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Milky Way Center: Complex Composition
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Young stellar disks: counter rotating Mass function
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lardly formed by stellar evolution

PHYSICAL REVIEW LETTERS 125, 101102 (2020)

Editors' Suggestion Featured in Physics

GW190521: A Binary Black Hole Merger with a Total Mass of 150 M

R. Abbott er al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 30 May 2020; revised 19 June 2020; accepted 9 July 2020; published 2 September 2020)
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Along-durationgamma-ray burst of
dynamical origin from the nucleus of an
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The majority of long-duration (>2 s) gamma-ray bursts (GRBs) arise from
the collapse of massive stars, with asmall proportion created from the
merger of compact objects. Most of these systems form via standard
stellar evolution pathways. However, a fraction of GRBs may result from
dynamical interactions in dense environments. These channels could

also contribute substantially to the samples of compact object mergers
detected as gravitational wave sources. Here we report the case of GRB
191019A, along GRB (a duration of 7, = 64.4 + 4.5 s), which we pinpoint
close (100 pc projected) to the nucleus of anancient (>1 Gyr old) host
galaxy at z=0.248. The lack of evidence for star formation and deep limits
onany supernovaemission disfavour a massive star origin. The most likely
route for progenitor formation is via dynamical interactions in the dense
nucleus of the host. The progenitor, in this case, could be acompact object
merger. These may formin dense nuclear clusters or originate in a gaseous
discaround the supermassive black hole. Identifying, to the best of our
knowledge, a first example of a dynamically produced GRB demonstrates
the role that such bursts may have in probing dense environments and
constraining dynamical fractions in gravitational wave populations.
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LIGO detection: June 15, 2025
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Meet GW231123

a gravitational-wave signal from the most

mas bina

travelling from

HIERARCHICAL
ORIGIN STORY?

black hole observed to date

2 <13 billion light years away ...

GW231123 was detected on
November 23, 2023 at 13:54 UTC by

Iﬂ'o lk&l
and
11 LIGO

o for a duration
of 0.1 seconds.

DETECTED THROUGH GRAVITATIONAL WAVES

On November 23, 2023, at 13:54:30 UTC, the LIGO-Virgo-KAGRA (LVK) collaboration detected GW231123, a gravitational-
wave signal likely caused by the merger of two black holes with the highest combined mass the LVK collab ion has ever
observed. These black holes would have been spinning incredibly fast, and their individual masses appear to fall into a range
that challenges existing theories about how massive stars evolve and end their lives.

DETECTING THE SIGNAL

This gravitational wave was observed by the two Advanced LIGO detectors in Hanford and Livingston during the first part of
the fourth LVK observing run (O4a). The coherence between the two observatories was essential in making a confident
detection. As shown in Figure 1, the signal lasted about a tenth of a second but stood out clearly, about 20 times louder than
the typical detector noise. To ensure this was not a random blip in the data, we performed careful statistical checks. Using
techniques that simulate thousands of years’ worth of fake data, we found that the probability of random noise mimicking
GW?231123 is less than once in 10,000 years! This gives us extreme confidence in the non-terrestrial origin of the signal, and
thus in the reality of this gravitational-wave signal.
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BH mass function detected by LIGO
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In Hongkong, June, 2023

7"
4. “How do stellar black holes meet:

Ten Questions o B _
& AGN Disks

Electromagnetic Display?
Radio through X-ray
Harbingers, histories?

Wide field fast photometry?
Rubin for heavier black holes

1. “Which came first, the galactic chicken or the black hole egg?” They co-evolve
2. “How do black holes control their weight?” By declining food when offered?
3. “Why are massive black holes so antisocial?” Th rough frequentng bars?

4. “How do stellar black holes meet?” In disks and clusters?
5. “How do black holes treat stars?” Mostly badly but occasionally hospitably

“What is the role of black hole spin?” Powering jets, winds and UV?

“Is this a rapidly moving field?” Yes, everywhere
“How do jet engines work?” Spin-powered, wind-collimated, mass entrained

“Do jets accelerate the highest energy particles?” Perhaps, though remotely

6.
7.
8.

9.
110. “Is general relativity sufficient?” Seems to be

23vi2023 P Shaw/HKY
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A\— SMBH-accretion disk:

mergers of compact objects and GWs
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 Fastrising field: stars and BHs in AGN-disk

evolutions of massive stars binaries of compact objects

Jermyn+(2022) Tagawa+ (2021)

Many questions: challenges and opportunities



o I 1040 NATURE March 16, 1963 vo.. 197

., / : 3C 273: A STAR-LIKE OBJECT WITH LARGE RED-SHIFT

L]
—_— = By Dr. M. SCHMIDT .
’*,7‘7 %@ Mount Wilson and Palomar Observatories, Carnegie Institution of Washington, California Institute of Technology, Pasadena a S I C p a ra I I l e e rS .
%

Masses, accretion rates and metallicity
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./\') Metallicity of quasars: cosmic evolution?
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AGN structure: how to form?
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AGN structure: standard model correct?
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'he outer parts of the accretion disks around supermassive black
10les in galaxy nuclei and quasars
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First idea: compact objects in SMBH-disk ?
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ABSTRACT

Advanced LIGO and Advanced Virgo are detecting a large number of binary stellar origin black hole (BH) mergers. A promising
channel for accelerated BH merger lies in active galactic nucleus (AGN) discs of gas around supermasssive BHs. Here, we
investigate the relative number of compact object (CO) mergers in AGN disc models, including BH, neutron stars (NS), and
white dwarfs, via Monte Carlo simulations. We find the number of all merger types in the bulk disc grows o #3 which is
driven by the Hill sphere of the more massive merger component. Median mass ratios of NS—BH mergers in AGN discs are § =
0.07 & 0.06(0.14 & 0.07) for mass functions (MF) M~'(= 2 _If a fraction fagy of the observed rate of BH-BH mergers (Rgy_gn)
come from AGN, the rate of NS-BH (NS—-NS) mergers in the AGN channel is Ry ns ~ fagn[10, 300] Gpc“3 yr“l , (RnsNs <
facn400 Gpc 2 yr1). Given the ratio of NS—-NS/BH-BH LIGO search volumes, from preliminary O3 results the AGN channel
is not the dominant contribution to observed NS-NS mergers. The number of lower mass gap events expected is a strong
function of the nuclear MF and mass segregation efficiency. CO merger ratios derived from LIGO can restrict models of MF,
mass segregation, and populations embedded in AGN discs. The expected number of electromagnetic (EM) counterparts to
NS-BH mergers in AGN discs at z < 1 is ~ [30, 900] yr~!( fagn/0-1). EM searches for flaring events in large AGN surveys will
complement LIGO constraints on AGN models and the embedded populations that must live in them.



OPHYSICAL JOURNAL LETTERS, 719:L148-1.152, 2010 August 20

American Astronomical Society. All rights reserved. Printed in the U.S.A.

do1:10.1088/2041-8205/719/2/1.148

THE ASTROPHYSICAL JOURNAL, 739:3 (11pp), 2011 September 20

© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/739/1/3

THE ASTROPHYSICAL JOURNAL, 746:137 (27pp), 2012 February 20

@© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/746/2/137

STAR FORMATION IN SELF-GRAVITATING DISKS IN ACTIVE GALACTIC NUCLEL II. EPISODIC
FORMATION OF BROAD-LINE REGIONS

THE ASTROPHYSICAL JOURNAL, 954:84 (33pp), 2023 September 1 https:/ /doi.org /10.3847 /1538-4357 /acdf48
1 © 2023, The Author(s). Published by the American Astronomical Society.

OPEN ACCESS @ wa

CrossMark

Star Formation in Self-gravitating Disks in Active Galactic Nuclei. II1. Efficient
Production of Iron and Infrared Spectral Energy Distributions

Jian-Min Wang"**©®, Shuo Zhai', Yan-Rong Li' ©, Yu-Yang Songsheng' @, Luis C. Ho>®®, Yong-Jie Chen"*®,

Jun-Rong Liu'*, Pu Du'©, and Ye-Fei Yuan’
! Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, 19B Yuquan Road, Beijing 100049, People’s Republic
of China
% School of Astronom% and Space Sciences, University of Chinese Academy of Sciences, 19A Yuquan Road, Beijing 100049, People’s Republic of China
National Astronomical Observatory of China, 20A Datun Road, Beijing 100020, People’s Republic of China
% School of Physical Sciences, University of Chinese Academy of Sciences, 19A Yuquan Road, Beijing 100049, People’s Republic of China
>'Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, People’s Republic of China
8 Department of Astronomy, School of Physics, Peking University, Beijing 100871, People’s Republic of China
t Department of Astronomy, University of Science and Technology of China, Hefei 230026, People’s Republic of China
Received 2023 January 31; revised 2023 May 25; accepted 2023 June 15; published 2023 August 24



Accretion rates: nuclear starburst

(Wang+2010, ApJ, 719, L148)
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Compact objects: outburst and GWs



Accretion—modified Stars (AMS)

Wang et al. 2021a, b
Chen, K.+(2023)

thermal & non-thermal radiation

rejuvenation

cavity cavity AM S

Hyper—Eddington

accretion l
Bondi
explosi?n

AMS rejuvenation

mB _ MBon
on — .
W R / / /16 21/
. o exp 3/10 11/20 y—13/40 21/16 ~1/4
8.9 x 108 mi(ag_lMg)‘z/S%l/wrf’/d' (for corotation), T e 268.9 g, Mg '~ ry Egyyr
5.1 my (g Mgy~ 7710 7"/ 20r4‘ = (for counter rotation)

37



THE ASTROPHYSICAL JOURNAL LETTERS, 911:L14 (8pp), 2021 April 10 https://doi.org/10.3847/2041-8213 /abee81

© 2021. The American Astronomical Society. All rights reserved.

CrossMark

Accretion-modified Stars in Accretion Disks of Active Galactic Nuclei: Slowly Transient
Appearance

Jian-Min Wangl’z‘3 , Jun-Rong Liul’z, Luis C. Ho*® , and Pu Du!

Observable properties
A4t
Shock acceleration of electrons
4t
= |
2 il
;§42 i Lorentz factor: ~10°
o / \
40t Synchrotron radiation External Compton scattering
30— 1 13 15 17 19 21 93 25 27 i i
log (v/Hz 2 max
. ( / ) Vsr;ll?lx e 0'17B07max,5 keV VICa s ’VrznaxVUV ~ 41'77rQnax,5V}j5v GeV

Bondi explosion SED

. . . ~ 9 2
Bondi accretion rates ~10% gga/ “.  Bondi explosion: radio—quiet to intermediate.

. : : ] __1A5
Accretion timescale: ,~10° 4s. « EIC: peaks=40 GeV Fermi—LAT detectable.

e Powerful outflows: 10 times of SNe
38



. JOURNAL LETTERS, 916:L17 (11pp), 2021 August 1 https:/ /doi.org/10.3847/2041-8213 /ac0b46

rronomical Society. All rights reserved.

CrossMark
aceretion-modified Stars in Accretion Disks of Active Galactic Nuclei:
Gravitational-wave Bursts and Electromagnetic Counterparts from Merging
Stellar Black Hole Binaries

‘ Jian-Min Wangl’z'3 , Jun-Rong Liu]'z, Luis C. Ho*’ , Yan-Rong Li! , and Pu Du!
rb
non-thermal
radiation

trise~11 day

"’M\/ '{\\J‘\ﬁ" i

GW burst due to BBH merger

)
o Blob from BZ process
W
Lrej ~267 yr : L tvis > trise
— > BT —
Bihdry Bldck holes
Bondi explosion GW burst due to BBH merger
-
‘% S
<
{.-ﬂ

trise™~0.9 yr

Bondi explosion

trise~0.9 yr

A J\f*’tcw 2.8h

SMBH

Jacobi capture

SMBH disk

thermal & non-thermal

radiation

Bondi explosion
Case A: GW burst leading

Case B ; EMC leading

Case C: EMC & GW burst

AMS: radio. -rays
slow transients
Merger rates: a few per

year




Blazar-AGN: standard mode_l__

A%
R o

Viewing down Lhe jet

pi-a

/ “Quasar | Seyfert 1"
viewmg al an angle o the ;,r
-

‘Radio G.‘-tlﬂ'l:':,' i E-F-.:,.'fEFI‘ 27

fawing at 807 from the jet

The Energetic Gamma Ray Experiment
Telescope (EGRET)

Energetic Gamma Ray Experiment
Telescope (EGRET)




THE ASTROPHYSICAL JOURNAL, 416:L53-L56, 1993 October 20
@ 1993. The American Astronomical Society. All rights reserved. Printed in U.S.A.

EGRET LIMITS ON HIGH-ENERGY GAMMA-RAY EMISSION FROM X-RAY- AND
LOW-ENERGY GAMMA-RAY-SELECTED SEYFERT GALAXIES

Y. C. Ly,! D. L. Bertsch,? B. L. Dingus,>? C. E. FicuteL,” R. C. HARTMAN,? 8. D. HUNTER,? G. KANBACH,?
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Received 1993 February 24; accepted 1993 August 4

ABSTRACT

A sample of 22 Seyfert galaxies, 11 type 1 and two type 2 galaxies selected according to their X-ray fluxes in
the AGN survey catalogs of EXOSAT and Ginga, two additional type 1 galaxies for which detections in low-
energy gamma rays have been reported in the past, plus six more type 1 galaxies and one unclassified Seyfert
that have been studied by the OSSE collaboration, have been examined for high-energy gamma ray emission
in observations by the EGRET telescope on the Compton Observatory. No high-energy gamma-ray emission
has been detected from any of them. The 2 ¢ upper limits of the gamma-ray fluxes above 100 MeV for these
22 Seyfert galaxies are given here. The significance of these negative results is discussed. Implications of the
EGRET result for NGC 4151 are discussed in more detail.

Subject headings: galaxies: Seyfert — gamma rays: observations

TABLE 1

PHoTON FLUX UPPER LiMiTs FOR ENERGY > 100 MeV

20 Upper Limit

Source Observation Periods (10~7 photons em ™% s71)
Mrk 335 92/Apr/23-Apr/28 May/07-May/14,Aug/20-Aug/27 0.9
Mrk 348 92/ Apr/23-Apr/28 May/07-May/14,Aug/20-Aug/27 1.0
Mrk 590 92/Feb/20-Mar /05 0.7
NGC 1068 92/Feb/20-Mar /05 0.8
NGC 1275 91/Nov/28-Dec/12 0.9
3C 111 91/Nov/28-Dec/12,92/Jun/11-Jun/25 0.9
3C 120 91/May/16-May/30,92/Feb/20-Mar/05 May /14-Jun /04 0.9
MCG +8-11-11  92/Jun/11-Jun/25 1.1
NGC 3783 91/0ct/17-Oct /31 1.2
NGC 4051 91/Jun/28-Jul/12 0.5
NGC 4151 91/Jun/28-Jul/12 0.5
NGC 4593 91/Jun/15-Jun/28,0ct/03-Oct /17 1.2
MCG -6-30-15  91/0ct/17-Oct/31 1.0
Mrk 279 92/Mar/15-Mar/29 0.7
NGC 5548 92/Apr/02-Apr/09,Apr/09-Apr/16 1.0
Mrk 841 92/Apr/02-Apr/09,Apr/09-Apr/16,Apr/16-Apr/23 0.9
3C 390.3 92/Jan/10-Jan/23,/Mar/05-Mar/19 0.7
ESO 141-55 92/Aug/06-Aug/11,Aug/27-Sep /01 1.5
Mrk 509 91/Aug/15-Aug/22 Jan/23-Feb /06 0.8
NGC 7213 92/0ct/15-Oct /29 1.0
NGC 7469 92/Apr/23-Apr/28 May/07-May/14,Aug/20-Aug/27 1.1
MCG -2-58-22  92/Jan/23-Feb/06 0.9
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STACKING SEARCHES FOR GAMMA-RAY EMISSION ABOVE
100 MeV FROM RADIO AND SEYFERT GALAXIES

A. N. Crus,! R. C. HARTMAN, anD D. L. BERTSCH?
Code 661, NASA Goddard Space Flight Center, Greenbelt, MD 20771
Received 2003 July 16; accepted 2003 October 6

ABSTRACT

The EGRET telescope on board Compton Gamma Ray Observatory detected more than 60 sources of high-
energy gamma radiation associated with active galactic nuclei (AGNs). All but one of those belong to the blazar
subclass; the only exception is the nearby radio galaxy Centaurus A. Since there is no obvious reason other than
proximity to expect Cen A to be the only nonblazar AGN emitting in high-energy gamma rays, we have utilized
the “stacking” technique to search for emission above 100 MeV from two nonblazar AGN subclasses, radio
galaxies and Seyfert galaxies. Maps of gamma-ray counts, exposure, and diffuse background have been created,
then co-added in varying numbers based on sorts by redshift, 5 GHz flux density, and optical brightness, and
finally tested for gamma-ray emission. No detection significance greater than 2 o has been found for any
subclass, sorting parameter, or number of objects co-added. Monte Carlo simulations have also been performed
to validate the technique and estimate the significance of the results.

Subject headings: galaxies: active — galaxies: Seyfert — gamma rays: observations
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Jun-Rong Liu®*2, Jian-Min Wang®'2%/ | & Fermi-LAT Collaboration*

Relativistic jets around supermassive black holes are well-known powerful
y-ray emitters. In the absence of the jets in radio-quiet active galactic
nuclei, how the supermassive black holes work in y-ray bands is still
unknown despite great observational efforts in the past three decades.
Here, considering the previous efforts, we carefully select an active galactic
nucleus sample composed of 37 nearby Seyfert galaxies with ultrahard
X-rays for y-ray detection by excluding all potential contamination in

this band. Adopting a stacking technique, we report the significant y-ray
detection (test statistic 30.6, or 5.20) from the sample using 15-year
Fermi-LAT observations. We find the average y-ray luminosity of the sample
tobe (1.5 +1.0) x 10*° erg s 'at energies of 1-300 GeV. Limited by the
well-known pair production from the interaction of y-rays with low-energy
photons, y-rays of more than several giga-electronvolts are found to
originate from an extended corona (-2.7 x 10° gravitational radii), whereas
the canonical much more compact X-ray corona (-10 gravitational radii)
isresponsible for y-rays of one to several giga-electronvolts. The finding
of the compactregion lends strong support to the long-time theoretical
expectations, but the extended coronais an unexpected finding. One
promising scenariois that the electron—positron pairs produced inthe
compact X-ray corona would expand as a fireball, similar to thatin y-ray
bursts, forming the structure of extended corona.
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Fig.1|Stacked TS profile for FGR sample containing 37 sources.

The TS value is colour-coded for each flux and index combination.
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f: =1.8%0% x10-" photonss—! em~2and I' = 2.32*04), marked by the black

—0.35°
cross. The three solid contours represent the 68%, 20% and 99% confidence level.

27



E D e
1

L L L
Compact corona

L L
w et w wt 1DBRE

Extended corona

Fig. 3| lllustration of the AGN corona scenarioused to explain the y-ray emission
from the FGR sample. The extended corona (22.7 x 10°R, or 2.8 pc) isresponsible
for the emission of photons of more than several giga-electronvolts, and the
compact corona (10R,) for that of photons of fewer than several giga-electronvolts.

Radiation mechanism: AMS explosion?

Consequence: sMBHs exit around central SMBH
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Very Large Telescope Interferometer (VLTI)




Interferometric characteristics: binary-SMBHSs
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Differential phase (°)

Binary—SMBHs: separate BLRs

(Songsheng, Wang+2019; Kovaéevi¢, Songsheng+2020)
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With GRAVITY+, it will be possible for the first time to probe radio-quiet parsec-scale binary
SMBHs, from the local universe, through the ‘peak of binarity’ at z #0.6 — 1.3, and out to the
cosmic peak of galaxy merging (z ~2). GRAVITY+ can detect the tell-tale phase signatures of
dual BLRs in close binary SMBHs (Songsheng et al. 2019). By providing spatial information,
GRAVITY+ will be the ultimate instrument to firmly establish the binarity of candidates that
are expected in the thousands from, e.g., upcoming surveys with SDSS-V and 4MOST. The
infrared regime will overcome potential obscuration in these systems while removing the
requirement for radio-loudness.
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Binary—SMBHs: merged BLRs

(Songsheng & Wang 2023)
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In the optical, a baseline of 4km provides the same resolution as the EHT
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compact objects

« Gravitational Waves?



Conclusions

AGN: golden mine

e AGN-disk: stellar processes
e Accretion rates: starburst

e Metallicity: observational appearance

e Satellite sMBH: GWs and Bondi

explosion

15115 !



