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A Sketch of Astrophysical Mergers

Stellar-mass compact binary mergers: NS-NS, NS-BH, and BH-BH
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A Sketch of Astrophysical Mergers

Galaxy mergers
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Electromagnetic (EM) photons

Multiwavelength observations available,
e.g., VLA, ALMA, HST, JWST, Chandra,
Fermi, CTA,...

Great point resolution

Yy attenuation (y rays) for extragalactic
sources -> EM cascade
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Scaled flux E2°J(E) (m?sTsr!eVv')

Binary Compact H
4. Cosmic rays (CRs)

“a radiation of
high penetrating
power enters the
atmosphere from
above”
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Binary Compact

- High-Energy (HE) Neutrinos

Astrophysical neutrino beam

lceCube: A km3 (G-ton) ice Cherenkowdetector

How does IceCube work?

When a neutrino interacts with the Antarctic ice, it creates other particles. In
this event graphic, a muon was created that traveled through the detector

almost at the speed of light. The pattern and the amount of light recorded
by the IceCube sensors indicate the particle’s direction and energy.
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Binary Compact GWS
Object

And then there were four!
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Binary Compact

Object The Multimessenger View
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Outline

Part 1: Galaxy/cluster mergers
e contribution to the IceCube diffuse neutrino background
e Secondary radio and X-ray emission

Part 2: Supermassive black hole mergers
* Post-merger jet-induced neutrino emission
* EM counterpart

Part 3: Short GRBs embedded in AGN disks

* Physical picture
* Extended gamma-ray emission

Part 4: The future



HE Diffuse Neutrino Background

origins & mechanisms: new mystery in -pp or py?
astroparticle physics -connectlo.n to UHECRs? -connection to y rays?
-new physics?
Mostly isotropic -> Extragalactic origin -two components?
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(ubam)

total cross section

HE Diffuse Neutrino Background: Origins

Photohadronic (py): luminous bursts
e.g. relativistic jets
Gamma-ray bursts (GRBs), active galactic
nuclei (AGN) jets/cores, cosmogenic

Hadronuclear (pp): CR reservoirs
e.g. extensive dense regions
Supernova/hypernova remnants, galaxies and

clusters
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Extragalactic y-ray background (EGB) constraints

py/pp -> neutrinos, y —rays -> diffuse v background + extragalactic y-ray background (EGB)
« Blazars account for 86718 % of the total EGB flux (Ackermann+ 2016)

* but are not the dominant source of IceCube diffuse v background. (Aartsen+17 ...)

e ® [GeVem 2 st srt]

10°

107 }

=== Best-fit non-blazar component (14%) |

— - Upcoming muon neutrinos

¢ ¢ Fermi EGB

4 ¢ All-flavor averaged neutrino flux
O O 6-year HESE

'o.” EGB + + Auger 2017
", T Neutrinos
¢¢++ It * N
w T‘F—"‘: “ CRs
e A

Nonblazar y —rays +
* ]
f
|

10* 19* 10° 16° 200 90° 107 20* 10* 10* 20

It x7

Sources that contribute

significantly to IC diff. Vs
but are not very bright in
the y-ray sky are wanted!

12



E%) [GeV em 2 s sr!]

Extragalactic y-ray background (EGB) constraints

» Starforming galaxies are disfavored as the main source of IceCube diff. neutrinos
* “Hidden” (high y-ray opacity) sources or high-redshift objects are needed (galaxy mergers?)

hadronic y-ray emission normalized to best-fit non-blazar EGB
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Galaxy/Cluster Mergers

Bullet cluster’ ..

| Clowe+ 04

56

57




Galaxy/Cluster Mergers: Physical Picture

[Galaxy/cluster mergers: Vv )
e Strong shocks
CR acceleration + pp interaction -> HE v
e Strong redshift evolution
\_ cosmic yy attenuation with EBL/CMB suppresses y-ray flux )

Galaxy mergers Galaxy cluster mergers



Galaxy/Cluster Mergers: CR intensity

Total CR injection power at z (galaxy mergers + cluster mergers)
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Galaxy/Cluster Mergers: CR intensity

Total CR injection power density at z (galaxy mergers + cluster mergers)
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Galaxy/Cluster Mergers: CR intensity

Total CR injection power at z (galaxy mergers + cluster mergers)
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Galaxy/Cluster Mergers: Diffuse y,v Backgrounds

» Galaxy/cluster mergers can be promising PeV neutrino emitters without violating the existing Fermi y-ray
constraints on the nonblazar component of EGB
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Galaxy/Cluster Mergers: Secondary EM Emission

pp collision -> secondary e/e* (+galactic mag. field)
-> observable radio/X-ray emission (via synchrotron
+ synchrotron self-Compton)

Emission from secondary particles more efficient

than accelerated primary electrons

ge,primary s ¢, < 10-!
ge,sec min[17fpp,g]€p

Kejp = €c/€p ~ 10_4‘10_2

(Jones 11; Caprioli 12)

€p, €. are CR and electron acc. efficiency.

Diffusive Shock



Application to NGC 660

NGC660 VLA 4.86GHz TP on DSS blue

TR Koo e T RS i L P o 2

NGC 660 — Iikely formed by.co.llision of ga,laxieé S e s o . Ky,
B s . | 3. NGC 660 (a)
“Luminosity dlstance dL— 16.3 Mpc ’ | ' 0 k oF 5% ”

Core region magnetic fleld st'length b= 16+5 uG . o 2[00

(Drzazga+ 11) o : e | ' '
. : : : . : . : “ : e ' “ e

=)
S 40 0
N A}
2
=
« fe]
= e
k39
=z
-
(&) .
w L ]
Q 38+ P
37— I

36—

35

Credit: Gemini Observatory / AURA

6 kpc
P
RS AR o B ) PSR T 2 N

Gemini Observatory Legacy Image Q

014312 10 08 06 04 02 00 56 54
RIGHT ASCENSION (J2000)



NGC 660: Secondary EM Emission Scenario

NGC 660 SED fitting
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* This scenario can explain the radio and X-ray fluxes of merging galaxies such as NGC 660.

* Stringent constraints on gas mass, shock velocity, mag. field, and the CR spectral index.



NGC 660: Secondary EM Emission Scenario

Parameter constraints 103
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* This scenario can explain the radio and X-ray fluxes of merging galaxies such as NGC 660.
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* Stringent constraints on gas mass, shock velocity, mag. field, and the CR spectral index.
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Summary of Part 1

Galaxy and cluster mergers can explain a significant portion of IceCube diffuse neutrino
flux.

High-z CR injections alleviate the tension between the non-blazar EGB and the IceCube
neutrinos.

Synchrotron and SSC emissions from secondary e /e* pairs can explain the radio and X-ray
fluxes of merging galaxies such as NGC 660 (and NGC 3256, not shown in this talk).

In this secondary emission scenario, we can constrain the gas mass, shock velocity,
magnetic field, and the CR spectral index s of these systems.



Circumbinary disk.

i m

Part 2: SMBH Mergers

Bowen+ 19

Laser Interferometer Space Antenna (LISA)
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Credit: LISA collaboration proposal to the ESA



Yuan, Murase, Kimura, Meszaros 20 PRD 102.083013

V from SMBH Mergers: Physical Picture

Merger -> circumnuclear gas bubble (wind) + jet (BZ | Time lag between GW burst and jet launch: 103-102 yr
mechanism) -> internal, collimation, forward and

reverse shocks -> VHE CRs, PeV neutrinos Scaleheight & = 0.01(thin disk) — 0.3(thick disk)
-\ o  _o mmm Y B h‘—

AR A

Decoupling  Merger . : _
; | | ' ' Time ¢
1 1 | >
| I I
Inspiral Filling the gap Jet launch

8x10™* yr 3x 107 yr instantly after the cavity is filled 26




VYV from SMBH Mergers: Jet Structure

Wind density

. anBH(l = X) Rd,dec
0u(r) = 472 V 2G Mgy’ ***II:JS

The parameter

et head

ntact discontinuity

depends on accretion rate

Circumnuclear
material




V from SMBH Mergers: Interaction Rates

Collimation shock; t;=0.01 yr

H \\\ Yuan+ 20
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V from SMBH Mergers: CR Acceleration

Conditions for particle acceleration
* Shock is -> strong discontinuity -> efficient acceleration

Ty = Nyorl, S minfl, II(Tgy )]
* n, comoving number density of upstream materials, /, comoving length of upstream, II: e*/e- enrichment

Neutrino emission onset time tx,
defined by 7,(t«)=1. (optically thin)

Upstream Downstream Upstream Deceleration Downstream
Region
vu
Td — - e = W™ == = e
- D o= = == v
/
] /
I/ <
1 o Vd i / Vd
e | b

Radiation-mediated

Particle acceleration . .
no particle acceleration



V from SMBH Mergers: Fluences

Collimation shock, z=1

1= lid |
Solid lines: n, =0.01 $obs — 1(-2
Dashed Iines‘;vnw= 0.1 vb 0 1 yr
to°>=10""yr . 6
—2 | Yuan+ 20 » - MSMBH =10 M@
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Optimistic case
e Super-Eddington accretion rate

m = Msypn/Mggq = 10
e Efficient baryon loading
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Vs from SMBH Mergers: Detectability

IceCube G
(Aartsen+

( C . )
Optimistic case (super-Edd.): IceCube Gen2 + LISA
coincident detection rate ~1-2 per decade;
Challenging for sub-Edd. cases.
. J
Neutrino detection rate N, ; for SMBH mergers within the LISA detection range z < 6 [yr—!] Yuan+ 20

Optimistic parameters Conservative parameters
m =10, Ly ; ~3.4x 10*® erg s ', ¢, = 0.5, h = 0.3 m=0.1, Ly ; ~3.4x 10* erg s™*, ¢, = 0.5, h = 0.01
Scenario| IC (up+hor) IC (down) IC-Gen2 (up+hor) IC (up+hor) IC (down) IC-Gen2 (up+hor)
CS 0.019 0.014 0.16 82x107° 43x107° 3.7x10~*
IS 9.1x107* 7.8x107* 42 %1073 1.7x107¢ 1.3x10°° 9.5 x 1076
FS 2.6x107°% 18x1073 0.013 9.6 x 107°> 7.2x107° 4.1 x 1074
RS 0.011 8.4x1073 0.044 3.5x107* 1.9x107* 2.1 x1073

Super-Eddington

Sub-Eddington
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Vs from SMBH Mergers: Diff. v Background
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diffuse v in the 1-100 PeV energy range.
(10% IC diff. neutrinos for sub-Eddington cases)

Can be tested by next-gen v detectors.

Caveat: all mergers are assumed to be identical
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Galaxy/Cluster Mergers + SMBH Mergers

107> 5
] == (Galaxy/cluster merger Upgoing muon neutrinos
_ SMBH merger (m = 10) + 6-year HESE

10-6 4 SMBH merger (m =0.1) + 6-year shower
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SMBH Mergers: EM Counterpart

Circumbinary disk

* Inside the pre-merger wind bubble (disk-driven winds), the jet is mild relativistic '~2.0

34



Yuan, Murase, B.T. Zhang, Kimura, Meszaros 21 ApJL 911 L15

SMBH Mergers: EM Counterpart

z=1.0, m=0.5

m— Synchrotron SSC
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* EM counterpart: synchrotron+synchrotron self Compton

* Early radio emission is suppressed by synchrotron self-absorption (SSA) 35



SMBH Mergers: EM Counterpart

m=0.5

] == 5GHz, EVLA, 1 hr
5 GHz, SKA, 10 hr

6 { = 1GHz, SKA, 10 hr

| 5 GHz, VLA, 1 hr

| ==+ 100 GHz, ALMA, 1 hr
5§ == 1eV, HST, 10ks

] == 1eV,JWST, 10ks

Tssa
Tssa

{1 === rband, LSST, 30 s
44" 1 keV, Chandra, 100 ks

lYuan+ 21

Horizon redshift zjim,

o 10t 100106107
Time after jet launch T [s]

e Early radio emission is suppressed by synchrotron self-absorption (SSA)

* EM (syn.+SSC) signals are detectable up to the detection horizon of LISA, (1-10)f, per year

* Initial observation with large FOV telescopes (SKA, LSST) can guide narrow FOV detectors.



Summary of Part 2

Month-to-year high-energy neutrino emission from the post- merger jet after the
gravitational wave event is detectable by IceCube-Gen2 within approximately five to ten
years of operation in optimistic cases

A significant fraction of the observed very high-energy (> 1 PeV) IceCube neutrinos could
originate from them in the optimistic cases.

SMBH mergers can produce slowly fading transients with duration from months to years
after the coalescence

Jet-induced EM signals from SMBH mergers are detectable by optical telescopes up to
the detection horizon LISA (z=2-6).



Short GRBs in AGN Disks: Configuration

* A subpopulation of short GRBs occurs in the AGN accretion disks near a migration trap (20-1000 R, ).
* Winds from compact binary (highly super-Eddington) -> low-density cavity -> successful GRB jets

* Non-thermal electrons -> syn. + SSC + external inverse Compton (EIC, upscattered disk photons)

Gamma rays
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Short GRBs in AGN Disks: Cavity Formation

Compact binaries + dense AGN disk -> highly super-Eddington accretion rate -> strong wind
-> low-density cavity (conditiony < )
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Short GRBs in AGN Disks: Interaction Rates

* Close to SMBH ( < 100R, ) EIC (upscattered disk photons) dominates the y-ray flux

t/—l [5—1]

Interaction rates
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Short GRBs in AGN Disks: Disk Photon Absorption

e y-ray (>100 GeV) suppressed by yy attenuation (y-ray + thermal disk photons) ->
cascade emission in AGN disk
Yy optical depth

104 5
{ Solid lines: ¢ =0
1 Dashed lines: ¢ =45°
103 -
1 Yuan+, in prep.
1072 3
101 | | Cosmic yy attenuation
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Short GRBs in AGN Disks: Gamma Ray Spectra

* Extended emission: L, ;, ~10%- erg/s, z=1, duration 10%-10°s, I'~50
* HE cutoff: yy attenuation with disk photons; Cascade — subdominant
* Close to SMBH (low R, ): more EIC flux, stronger HE cutoff

R =10, kgTq~9.6 eV
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Short GRBs in AGN Disks: Implications

« Gamma-ray (CTA) + GW (LIGO) joint
detection rate

R(Slé)RB—AGN — fEEfbfL,BCO/BBHlRL,BBH

* R, gy~ 20yr~': LIGO detection rate of
embedded BH mergers (Bartos+ 17)

* Detectable in the decade-long
observations
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Summary of Part 3

A low-density cavity can be formed in the migration traps, leading to the embedded mergers
producing successful GRB jets.

Thermal photons from the AGN disks contribute to the EIC component and initiate
electromagnetic cascades when the y-rays escape from the jets and propagate in the disks.

EIC component would dominate the GeV emission if the compact binary object is close to the
SMBH.

The future CTA will be able to detect its 25 -100 GeV emission out to a redshift z= 1.0, as well as
being able to detect the on-axis extended emission simultaneously with GWs in within one
decade.

Results for neutrino emission from embedded SGRBs are on the way.



The Future

Apply to GRB 160821B (B. T. Zhang+ 21)

Theoretically

Hybrid models (leptonic + hadronic)

e Blazar SED fitting

* VHE (>TeV) gamma-rays from GRBs obs. by MAGIC,
VERITAS, H.E.S.S,, ...

Multi-zone time-dependent scenarios

* Environment (external photon fields)

« Time-dependent cascade

* Particle transport/diffusion, radiation transfer in
different sites (e.g., jet shocks, cocoon, winds)

Astrophysical Multimessenger Emission Synthesizer
(AMES, under development)
e Written in C++ and python

* CR acc,, transport, radiation/particle
interactions/propagation,...
AGNs, GRBs, supernovae, galaxies, dark matter,
TDEs ...

log10(eFe [erg cm™2 s71])

log1o(Flux [eV cm™3 s71])

Syn e EIC
SSC  ssscsss LP

F fftons = 1036,1038, 104 §772.
</ (from thick to thin lines) .,

VHE y-rays (1.5 -4 h)
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= = = Photon (Photomeson) o
Electron (Photomeson) °

= == = Neutrino (Photomeson)

= = = Electron (Photopair) °

Code comparison (with Bottcher + 13)

Ref (Fig.14, gamma)
Ref (Fig.14, neutrino)
Ref (Fig.18, electron)
Ref (Fig.18, pair)

In Prep.
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The Future

Extraordinary claims require extraordinary evidence. — Carl Sagan

Observationally Multimessenger Programs
New and powerful detectors Astrophysical Multimessenger Observatory Network
* v :PINGU, IceCube-Gen2, KM3NeT, GRAND, ... (AMON)
* EM: CTA, LHAASO, SVOM, LSST, SKA, ... * Improve combined sensitivity
* GW: LIGO upgrades, PTA, eLISA, Einstein Teles., ... * Enable rapid follow-up obs. and correlation analysis

 CRs: AUGER upgrades, LHAASO, POEMMA, ...
Scalable Cyberinfrastructure to support Multi-Messenger

Y Astrophysics (SCIMMA)
/%A‘%‘h\ * To rapidly handle, combine, and analyze the very large-
; ”l‘ ‘.\‘% scale distributed data from all the types of astronomical
' — g measurements.
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Thanks!



