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Black Holes Definitively Exist, Central in Astronomy

BH binary merger

Sgr A*
Milky Way
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http://www.youtube.com/watch?v=zLAmF0H-FTM
https://docs.google.com/file/d/1xh8VbcD0lc63XgoyO3DZQ9gK8Xk66LmF/preview

.. are observations hinting at non-particle DM ?

Ancient Black Holes

Volodymyr Takhistov (QUP, KEK) 3




Primordial Black Holes (PBHs)

In early Universe, just roughly take scoop
of ~ 50% overdensity to make BH

primordial

PBHs as dark matter

... a “Standard Model” candidate, but
benefits from beyond SM physics

Volodymyr Takhistov (QUP, KEK)



Hawking Evaporation
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Gravitational Waves

Accretion Emission

reviews [Sasaki, Green, Carr,
Yokoyama, Kohri, Kuhnel, others]



Formation and Pocsible Featuree
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“Standard” PBH Formation

e Big perturbations (§ ~ 1) enter horizon — collapse [sasaki, Kawasaki, Riotto, Kohri, Yanagida, many]
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PBHs from Bubble Multiverse

generic mechanism for PBHs broadly distributed in mass

[Kusenko, Sasaki, Sugiyama, Takada, VT, Vitagliano, Phys.Rev.Lett., (2020), 2001.09160]
[Sasaki+, 1980s; Deng, Vilenkin...]
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PBH DM from Bubble Multiverse: Detected by HSC 7!

Subaru (HSC) 1 model for them all ?
Hyper-Suprime Cam 1

Andromeda
microlensing
event
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e PBH DM from bubble multiverse consistent with detected HSC event !
— tail of PBH distribution allows for indirect test of open DM window

[Kusenko, Sasaki, Sugiyama, Takada, VT, Vitagliano, Phys.Rev.Lett., (2020), 2001.09160]
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Distinct PBH Features Possible

In early Universe, attractively self-interacting scalar fields can experience unstable oscillations
— can break apart into solitonic “lumps”

oscillon fragmentation Jeans fragmentation analogy
(string moduli scalar fields) (massive molecular Galactic Center clouds)
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Fragmentation in Inflation Models

In many theories inflaton scalar that drives rapid early Universe expansion can break into oscillons

o) Floquet stability chart
radiative / ”""1”2 , monodromy | o R
SUSY models e V(g) = m*M*(1 — 1/y/1 4+ (6/M)?)
T 2\ f2 1 A
H Mp

pure-natural
] (plateau)

[Lozanov, VT, Phys.Rev.Lett, (2023) 2204.07152]
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Induced GWs, Reminder on Early Evaporating PBHs
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e Consider rapid Hawking
evaporation of PBHs
dominating the early
Universe

|
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e Leads to rapid transition of
matter to radiation era
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Probing Spin and Mass Distributions of Evaporating PBHs
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— Coincidence signals allow probing many scenarios over broad mass-range

[Domenech, VT, Sasaki, Phys.Lett.B, (2021), 2105.06816]
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Oscillon-Induced GWs: A New Test of Early Universe

e Oscillons matter-dominate and — mod. pure natural monodromy = purenatural = [og-norm.
subsequently rapidly decay

N
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Universal Gravitational Waves from Cosmological Solitons

e Solitons/defects often appear in early Universe theories
— monopoles, Q-balls, oscillons, strings, domain walls...

e Second order (induced) GWs are sourced by conversion of isocurvature perturbations
associated with soliton formation to curvature perturbations — universal GWs signatures

e Novel predictions of many cosmological theories !
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[Lozanov, Sasaki, VT, (2023), 2304.06709]
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Universal Gravitational Waves from Cosmological Solitons

provide test for soliton clustering well fit NANOGrav data for axion-like oscillons
(gravity, Yukawa force...) (w/o PBH overproduction)
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[Lozanov, Sasaki, VT, (2023), 2309.14193] [Lozanov, Pi, Sasaki, VT, Wang, (2023), 2310.03594]
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Distinct PBH Features Possible, Some Examples

scalar fragmentation vacuum bubble “multiverse”

PBHs peaked in mass

+ big spin possible PBHs broadly
distributed in mass

inflaton oscillons

[Cotner, Kusenko, VT, PRD, (2018) 1801.03321; see also [Deng, Vilenkin, Sasaki...]
Cotner, Kusenko, Sasaki, VT, JCAP, (2019) 1907.10613] [Kusenko, Sasaki, Sugiyama, Takada, VT,
also Q-balls [Cotner, Kusenko, PRL (2017)] + forces [Flores..] Vitagliano, Phys.Rev.Lett., (2020) 2001.09160]
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PBHs as Unique Probes of Fundamental Strong Force

QCD strong force tested only in limited regimes

In Standard Model QCD confines < GeV scale e 20R" o
RHIC-BES ' og*% Quark—‘Gll;lon¥ >
Many BSM theories predict novel QCD dynamics g g 30 PITTA, A00T ¢
— scalars naturally lead to new high-T transitions osn e

[Ipek, Tait, PRL, 2018]
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Black Holes as Unique Probes of Fundamental Strong Force

_

R B
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[Lu, VT, Fuller, , (2023) 2212.00156]
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PBHs as Unique Probes of Fundamental Strong Force
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can be ALL DM

— very different from ~solar-mass PBHs associated with SM QCD transition, cannot be all DM
— new insights into fundamental strong force from black holes and astrophysical surveys

[Lu, VT, Fuller, Phys.Rev.Lett, (2023) 2212.00156]
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D/'Cru,bt/ng Aftfolbhyfl.CS’ with PBH¢
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Making with Tiny DM PBHs

@)
. . . neutron O
e Can asteroid-mass PBH DM in open window help solve puzzles? capture
e Origin of heavy elements (gold) major long-standing problem @
— neutron star mergers great, but might not be enough e.g. [Kobayashi+, 2020] s
— SEPTEMBER 17, 2020 BY BRIAN KOBERLEIN h
SPQEO‘,':.Q,,Q’LY Colliding Neutron Stars Don’t Make Enough nﬁilve)il @
mI‘“lmeutron stars contribute Gold to Explain What We See in the
little, but something's making Universe
gold
— TECH EXPLORIST
Something is raining gold across the universe I
. ‘ { I
NS\ O [
e Elegant solution: asteroid-mass PBHs making DM OO @ !
captured by neutron stars, small PBHs eat & explode them ¥ ==

— “r-process nucleosynthesis” factories

[Fuller, Kusenko, VT, Phys.Rev.Lett., (2017) 1704.01129] + Viewpoint Highlight by H.-T. Janka
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Neutron Stars (+ White Dwarfs) as PBH Laboratories

If disk + BH remains —

“‘orphan kilonova” without +orphan Gamma-ray Burst’
grav'tat'on_a';waves ..also new microquasars
- | [VT, Phys.Lett.B., (2019),
Fast Radio Burst . 1710.09458]
explain 511 keV Galactic Center| R &
excess s s

i ‘ {@ UC Berkeley: Makasdj
“Transmuted” population of solar-mass BHs
BS b Bouchobs [VT, Phys.Lett.B., (2018),1707.05849]

Galactc longiiude

*** can explain with just NS-NS mergers
[Fuller, Kusenko, Radice, Takhistov, _—— '
Phys.Rev.Lett., (2018) 1811.00133]

[Fuller, Kusenko, VT, Phys.Rev.Lett., (2017) 1704.01129; VT, Phys.Lett.B, (2018) 1707.05849 + (2019), 1710.09458]]
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Transmuted (Sub)Solar-Mass BH Mergers

NS-NS
0y > .

.-4

— Look for
' sub-solar mass

. ’
WDNS Q.y) | e ‘ | mergers !
~— - LIGO analyses

- NN O
interacting WD <¢ /‘ ( ) - ' )
PBT““ v &/

[VT, Phys.Lett.B, (2017) 1707.05849]

Volodymyr Takhistov (QUP, KEK)

24



Origin of Solar-mass Black Holes

e Solar-mass (~1-2.5 M) BHs unexpected in astrophysics — PBHs 7 particle DM eating NS 7

e LIGO detected candidate event [Abbott+, ApJL, 2020...] ...how to tell BH origin ?

e Solution: fransmuted BHs from PBHs (or particle) DM eating NSs follow NS mass distribution

31
2.6; | Expected
g 2.1j o]
2 | u ] Large (> 1.5 Mo)
S 16} ] . .
=R | owisia | candidates unlikely to be
i NS sttS_ i | from DM eating NS!
- expecta |oh * ]
0.1L . ; PR =
0.5 1.0 15 2.0 25

Transmuted BH Mass [M]

[VT, Fuller, Kusenko, Phys.Rev.Lett., (2020), 2008.12780]
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Identifying BH - Neutron Star (BH-NS) Mergers

e PBH-PBH linked with LIGO BH-BH GW observations?
e First BH-NS candidates observed by LIGO [Abbott+, ApJL, 2021..] ....from PBHs?

e Unlike PBH-PBH, PBH-NS can only form after star formation

10°] — M,=10"M,
S ity BH s o PRED
| s My=10M, — NS PPBH

- - e RI’BH—NS = 471’/ (1"7'7'2 r— <(I’L-‘rel>
;\% 10° B —10'Me : 0 my Mo
o} gpike: MsmBH —
S :
T

103 1 2-body scattering with GW emission

)6 i ," . 4 & . s i

10713 10-12 10~ 10-° 1073 10°

r[kpc]
[Sasaki, VT, Vardanyan, Zhang, ApJ (2021), 2110.09509]
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Identifying BH - Neutron Star (BH-NS) Mergers

1012 1 10° 4
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e PBH-NS rates subdominant — observed NS-BH events expected to be astrophysical

e True, even if PBH-PBH are significant — contributions from early Universe
e Do not expect significant multimessenger contributions / emissions from PBH-NS

[Sasaki, VT, Vardanyan, Zhang, ApJ, (2021), 2110.09509]
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Are Intermediate-mass BHs Primordial ?

e GW190521 event ~ 150 M© merger mass [Abbott+, PRL, 2020], first definitive IMBH detection

e General cosmology-independent observable: interactions and heating of gas

e (as heating mechanisms:
o gravitational drag (dynamical friction)
o accretion disk photons
o accretion outflows / winds

e Great testing site: dwarf galaxies (Leo T) NASAUPL OALTECH

[Lu, VT, Gelmini, Hayashi, Inoue, Kusenko, ApJ Lett., (2020) 2007.02213;
VT, Lu, Gelmini, Hayashi, Inoue, Kusenko, JCAP, (2021) 2105.06099]
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PBH Outflow Winds and Jets

e Outflow winds and powerful jets (especially important for spinning PBH) expected to deposit

efficiently significant energy via shock heating L ~ eM

disk
VT, PLB, (2019) '
1710.09458]

Ah

cocoon

— EHT M87 | (shocked material) | ’;'

strong B-field + jet -

Blandford-Znajek -
Mechanism

[VT, Lu, Murase, Inoue, Gelmini, MNRAS Lett., (2021) 2111.08699]
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PBH Outflow Winds and Jets

1()0§ \ %
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* gas heating from

evaporating PBHs

107 [Laha, Lu, VT, PLB, (2020)
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[VT, Lu, Murase, Inoue, Gelmini, MNRAS Lett., (2021) 2111.08699]
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IF PBHs wnot all DM, ic there general fect?
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Lensing Dressed PBHs

Stellar-mass PBHs relevant for LIGO can only comprise subdominant DM
— engulfed in massive halos of other DM (e.g. axions/WIMPs..)

* PBHs with annihilating WIMPs strongly constrained

Strong cosmological lensing (e.g. FRBs) can test population of dressed PBHs

Already start exploring regions with CHIME FRB data, method applicable to other lenses

dark halo 10°

1071}

source

~10° FRBs

10—3 3
— w/o halo
— w/ halo
— (CHIME data) w/o halo
== (CHIME data) w/ halo

4
100 10! 102 10° 104
Mpgh [Mo ]

[Oguri, VT, Kohri, Phys.Lett.B., (2023) 2208.05957]
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MNew Darb Matter From PBH¢
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PBH Neutrinogenesis: Novel Sterile-neutrino DM Production

e Sterile neutrino DM mechanisms typically rely on sizable couplings, mixing with SM v’s

e FEvaporating PBHs can produce sterile neutrino DM with arbitrary small mixing

PBH Domination
10-4 : — XRISM
TRH>0.I TBH 101
o2l DR % HBDM Forbidden 104}
‘-‘ 1016
2 1()70_
v 1 .
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Black [P » O = 102 e o, 1010 2 %
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......... 0 Vg g :cc ¢\\ \\/ % CE, 10-10F
4 < <
10 o s -3 107 =
v//l// ) 7 “‘5 10712_
/// GWs 10¢ 10*
10—14_
16 . R 10-16L - - ' -. -
102 10° 102 10* 10° 108 1010
TRH<5 MeV ‘ ‘ f (HZ)
1077 10-6 1073 1 103 109 10°
m, [keV] unique GW + X-ray signatures

[Chen, Gelmini, Lu, VT, (2023), 2309.12258]
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New DM from PBHs

conventional particle DM relies on interactions

Co-SIMP Miracle

WIMP “Miracle”
, SM
X
SN [Smirnov, Beacom, PRL, 2020]
SM SIMP Miracle
X
DM
abundance set DM
by annihilation DM
DM DM

[Hochberg, Kuflik, Murayama,
Volansky, Wacker, PRL, 2014]
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conceptually new general idea:
Regurgitated DM

DM

DM

BH “scrambles”, re-emits DM with new
properties, doesn'’t rely on interactions

[Kim, Lu, Marfatia, VT, (2023), 2309.05703]
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Regurgitated DM

e Concrete realization within minimal model of dark sector with scalar/fermion and Yukawa force

T
dark sector FOPT, remnant black hole black hole resent
decoupling formation formation  evaporation P
TeeH
4
Qpm = 0.264
(BIH,| ny) N
E\
g .
cooling and S s
collapse = EsS
g | & >
® " AR -
g 2oy
...\ — ° o ® 2 ol
i Lead e ¢ ol /v
el &lE=E
a(t) 1012 1016

e Can make fermion/scalar DM ~1-10216 GeV, opening parameter space

[Kim, Lu, Marfatia, VT, (2023), 2309.05703]
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Summary

e PBHs ~ “Standard Model” dark matter, very different from particle dark matter
e Appear in many theories, intriguing features, connections to puzzles and other fields
e Manifestations could be already lurking in data

e Delve Deep Search Wide

.. Dark Matter ?
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