
Supermassive Black Holes
超大质量黑洞及其若干重大问题

Jian-Min Wang (王建民)

Institute of High Energy Physics 2024/09/12

Tsinghua Seminar



Outline：

•Formation of SMBH

•Masses and Spins

•SMBH binaries and nano-Hz GWs

•Satellite BHs and observational consequences

•Opportunities in the era of JWST and VLTI



1、Formation of SMBHs





Schmidt(1963)



FWHM(H𝛽) ∶ 3000-10000km/s

T >108K

Fully ionized: no lines

Deep potential of heavy object:

motion-broadening

ESO director: 1975-1987



𝑍′elDovich & Novikov

Energy source: supermassive black hole



Wolf
physics
(1988）
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Galactic center：

motivation

Physics in 2020



Formation of SMBHs?

IAU Gruber奖2001



Quasars and galaxies: co-evolution

Richstone+1998



Soltan Argument

Conclusion: 
SMBH from accretion



Super-Eddington BHs！



超爱黑洞！

SDSS J0920
z=2.3

Super-Eddington BHs！



重种子黑洞 ->超Eddington吸积->超大质量黑洞



How to form seed BHs？





2、Masses and spins



Classical tool: reverberation mapping

SMBH+
accretion disk



Broad-line region: R-L relation

Broad-line region

Accretion disk

Kaspi+(2000); Bentz et al. (2013)

The empirical relation:

widely used for SMBH masses

from single epoch spectra



BLR: R-L scaling relations

Broad-line region

?

?

Accretion disk

Kaspi+(2000); Bentz et al. (2013)

Questions:

• Luminous quasars?

• Accretion rates?

• SMBH numbers: binary?



Lijiang2.4m & CAHA2.2m: SEAMBH2012

(super-Eddington accreting massive black holes)

For fast growth of seed black holes to SMBH

SEAMBH

Sub-Eddington



Broken R-L relation → New Relation

Li et al. 2021，Du et al. (2014;2015;2016;2018a) Du & Wang (2019)

One orderHighest rates：2000LEdd/c
2

预计51天延迟；但短于10天



Radiated luminosity: Saturated (Du et al. 2015b)

经典模型: 标准烛光
(Abramowicz et al. 1988；

Wang et al. 2013)

✗photon bubble 模型
(Begelman 2000)

现有MHD数值模拟结果
(CfA; Primceton)

(Jiang et al. 2014; 
Sadowski & Narayan 2015) 𝜂 Carine (Shaviv2000)



Super-Eddington implication: SMBH formation
Heavy seed BHs: super-Eddington accretion

James Webb Space Telescope (JWST)

PDS 
456

I Zw1



BH growth
• timescale：

z ～ 7：0.8Gyr

Volonteri & Rees (2005)



JWST results（Yang+2023）Strong Fe!



JSWT and SDSS quasars

Yang+2023

Shen & Ho(2014)



Heavy seed ->Super-Eddington->SMBH



2018, Nature, 563, 567
3C 273: breakthrough

SMBH masses: 

(2.6± 1.1) × 108𝑀⨀



Interferometry Era: GRAVITY/VLTI

• SARM analysis

➢Precision SMBH masses

➢Geometric distances of quasars

➢High-quality 2D transfer functions: SMBH binaries

Parallel to LOSBLR size

Interferometer

Perpendicular to LOSAngular size

SA/GRAVITY RM

SARM = SpectroAstrometry + Reverberation Mapping

↓ ↓
∆𝜃 Δ𝑅

𝐷 =
∆𝑅

∆𝜃



Cosmic distances and masses

𝑑 =
ΔR

Δ𝜃
; 𝑀BH

∆𝜃

∆𝑅

SARM : SpectroAstrometry + Reverberation Mapping

2m Telescope data ≡ VLTI data.!



Purely geometric measurements, independent of：

extinction/reddening

standardization 

cosmic ladders (Cepheids, SNIa)

examinations of systematic errors

SARM is expected to expand sample

Cosmic distances of quasars：SARM results

∆𝐷

𝐷
~15%



2nd SARM results

∆𝐷

𝐷
~30%



SARM in collaboration



• 100 AGNs: 2-3%



Big question：Cosmic dynamics

Wien law

Max Planck Adams Riess

Hubble catastrophe

“quantum born” “new physics born?”



BH spins: X-rays 
(Reynolds 2021)

Spins：history of accretion



Results：
SuzakuXMM-Newton

Hitomi → XRISM
(2016)

X-ray Imaging and Spectroscopy Mission



Cosmic evolution of spins:

Wang+2009 Volonteri+2013



3、SMBH binaries and nano-Hz GWs



SMBH binaries：orbital parameters？

CB-SMBHs LIGO: 100Hz-GWs

Period ～ 10-100yrs： entire waveform possible，chirping impossible



PTA：CB-SMBHs for 

GWs
(Songsheng+2021)
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Blandford & McKee(1982): 

2D-transfer functions of

a single BLR

For binary BLRs



RM: 2D transfer functions
（Wang+2018；Songsheng+2019; Kovacevic+2019）

Songsheng+(2020); Kovacevic+(2020)

A single BLR

Offsets are due to orbital motion



Wyoming IR Observatory 2.3m: MAHA since 2017

(Monitoring AGNs with H𝛽 Asymmetry) 

Sample: ~100 AGNs
For SMBH binaries



Signals: GRAVITY/VLTI (Songsheng+2019, Kovacevic+2020)

More complicated signals 
see Kovacevic+2020

10𝜇as



GRAVITY/VLT
Joint the Largest Telescopes

FAST

VLTI (25hours): Akn 120

Li+2020



4、Satellite BHs of SMBH: observational consequences

Formation of AGN structure



metallicity

AGN structure

Star F.& E.

Observations of variations：lines and continuum





Metal-rich BLR:：stars inside accretion disks？

Prediction：GRB、Compact objects and GWs



54

LIGO detection of GW 190521

ZTF detection of quasar flare
J124942.3 + 344929 at z = 0.438 (Graham+2019)

预言21年后观测：初步证据



AGN accretion disks：compact objects

z=7.54, cosmic age：0.7Gyr; Fe abund.：20 solar



Cosmic evolution of abundance?

Star formation and evolution：

⚫ AGN structure

⚫ Metallicity

⚫ Compact objects

⚫ Gravitational waves

Wang, S.+2021



Self-gravitating disk: AGN structure? （2009-)



58

◆ Graham et al (2022)： 9 others（LIGO/Virgo during O3）.

Samsing+(2022) sMBHs: Observational consequences？



Accretion-modified Stars (AMS) 统一名词

巨超爱丁顿吸积

Bondi 爆炸

AMS复活

AMS演化

Wang et al. 2021, ApJL911, L14
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激波加速电子

相对论Lorentz因子𝛾~105

同步辐射 外Compton散射 (EIC)

Bondi explosion SED

观测特征

• Bondi爆炸：从射电宁静到中等射电强跃变.

• EIC: 峰值≈40 GeV Fermi-LAT可以探测.

• Bondi吸积率 ~109𝐿Edd/𝑐
2.

• 吸积时标：𝑡a~10
5𝑚1s.

• 强大外流: 10倍超新星.

Wang et al. 2021, ApJL911, L14

60



AMS: radio、𝛾-rays

slow transients

Merger rates: a few per year

LIGO: 102Hz GWs

Fermi卫星

Jacobi capture

引力波与电磁对应体



银河系中心超大质量黑洞









Evolution of stellar population?

Mass function

Stars：accretion and stellar winds



Mass function: pile-up



Galactic center：young massive stellar disk



Iron abundance



Problems：Form. & Evo of Stars and Radiation

• Massive stars in AGN disks: element yields and  compact objects

• Interaction between stars and the disk

• Binaries:  compact-compact, star-comp, merger, TDE

• Accretion-modified stars: 

➢What is star？

➢Outflow-driven cavity

• AMS feedback: AGN structure formation

• GWs: LIGO、LISA、PTA



5、Opportunities of JWST & VLTI Era



早期宇宙中：小红点



⚫Density：100-500 times quasar LF

⚫SED：V-shaped



Early phase of Universe：various stages

Matthee+2024

Labbe+2023/4





Forthcoming silent revolution: GWs

• SMBH accretion disk： changed   

stars/compact objects

• Starburst:  new roles?

Satellite BHs Wang+2023a



LIGO观测计划



R. Genzel

F. Eisenhauer

In future 5-yrs：GRAVITY+ (300-500 quasars)



GRAVITY+ core sciences ：

• z=2-3 SMBH

• Cosmic distances：

     expansion history/dark energy

• SMBH binaries: nano-Hz GWs

GRAVITY+科学白皮书
https://www.mpe.mpg.de/7480772/GRAVITYplus_WhitePaper.pdf



Remaks：

⚫SMBH：SEABHs；seed: stellar or primordial BHs？

⚫SARM：quasar as probe of Universe

⚫SMBH binaries：PTA observations

⚫AGN structure formation：

           stellar evolution in dense environment

⚫LIGO GWs：AGN SED and variations

EMRI


	幻灯片 1: Supermassive Black Holes 超大质量黑洞及其若干重大问题
	幻灯片 2: Outline：
	幻灯片 3: 1、Formation of SMBHs
	幻灯片 4
	幻灯片 5
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10: Galactic center： motivation
	幻灯片 11
	幻灯片 12: Quasars and galaxies: co-evolution
	幻灯片 13: Soltan Argument
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17: How to form seed BHs？
	幻灯片 18
	幻灯片 19: 2、Masses and spins
	幻灯片 20: Classical tool: reverberation mapping
	幻灯片 21: Broad-line region: R-L relation
	幻灯片 22: BLR: R-L scaling relations
	幻灯片 23: Lijiang2.4m & CAHA2.2m: SEAMBH2012 (super-Eddington accreting massive black holes)
	幻灯片 24: Broken R-L relation  New Relation
	幻灯片 25: Radiated luminosity: Saturated (Du et al. 2015b)
	幻灯片 26: Super-Eddington implication: SMBH formation
	幻灯片 27: BH growth
	幻灯片 28
	幻灯片 29: JSWT and SDSS quasars
	幻灯片 30
	幻灯片 31
	幻灯片 32: Interferometry Era: GRAVITY/VLTI
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36
	幻灯片 37
	幻灯片 38
	幻灯片 39: BH spins: X-rays (Reynolds 2021)
	幻灯片 40: Results：
	幻灯片 41: Cosmic evolution of spins:
	幻灯片 42: 3、SMBH binaries and nano-Hz GWs
	幻灯片 43: SMBH binaries：orbital parameters？
	幻灯片 44: PTA：CB-SMBHs for GWs (Songsheng+2021)
	幻灯片 45
	幻灯片 46
	幻灯片 47: Wyoming IR Observatory 2.3m: MAHA since 2017 (Monitoring AGNs with HBeta Asymmetry) 
	幻灯片 48: Signals: GRAVITY/VLTI (Songsheng+2019, Kovacevic+2020)
	幻灯片 49
	幻灯片 50: 4、Satellite BHs of SMBH: observational consequences Formation of AGN structure
	幻灯片 51
	幻灯片 52
	幻灯片 53
	幻灯片 54
	幻灯片 55: AGN accretion disks：compact objects
	幻灯片 56: Cosmic evolution of abundance?
	幻灯片 57
	幻灯片 58
	幻灯片 59
	幻灯片 60
	幻灯片 61
	幻灯片 62
	幻灯片 63
	幻灯片 64
	幻灯片 65
	幻灯片 66: Evolution of stellar population?
	幻灯片 67: Mass function: pile-up
	幻灯片 68: Galactic center：young massive stellar disk
	幻灯片 69: Iron abundance
	幻灯片 70:  Problems：Form. & Evo of Stars and Radiation
	幻灯片 71
	幻灯片 72
	幻灯片 73
	幻灯片 74
	幻灯片 75
	幻灯片 76: Forthcoming silent revolution: GWs
	幻灯片 77
	幻灯片 78
	幻灯片 79
	幻灯片 80: Remaks：

