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Surveys Used and Techniques

Table 1. Basic Information for the Fields Used in This Work

Wedding-cake
surveys design

Up to 8000 AGNs
in 1.3 million
galaxies

extensive multiwavelength data via, e.g.,

Field Area Miim X-ray Depth X-ray ref. Galaxy ref. Photo-z ref. AGN Galaxies (a,b)
(deg?) (AB mag) (ks)
&) ) 3) “ ®) ©® @) ® ® (10)
GOODS-S  0.05 26.5 (H) 7000 (Chandra) 5 1 4,8 224 (111) 4144 (—15.87,2.63)
GOODS-N 005 265(H) 2000 (Chandra) 8 1 1,11 174 (167) 4603  (-15.49,2.58)
EGS 0.06 26.5 (H) 800 (Chandra) 6 1 9 112 (10) 5889 (—15.13,3.08)
UDS 0.06  26.5(H) 600 (Chandra) 4 1 8 117 (25) 5010 (—15.05,4.90)
COSMOS 1.27 24 (K,) 160 (Chandra) 3 2 5,10 1459 (880) 86765 (—14.68,5.19)
ELAIS-S1 293 235(K;) 30 (XMM-Newton) 7 3 6,12 676 (261) 157791  (-13.90,4.57)
W-CDE-S 423 23.5(K,) 30 (XMM-Newton) 7 3 6,12 872 (311) 210727 (~13.86,4.97)
XMM-LSS 420 235(K;) 40 XMM-Newton) 2 3 2 1765 (898) 254687 (—14.09,5.36)
eFEDS 59.75 22 (2) 2 (eROSITA) 1 2 3,7 2667 (1156) 615068 (—13.51,2.59)
CANDELS Long-term SMBH growth traced with the
3 [ :
_10% fecoFs | Zou et al. (2024) X-ray data, by averaging over samples.
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= i E ey Galaxy properties measured from the
) tUDS ! 1 COSMOS i
__________ | ® :
21 02 ! XMM-LSS |
© ! ELAIS-S1e o W-CDF-S | FIR-to-X-ray SED fitting.
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correlations are fundamental.



The Chandra Deep Fields

CDF - North

2 Ms coverage
0.12 deg?

755 sources
87% AGNs

Alexander et al. (2003)
Xue et al. (2016)

CDF - South

1 Ms coverage
0.13 deg?

1055 sources
71% AGNs *

Xue et al. (2011)
Luo et al. (2017)




XMM-SERVS Heritage Program

Chen et al. (2018); Ni et al. (2021)

Complements the Rubin
'LSST Deep-Drilling Fields

5242 sources B

XMM-Newton image of XMM-LSS (5.3 deg?)

XMM-Newton image of W-CDF-S (4.6 deg?)
4053 sources

CDF-S
-(0.13 deg?)

XMM-Newton image of ELAIS-S1 (3.2 deg?)

2630 sources .




eROBSITA eFEDS Field

140 deg? — we use the best 60 deg?

e.g., Brunner et al. (2023)
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Fig. 2. RGB image of the eFEDS field in X-rays, created using 0.2-0.5 (R), 0.5-1 (G), and 1-2 (B) keV bands. Each count rate image has been
smoothed with a Gaussian with o= 10 pixels (40”). The inset in the upper right corner shows a zoom-in around a newly discovered supercluster
(Liu et al. 2022a).
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Galactic
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Long-Term Average SMBH Accretion Rate

Stellar Mass

—— z=4.0 8000 AGNs within
z=3.0 1.3 million galaxies

z=2.0
z=1.5
z=1.0
z=0.8
-1 — =05
— 2z=0.1

logBHAR (M, yr—1)

9.5 100 105 11.0 115  12.0
logMx (M)

e.g. Zou et al. (2024); Yang et al. (2018)

For the general galaxy population
atz=0.1-4, long-term SMBH growth
correlates most strongly with M-

This dependence spans ~ 3 orders
of magnitude in average black-hole
accretion rate.

Also note the clear redshift
dependence.
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We also tightly constrain
the underlying conditional
probability distributions of
A over wide ranges of
stellar mass and redshift.
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Bulge Star-Formation Rate

M, tightly related to bulge M. — but not tightly related to total M. or disk M.
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Compactness

BHAR vs. Compactness for

Compactness is a measure of the . .
Star-Forming Galaxies

mass/size ratio of galaxies

M " (< 1 kpC) 01 $ iiggfggiﬁggﬂ@ _____ i

21 — > A z=15-3.0 (CANDELS) A :’,
T (1 kp C) - S
g _2 S v
At least for gas-rich, star-forming x|
galaxies, >, may also serve as a tracer ‘g ----
of central-gas density on a kpc-scale. -4~

e.g.,Niet al. (2021); Aird et al. (2022)

%) “survives” partial-correlation
testing vs. other factors

Compactness Examples for log M. ~ 10.3 8.0 8.5 9.0 95 10.0 105
log >1 (M o /kpc?)

Not seen for quiescent galaxies,
suggesting the role of gas density.

-

log I, = 81('1

Redshift dependence can also be

z=03-0.5 COSMOS I-band understood via gas evolution.
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Abstract

Supermassive black holes (SMBHs) can grow through both accretion and mergers. It is still unclear how SMBHs
evolve under these two channels from high redshifts to the SMBH population we observe in the local Universe.
Observations can directly constrain the accretion channel but cannot effectively constrain mergers yet, while
cosmological simulations provide galaxy merger information but can hardly return accretion properties consistent with
observations. In this work, we combine the observed accretion channel and the simulated merger channel, taking
advantage of observations and cosmological simulations, to depict a realistic evolution pattern of the SMBH
population. With this methodology, we can derive the scaling relation between the black hole mass (Mgy) and host-
galaxy stellar mass (M,), and the local black hole mass function (BHMF). Our scaling relation is lower than those
based on dynamically measured Mgy, supporting the claim that dynamically measured SMBH samples may be biased.
We show that the scaling relation has little redshift evolution. The BHMF steadily increases from z=4 to z=1 and
remains largely unchanged from z=1 to z=0. The overall SMBH growth Is generally dominated by the accretion
channel, with possible exceptions at high mass (Mpy 2 10® Mo or M, 2> 10'! M) and low redshift (z < 1). We also
predict that around 25% of the total SMBH mass budget in the local Universe may be locked within long-lived,
wandering SMBHs, and the wandering mass fraction and wandering SMBH counts increase with M,.



Evolution of the SMBH Population:
A Hybrid Approach

Observations constrain accretion channel well
(but not yet merger channel).

Simulations provide reasonable merger channel
(but unreliable accretion channel).

Observed + Simulated
accretion mergers



BHAR(M., z) + IllustrisTNG
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Track SMBH growth at z = 0-4 due to both observed accretion and IllustrisTNG mergers.



SIVIBH Mass Function

Where Is the Mass?

Mass Function Build-Up
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300 M,y from SDSS-RM
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Shen et al. (2016, 2023); Grier et al. (2017, 2019); Homayouni et al. (2020)



log growth rate (Mo yr—1)

Accretion vs. Mergers
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Mergers become increasingly
important toward low redshift.

But even at z ~ 0 they most likely
contribute at ~ 30% level.
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due to growth tracks
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Recovered Mgy-M. relation is lower than
dynamically measured ones, agreeing
better with those from broad-line AGNs.

Agrees better with the “de-biased” relation
of Shankar et al. (2016, 2020).

The Myy-M- relation does not evolve much
over z = 0-3, consistent with other constraints.

We also calculate the Mgy scatter, which can
explain much of the observed scatter.



Our Galaxy’s SMBH 1n Context
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Galactic SMBH 1in Context
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GalacticSMBH is ~ 7
times under-massive
compared to median
Mgy for other galaxies
with similar M.

Likely due to growth
at lower redshift, when
there is less BHAR at

a given M.

But not a strong
outlier due to fairly
large Mgy scatter
(and other variance
sources).



Future Prospects
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* Please see the cited papers for

many important details.
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Probe environments from field
to My, ~ 1014 M, clusters

M.. is linked with environment

Partial-correlation testing shows
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Any environmental enhancement
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[l1lustrisTNG Accretion
Channel Issues

1
Zou et al. (2024) Sub-grid accretion physics in
0 ok MustrisTNG likely needs
i —_
=" improvement — also see
TNG300 =7 ’ Habouzit et al. (2021,2022).

(solid)

Eddington-limited Bondi-Hoyle
accretion — with kinetic/thermal
feedback included.

Compare Anglés-Alcazar
colloquium.

9.5 1000 105 11.0 11.5 12.0
logM4x (M)



BHAR(M., z) + IllustrisTNG

Observations

Mgy i(z — 6z) =Mpy,i(z) + M (M, (z), )6t

+ Mgy ; (2 = 2 62)

Simulations
« Start solving at z = 4, and sensitivity to initial conditions fades rapidly above ~ 10!° M.
» Initial seeding uses the Mpy-M: relation of Reines & Volonteri (2015).
 Time step from TNG is ~ 0.15 Gyr.
 We track the mean SMBH accretion growth, averaging out accretion variations.
* Merger growth is derived for the most-massive SMBH along the merger tree.

*  Pmerge fOor mergers from Tremmel et al. (2018) - also set upper limits for pperge= 1.



Merger Probability
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Figure 1. Our adopted pyeree based on M. Tremmel et al. (2018b) as a function

of M, at different g bins. Term pmerlge is set to 0 for g < 0.03 and is extrapolated
only in the massive end (M, > 10"~ M,.).



SIVIBH Masses vs. Redshift
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Figure 10. Evolution of Alog(Mgnu) with redshift, with baselines adopted from the best-fit relations of Mu — MBuige and
Mg — LBuige from the Kormendy & Ho (2013) sample. Our work is the only sample with RM-based BH masses beyond z > 0.3.
Vertical error bars are from uncertainties in BH mass only.



