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What non-EM messengers tell us

« GWs - Compact objects are vibrating (I > 1) or orbiting each other.
Where, how, and how much compact objects vibrate and orbit each other?

* Neutrinos
« MeV - Nuclei are burning in cosmic fireballs.

Where, how, and how much the comic fireballs and what and how much nuclei
are formed?

« > GeV - Charged pions are produced from CRs.
Where, how, and how much CRs are accelerated in the universe?

 CRs - Charged particles are accelerated in the universe.
Where, when, and how the CRs arriving at the Earth are accelerated?



Non-EM signals so far : GWs
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Non-EM signals so far : GWs

—> Coalescences of compact binaries consisting of BHs and NSs, supermassive ones
too(?)

v’ How much? Gravitational-Wave Transient Catalog
. . . . Detections from 2015-2020 of compact binaries with black holes & neutron stars
Binaries consisting of BHs and NSs me

with an event rate of 100-1000 Gpc-® yr [ ‘ i ./ i LV Y SE A

2

v’ How? | - o

With emitting GWs, in a way consistent
with the prediction of general relativity,
and EM waves when two NSs merge.

v' Where?

Uncertain mainly due to
the low angular resolution.
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Non-EM signals so far : MeV neutrinos
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Non-EM signals so far
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E2d (GeVcm2s1sr)

Non-EM signals so far : >GeV neutrinos

- An extra-galactic diffuse emission, and probably a point source emission from NGC1068 and a galactic diffuse
emission

Credit : IceCube Collaboration
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ANITA I-IV cosmogenic v, 90% UL (2019)%
Auger cosmic rays (ICRC 2015)%¢
IceCube northern track v (ICRC 2019)?! 1
. IceCube cascade v (2020) /
| == This work
1077 4
10_8 -]
viv=1:1
- All flavours
10_9 LA | T TTTTTTT T T T ML | T T T TTTTY
104 105 108 107 108 109 1010 10
Energy (GeV)

24h
T T T T |
1 3 O 7
7LOGM,(pmm )

y. Optical

v Predicted n° Northern Sky/

Y A

\

/ Southern Sky Southern Sky\\

xpectation /

Oh

\Northem Sky
\

ical Event Uncertainty W -
/

Galactic Coord.

-120°

Pre-Trial Significance (n-0)



Non-EM signals so far : CRs
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Non-EM signals so far : CRs
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Multi-messenger signals so far

* The sun [photons + CRs + neutrinos] How the sun shines

« Milky way [photons + CRs + neutrinos(?)] Supernovae are most likely the source of cosmic r:
« Supernova SN1987A [photons + neutrinos]  Massive star explodes with forming NSs/BHs

* Binary NS merger GW170817 [photons + GWS] BNSs merge = short GRBs & r-process eleme

« Seyfert galaxy NGC1068/M77 [photons + neutrinos(Rij}h energy CR acceleration near SMBH h

* Blazer TXS0506+056 [photons + neutrinos(??)]
 Tidal disruption events AT2019dsg, AT2019fdr, ...[photons + neutrinos(??)]



Time-domain astronomy

Sensitivity

Short At

Wavelength / Messenger

Variability timescale
Time resolution
Cadence
Survey speed
Transient
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Short gamma-ray burst
(<2 seconds’duration)
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black hole.

*Possibly neutron stars.

Gamma ray

since ~ 1967
2704 BATSE Gamma-Ray Bursts

+90

107 10° 10°
Fluence, 50-300 keV (ergs cm™)

MeV &V 2D E

R RS T v b -

7 k7A—

Long gamma-ray burst
(>2 seconds’ duration)
l A red-giant

star collapses
—a ‘ «— ontoits core....

f

..becoming so
dense that it
expels its outer
@\ /[ Jayersina
\\ //’Supernova
explosion.

——>

Gamma rays




instei 3289 FRISEHEOBR 77 X7
e.g., Einstein Probe X ray BB 2 k- 79 b7 A

peak flux vs. timescales for EP-WXT transients
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Frequency (GHz)

Coherent radio bursts

Discovery of an “unknown unknown” in 2007
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Frequency (GHz)

Coherent radio bursts
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Diversity and universality of high energy astrophysics

Gravitational energy liberated
around a compact object

!

« Rotation
« Magnetic field

« Qutflow/jet
 Shock
« Reconnection

Multi-messenger transient signe




key questions of high energy astrophysics

How (relativistic or non-relativistic) outflows/jets are accelerated and
how is the energy converted to thermal and non-thermal radiation (EM, CR, neutrinos)?
What is the central engine? - mostly compact objects (BH, NS, WD)

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’ duration) (<2 seconds’ duration)

Inner Structure of an Active Galaxy A red-giant

0.1 lightyears |

Relativistic Jet

has at its center
a powerful
black hole.

1’;
74

Gamma rays




Gamma-Ray Bursts (GRBs): The Long and Short of It |

Long gamma-ray burst
(>2 seconds’ duration)

A red-giant
star collapses
= ,‘ «— ontoits core....

1

..becoming so
dense that it
/ expels its outer
Jayersin a
/supernova
explosion
’_;>
7 1\\*

Jet
4

po—)

Gamma rays

Short gamma-ray burst
(<2 seconds’ duration)

‘\

Stars* mA\

a compact
binary system
begin to spiral
inward....

»

..eventually
colliding.

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.

Inner Structure of an Active Galaxy

| 0.1 lightyears |

Relativistic Jet

Shock

Ty

Supemassive
Black Hole

Accretion Disk

Opaque Torus
(Inner Regions)

How can be the jet launched and accelerated up to 99.99% of the speed of light?
How can be the energy dissipated to produce the most luminous emission in the Universe®



Won’t miss especially the “on-axis” event!
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Compact objects
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Compact objects as cosmic-ray accelerators
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key questions of compact object astrophysics |

What kind of massive star (RSG, BSG, WR) produces
what kind of compact object (NS or BH? B field, rotation, disk?)
and what kind of explosive transient (SN, GRB or else) ?

Image credit: Chandra




key questions of compact astrophysics 2
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Accretion

key questions of compact object astrophysics 3
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Credit: ESA and NASA



Russel 1914
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Known knowns about WDs

How they born When they accrete gas,
/

novas

D Mark A, Garlick

©M.Kornmesser space-art. co, sk

\Whlcly they explode, .

@ extra-delayed pop. L - _Tycho . 2{]00

® normal-cooling pop.

the'r_m‘oriu.cl,ear supernova

© Sihao Cheng  Gep — Gap | © Williams et al. 16



 Known unknowns about WDs

WD formation in general
Future of the solar syste
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Super Chandrasekhar WDs collapse into NSs?

c.f., a repeating FRB source in a globular cluster (GC)
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When and how are transients powered by radioactivity?
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Binary WD mergers and their remnants

WD merger remnant
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NATURE, VOL. 217, FEBRUARY 24, 1968

Observation of a Rapidly Pulsating Radio Source

by

A. HEWISH

S. J. BELL Unusual signals from pulsating radio sources have been recorded at
J. D. H. PILKINGTON the Mullard Radio Astronomy Observatory. The radiation seems to
P. F. SCOTT come from local objects within the gala<y, and may be associated
R. A. COLLINS with oscillations of white dwarf or neutron stars.
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Known knowns about NSs

Some are rotation powereq

ATNF Pulsar Catalog v1.60 (2702 pulsars)
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Some are’ "'Lja'»s-i,—thér'r‘h
©Te i ; i Ry

10—11 L

10~} T N
. Central Compact Object - .

10-15¢ “ . CCO i

10—17 L

Period Derivative (s s71)

(O SNR (55)
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« Known unknowns about NSs

109
How and when NSs are formed?
Supernova explosion mechanism? t
How the trifurcation of 10-1
pulsar/magentar/CCO occurs?

1, 1071
)
]
>
:§ 10—15
©
(]
©
Q
E 10—17
(a8
-19] . O SNR (55)
1077 = O Binary (221)
o Pulsar (2217)
How and when binary NSs are formeg ® Magnetar ATNF (20)
. i © XINS (7
Ultraluminous X-ray pulsars?  y-=z ' . id
103 10! 10° 10! 102

Short gamma-ray bursts?

Period (s)

How to form ultra-long-period
ones?

Particle acceleration & emission mech

Coherent radio emission?
Magnetar flare?

When an NS can be an FRB source
NSs are Pevatrons?



FRBs from a Galactic magnetar

FRB200428 from SGR 1935+2154 detected by CHIME (~kJy @ 400-800 MHz) and STARE2 (~Mega Jy @
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versity in NS formation and
associated transients

Thermal (UV/opt/IR
- — SNe)
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Won’t miss the next Galactic event!
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X-RAY PULSATIONS FROM CYGNUS X-1 OBSERVED FROM UHURU

M. Opa,* P. GORENSTEIN, H. GUrsky, E. KELLOGG,
E. ScHREIER, H. TaANaANBAUM, AND R. G1accoNI

American Science and Engineering, Inc., Cambridge, Mass. 02142
Received 1971 March 22

ABSTRACT

We have observed from Uhuru large-amplitude X-ray pulsations from Cyg X-1, which occur several
times a second with a duration of less than a fraction of a second. The amplitude of the pulsations at
times exceeds 25 percent of the average sourceintensity. The pulsations do not occur at random. Although
we cannot within our data uniquely determine their period, we find that the data are consistent with a
period of 73 milliseconds. In addition to fine-scale time variations, the average X-ray intensity from
the source changes by factors of 2 over times of the order of 10% seconds. We conclude that we have dis-
covered a pulsating X-ray star, whose characteristics are quite different from those of NP 0532.
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Known knowns about BHs

Masses |n the Stellar Graveyard

EM Neutron Stars
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BBH distribution: Mass

Abbott et al., PRX 13, 011048 (2023) —— BGP

—_
)
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ety
— PP

dR/dm, (Gpc~3yr~*Mgh)

20 40 60 80 100
my (Mgp)
 Local maxima at m; ~ 10M and m; ~ 35M¢ (> 99% credibility)

- A few massive BBHs e.g. GW190521 (m; = 85}%1Mg, m, = 667 1ZM4)
- Inconclusive evidence for pair-instability mass gap (65 — 120M,).



Distribution p(x)
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BBH distribution: Spin

---- GWTC-2

0 0.2

0.8

0
Dimensionless spin magnitude y

Distribution p(cos 9)

—
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=
o
T

Abbott et al., PRX 13, 011048 (2023)

1.0

0.5
Cosine of spin tilt angle cos 6

0.5 0.0

» Spin magnitude generally small (x < 0.4), but not-vanishing.

* Tilt angle has broad distribution, but cos 6 = 1 preferred
(but see Roulet et al 2021 about model dependence).



Galactic black holes
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 Known unknowns about BH

? ? Mass and spin distribution?

Ultraluminous X-ray sources = intermediate Bl
O Accreting BHs are Pevatrons?

How and when (binary) BHs are formed? Masses in the Stellar Graveyard
Associated with energetic transients? S

?

“Floating” BHSs in the Galaxy
How are they?
Where they are?



hole formation and transients

Blue supergiant
(BX5)

o
Walf-Rayet star
(WR)
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Credit: Event Horizon Telescope Collaboration



GOR MAN FONR NOZDAVDN OOR NO FONR NADR E
I bOONGGNNDNFOO MINANRDOE
F O@VOEDN @b ONAD MIEEIN CRVIATE
F O@OEDN OO0 HHNG CRNATE

by eating gases/stars/BHs

NO (STANDARD) BLACK HOLES HERE

LIGHT SEEDING HEAVY SEEDING
20
10 Eddington
10 Eddington GN-211
X
o 6
o4
4
Q Q
& ‘&
o K
Qé\z S % Quasars
2 A o
2 =
& 2
- -
Pacucci et al. 23 N C
?[O2 103 10* 10° 106

Black Hole Mass [Mo ]



F N@viD IRONGEONPONG GADNPNN GG ° R OGN NEDR @Iy

; 5 — ®_Ta v oy
= o - . ' ~ -~
S i = S -~
- = '
- . f *
-

24h

o LOG1O(pLOCAL)



A T 1 @EbONOQVADN NMAR NODRFOE
R OONO @OOGEDP BN NOWNOP VDO FON @NMDP O@MNATNA

F606W F814W F115W F150W F200W F277W F356W F410W F444W
11184 g > -
! ! g
B 2 —h —» — —8 —’ »
| ] | | |
38094 " - - - - - v
- ¥ - - - b - .
3 A el =y —" —a —*
| | | | | 1
W | .. 4
13050 -
o -_— —_ —_ — —_- —"
| | | | | | |
2859
= ) i A3 A2 fut pu 3R ‘@ .
| | | | | | | | |
o | K 4 K ]
14924
4 i + L ] . - -
- - - — —» —u —. —» -8
| | | | | | | | |
b | } W I
35300
. . . - » * -
- o & = e < —* - =9
| | | | | | | | |

Labbe et al. 23



Flux (0.3-10 keV) (cgs)
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Evidence for a GW background by SMBH mergers
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The amplitude is significantly larger than that predicted from the present-day abundance of SMBHSs derived from local
scaling relations? e.g., Sato-Polito, Zaldarriaga, Quataert 23
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Cosmology with the brightest transients
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