and the continuum/line luminosity from the single-
epoch, rest-frame UV /optical spectra as a proxy for the
characteristic velocity and the size of the broad-line region
(BLR; e.g., McLure & Jarvis 2002; Vestergaard 2002; McLure
& Dunlop 2004; Greene & Ho 2005; Vestergaard &
Peterson 2006; Shen et al. 2011; Trakhtenbrot & Netzer 2012;
Mejia-Restrepo et al. 2016). We measure the spectral
complexes of broad Ho, HB, and Mg II emission lines present
in optical and NIR spectra, depending on the redshift, to derive
the virial BH mass of broad-line AGNs. We use the mpfit
routine to fit the emission lines, which adopts a Levenberg—
Marquardt least-squares minimization algorithm to derive the
best-fit parameters and a measure of the goodness of the overall
fit. The full details of the fit procedure are described in detail in
Suh et al. (2015).

In short, we apply the absolute flux calibration by matching
the deep ground-based photometry available in the COSMOS
field. For Ha we fit and subtract a power-law continuum,
S\ oc X%, from the spectra, and fit the narrow emission lines of

[N 11] )\654§, 6583 A with a fixed ratio of 2.96, and
Ha A\6563 A. The broad Ha line is fit by one or two broad
Gaussian components. In the case of the HF and Mgl
lines, we simultaneously fit the combination of the power-
law continuum and the Fell emission components (e.g.,
Vestergaard & Wilkes 2001; Matsuoka et al. 2007; Harris
et al. 2013), for which we adopt an empirical template from
Vestergaard & Wilkes (2001) convolved with Gaussian profiles
of various widths. Then we subtract the best-fit power-law
continuum and the Fe Il emission complex from the spectra.
For HQ, the narrow-line model is composed of H3 861 A
and [O 11] M4959, 5007 A with a fixed ratio of 2.98. We fit the
broad Hf line with one or two broad Gaussian components.
For Mg 11, we fit with one or two broad Gaussian components.
Finally, we measure the broad-line width and the continuum/
line luminosity from the best-fit spectra. The uncertainties of
the continuum luminosity are calculated from the average of
noise spectrum in the continuum wavelength range. Figure 2
shows examples of broad-line fits for the Ha (top), H3 (mid-
dle), and Mg II (bottom) emission lines, respectively.

We compute BH masses using the equation in Schulze et al.
(2018; Ha and HG; provided by Vestergaard & Peterson 2006)
and Trakhtenbrot & Netzer (2012, Mg II):

LH 0.48 FWHMH 212
« «
10*? ergs sl) (103 km S*I)

0.50 2.0
Myy = 10691 — L5100 ( FWHMas ) M.
10*? ergs s! 103km s~!

0.62 20
Myyy = 106748 __L3owo (FWHMMg“) Mo,
10* ergs s~! kms™!

M-

©

Mgy = 106.71(

where FWHM is the FWHM of the line in units of
1000 kms™!, and Ly, is the luminosity of the broad Ha line.
The Lsioo and Lzgg are the monochromatic continuum
luminosities at rest-frames 5100 A and 3000 A, respectively.
The number of sources whose Mgy were derived using
Ha, HB, and Mgl lines are 21 (two from DEIMOS, 19 from
FMOS), five (two from DEIMOS, three from FMOS), and 74
(all from DEIMOS), respectively.
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Figure 2. Examples of broad-line fits for Ha (top panels), H3 (middle panels), and Mg Il (bottom panels) emission lines for our sample of AGNs. The observed
spectrum (gray) with the best-fit model (black) is indicated. The power-law continuum, narrow-line components (blue), Fe 11 emission component (blue), and broad-

line components (red and yellow) are also indicated with colored curves.

The BH estimators we used are based on the mean virial
coefficient € ~ 1 (e.g., Onken et al. 2004; Grier et al. 2013),
corresponding to the mean virial factor of f,; ~ 4-5, which is
slightly higher than but consistent with the value independently
calibrated by Grier et al. (2017, f,;. ~ 3.5) via direct modeling
of the BLR structure and dynamics. While the measurement
uncertainties on Mgy are relatively small (~0.1 dex), the
systematic uncertainties associated with different single-epoch
virial calibrations carry a scatter of ~0.3 dex (e.g., McGill et al.
2008; Trakhtenbrot & Netzer 2012; Shen 2013). We determine
the uncertainties of BH mass given by the sum of the statistical
and systematic uncertainties.

In Figure 3 we show AGN bolometric luminosity versus BH
mass for our sample of broad-line AGNSs in the different redshift
bins. The AGN bolometric luminosity is derived using the
absorption-corrected rest-frame 2—10 keV luminosity by applying
a luminosity-dependent bolometric correction described in
Marconi et al. (2004; see Marchesi et al. 2016; Suh et al.
2019). For comparison, we show the SDSS DR7 quasar sample
(gray points; Shen et al. 2011), which is limited to the high-mass
and high-luminosity regimes due to the SDSS spectroscopic
follow-up flux limit. Our sample of broad-line AGNs covers the
BH mass range 7.0 < log(Mpy /M) < 9.5 and the bolometric
luminosity range 44 < log Ly, ergs~' < 47 with a median
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Figure 3. AGN bolometric luminosity vs. BH mass for our sample of broad-
line AGNs in the different redshift bins. The numbers in parentheses refer to
the number of sources in each redshift bin. The SDSS quasar sample (gray
points; Shen et al. 2011) is shown for comparison. As a reference, lines of
constant Eddington ratio (Lye/Lgdq) equal to 1, 0.1, and 0.01 are plotted as
dotted lines.

value of Eddington ratios of Ly /Lgqq ~ 0.1. We list our sample
of broad-line AGNs in Table 1, which includes BH masses, AGN
bolometric luminosities, and host total stellar masses.

5. The Mgyg—Menar Relation beyond the Local Universe

We present the distribution of our sample of broad-line
AGNs and their host galaxies at high redshift on the
Myy—Mgeniar diagram in Figure 4. We also show the inactive
sample of early-type galaxies at the local universe and the local
AGNss taken from Reines & Volonteri (2015).° The Reines &
Volonteri (2015) sample includes 262 broad-line AGNs based
on the Sloan Digital Sky Survey (SDSS) Data Release 8 (DRS)
spectroscopic catalog, and a subsample of 15 reverberation-
mapped AGNs taken from Bentz & Katz (2015), as well as 79
galaxies with dynamical BH mass taken from Kormendy &
Ho (2013).

We derive the linear correlation between BH mass and total
stellar mass for the combined sample of local inactive early-
types, local AGNs (Reines & Volonteri 2015), and our sample
of high-redshift AGNs using a Bayesian approach to take into
account uncertainties (Kelly 2007). We find the relation:

IOg Mgy /M(:) = (1.64 £ 0.07) x IOg Mitentar /M®
—(10.29 + 0.04)

with an intrinsic scatter of ~0.5dex. We also derive the
Mpy—M e relation for our sample of high-redshift AGNs
alone, and for the combined sample of local AGNs and our
high-redshift AGN sample. The derived linear relations are
shown in Figures 4 and 5.

® We correct the stellar masses of the Reines & Volonteri (2015) sample to

match the mass-dependent offset following the procedure outlined in Shankar
et al. (2019). Reines & Volonteri (2015) adopt BH masses based on a mean
virial factor of f,;; = 4.3 from Grier et al. (2013), consistent with our value.
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Figure 4. BH mass vs. galaxy total stellar mass for our sample of 100 broad-
line AGNs (blue circles). The orange circles indicate the inactive sample of
elliptical galaxies and spiral/SO galaxies with classical bulges at the local
universe (Reines & Volonteri 2015, taken from Kormendy & Ho 2013), and
the light green symbols indicate the local AGNs from Reines & Volonteri
(2015). The 15 reverberation-mapped AGNs from Reines & Volonteri (2015,
with BH masses taken from Bentz & Katz 2015) are shown as dark green
squares. The dashed and dotted lines indicate the local Mpy—Mjepiar relation
derived using total stellar mass from Reines & Volonteri (2015) as a reference.
We show the Mpy—M 1oy relation for the combined sample of local inactive
early-types, local AGNSs, and our high-z AGNs as a blue solid line with the 1o
scatter.

Our sample of AGN host galaxies at high redshift shows a
modest offset from the local AGN relation (Reines &
Volonteri 2015), while the mass range of our sample
corresponds to that for the most massive early-type galaxies
with inactive BHs in the local universe. It seems that AGN host
galaxies beyond the local universe occupy, on average, a region
between the relation of local AGNs and those of local early-
type galaxies with inactive BHs. We note that our sample of
AGN:s has a lower limit to the BH mass of log Mgy ~ 7.04M,
atz = 2.

We compare our results with the local Mpy—Mpye. relations
in the right panel of Figure 5 (Hiring & Rix 2004; Kormendy
& Ho 2013). Our sample of AGNs tends to lie below the
Kormendy & Ho (2013) relation for local inactive early-type
galaxies at a given Mo It appears that the local Mgy—Mejar
relation of Davis et al. (2018) is consistent with our data, even
though it is only based on late-type galaxies, while the relation
of Sahu et al. (2019), which is only based on early-type
galaxies, seems to be inconsistent with our high-redshift AGNs.
Shankar et al. (2016) proposed the local intrinsic relation by
correcting the selection bias in the Mpy—Mjey ., relation of
inactive BHs with dynamically measured masses. Indeed, we
show that even our high-redshift sample of AGNs matches the
proposed local intrinsic Mgg—M 11, relation within the scatter,
further corroborating the presence of a bias in local inactive
BHs, and a negligible evolution in the intrinsic Mgy—Mgeliar
relation at least up to z ~ 2.5. Recently, Izumi et al. (2019) also
found that low-luminosity quasars discovered by the Subaru
High-z Exploration of Low-Luminosity Quasars survey appear
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AGNs. We divided our sample into AGNs with less massive BHs (7.0 < log Mpu/M., < 8.5) and AGNs with massive BHs (8.5 < log Mgu/M., < 9.5).

to be located on or even below the local Mgy—Myyge relation,
even at z ~ 6.

In Figure 6, we show the histogram of BH-to-stellar mass
ratios (log Mpp/Mgenar) and the trend with redshift for our
sample of AGN host galaxies in the two BH mass bins. We
indicate the median Mpy /Mg, Values for the local AGNs and
the local inactive early-type galaxies from Reines & Volonteri
(2015) as a reference. Overall, we find no significant evolution
of the Mpy—Mgepiar relation with My /Mgepar ~ 0.2% up to
z ~ 2.5, which is markedly higher, by an order of magnitude,
than local AGNs (Mpy/Mgeliar ~ 0.015%), though smaller than
the BH-to-bulge mass ratios derived from inactive early-type
galaxies (Mpp/Mpyge ~ 0.4%) in the local universe. We note
that the BH mass range of local AGNs from Reines &
Volonteri (2015) is 5.5 < log Mgu/M., < 8.0. It seems
that galaxies with less massive BHs tend to have smaller

Mpp/Mgenar ratios than those with more massive BHs. It is also
interesting to note that the scatter does not depend much on
redshift.

Our results are consistent with some previous studies (e.g.,
Shields et al. 2003; Salviander et al. 2007; Shen et al.
2008, 2015; Jahnke et al. 2009; Cisternas et al. 2011) of no
evolution in My /Mgepa ratios with redshift, while in contrast
to other studies indicating that BHs predate the growth of their
host galaxies (e.g., Treu et al. 2007; Shen et al. 2008; Woo
et al. 2008; Decarli et al. 2010; Merloni et al. 2010; Bennert
et al. 2011). We compare our findings with data from the
zCOSMOS bright spectroscopic survey (Merloni et al. 2010),"°
in the top panel of Figure 7. Compared to a sample of 89 Type
1 AGNs from Merloni et al. (2010), our sample of AGNs,

10 We corrected the stellar masses of Merloni et al. (2010) by subtracting
~0.25 dex, to take into account the different IMF.
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which are selected by deep Chandra X-ray, was able to fill in
the lower BH mass region by reaching lower luminosities with
the deeper spectroscopy that were missed in earlier luminous
samples at high redshift.

We further explore the deviation of our sample of AGN host
galaxies from the local scaling relation by measuring the offset,
A log Mgy / Men1ar, perpendicular to the Hiring & Rix (2004)
relation, following the same approach as Merloni et al. (2010).
We note that the local sample of Héring & Rix (2004) is mostly
bulge-dominated (i.e., Myuige ~ Miteltar). The bottom panel of
Figure 7 shows the log My / Mo Telative to the local relation
of Hiring & Rix (2004) as a function of redshift. We show the
zCOSMOS AGN sample from Merloni et al. (2010) with their
best-fit relation: A log(Mpy/Msenar) = 0.68log(1 + 7). We
conclude that we do not find significant cosmic evolution of the
Mgy /Mgen, 1atio for our sample of moderate-luminosity

AGNSs, together with the relatively bright AGN sample of
Merloni et al. (2010), which is broadly consistent with the local
Mpy—Myyge relation (Héring & Rix 2004) up to z ~ 2.5, in
agreement with no evolution of the scaling relation as
suggested by previous studies (e.g., Shields et al. 2003;
Salviander et al. 2007; Shen et al. 2008; Cisternas et al. 2011;
Shen et al. 2015).

While there could be potential systematics and selection
biases due to incompleteness in stellar mass and BH mass
measurements in the resulting Mgy—Me1, relation (i.e., Lauer
et al. 2007; Shen et al. 2015; Shankar et al. 2016, 2019), i.e., a
threshold in luminosity and the detectability of the broad
emission line, on average, could lead a bias toward more
massive BHs with respect to the galaxy stellar mass, we probe
sufficiently low-luminosity AGNs at high redshift, covering the
population of less massive BHs.
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6. Discussion

In this work we provide evidence for a non-evolving
Mpy—Mgena: telation. This single observation has profound
implications for several aspects of galaxy evolution. Direct
time integration of the total emissivity of AGNs suggests a
decrease of the BH mass density of a factor of ~3 up to z ~ 2,
assuming a constant radiative efficiency (see, e.g., the bottom
panels of Figure 4 in Shankar et al. 2013). A constant
Mgy /Mgenar ratio would then imply a proportionally similar
evolution in the integrated stellar mass density of galaxies,
which might indeed be the case (e.g., Figure 27 in Bernardi
et al. 2010), though systematics in stellar mass measurements
still prevent a robust conclusion in this respect (e.g., Bernardi
et al. 2017). This resulting constancy in the Mpy—Mgeliar
relation is also in line with other independent lines of evidence.
For example, several studies suggested a weak evolution in the
Mpgy—o relation, either based on Soltan-type arguments or
direct observations (e.g., Gaskell & Kormendy 2009; Shankar
et al. 2009; Zhang et al. 2012; Shen et al. 2015).

A non-evolving Mpy—o and Mpy—Mgey, relation would
have significant implications for the overall coevolution of the
BHs and galaxies and on the fundamental plane of early-type
galaxies. This would necessarily also imply a weak evolution in
the relation of the o—Mgy ., at least in early-type, bulge-
dominant galaxies. If in the central regions one can
approximate Mgy ~ Mseltar ~ Mgyn ~ k X R, / o2, at fixed
BH mass and velocity dispersion one would naively expect a
constant product k& x R,. If early-type galaxies decrease in size
R, at higher redshifts (e.g., van Dokkum et al. 2013), this
would imply a proportional increase in the virial constant &,
which is expected if the Sérsic index decreases at earlier epochs
(e.g., Figure 1 in Bernardi et al. 2018), which is expected in
merger-dominated models (e.g., Hils et al. 2013).

We suggest that the BHs and galaxies both have grown
predominantly at higher redshift (z>3), and all necessary
stellar mass may already exist in galaxies at z ~ 3. This is in
line with the fact that their growth rates seem to be broadly
correlated, both in the integrated sense, i.e., SFR density and
BH accretion rate density, and the individual sense, i.e., SFR
and Lagn (e.g., Shankar et al. 2013; Suh et al. 2019). In the
later stages of AGN evolution, moderate-luminosity AGNs
with relatively high accreting BHs found below the local
scaling relation will presumably move up to the Mgy—Mejiar
plane induced by secular processes, eventually becoming
inactive galaxies harboring SMBHs. The secular process may
not change the overall Mgy—M 1, ratio by feeding both BH
and stellar masses.

We note here that there could be an evolution in the
Mpy—Mye relation, considering that our sample of AGNs is
not purely bulge-dominated (see, e.g., Jahnke et al. 2009). To
explain the tight relationship between the final BH and
spheroid bulge mass, a redistribution of stellar masses is
required from the disk to the bulge, as induced by secular
processes such as disk instabilities. Elbaz et al. (2018) found
that the galaxies hosting an AGN at z ~ 2 appear to be
systematically associated with the most compact star-forming
galaxies, suggesting that the physical mechanism responsible
for the rise in star formation compactness also efficiently feeds
the central BH, or possibly that the AGN activity plays a role in
triggering compact star formation through positive feedback,
i.e., bulge formation (see also Chang et al. 2017). These results
suggest that the majority of AGN host galaxies at z < 3 might
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be driven more by internal secular processes, implying that
they have substantially grown at a much earlier epoch.

7. Conclusions

We have studied the evolution of relations between BH mass
and total stellar mass for 100 X-ray-selected moderate-
luminosity, broad-line AGNs in the CCLS up to z ~ 2.5. By
taking advantage of deep multiwavelength photometry and
unique, intensive spectroscopy in the COSMOS field, we
measured in a uniform way the galaxy total stellar mass using
an SED decomposition technique and the BH masses based on
single-epoch virial estimates. The main results are summarized
as follows.

1. Our sample of AGN host galaxies has total stellar masses
in the range 10'°~"?M_., and the BH masses are broadly
distributed around 1079=°3M_,, probing sufficiently low-
luminosity AGNs at high redshift covering the less
massive BH populations. The median Eddington ratio is
Liot/Lgaa ~ 0.1.

2. Our sample of AGN host galaxies beyond the local
universe tends to lie below the Mgy—Mgeq1a relations for
local inactive early-type galaxies at a given Mo, With
no evident evolution with redshift.

3. By combining our moderate-luminosity AGNs with the
relatively bright zZCOSMOS AGN sample (Merloni et al.
2010), we find that the distribution of Mgy—Mg1ar relations
for high-redshift AGNs is broadly consistent with the local
value within uncertainties, with Mgy /Mejjar ~ 0.3% up
to z ~ 2.5.
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