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.. Since nowadays important news are spread by Twitter,

from Department of Energy Office of Science:
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.. Since nowadays important news are spread by Twitter,

from Department of Energy Office of Science:

ﬂ DOE Science & @doescience - Aug 9 v
- Researchers @UCSanDiego have reported that tiny black holes could have

produced elements heavier than iron bit.ly/2wlOw8V @UCLA
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e As astrophysicists say, we are made of stardust - byproduct of supernova
furnaces fusing helium and hydrogen into elements needed for life
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e As astrophysicists say, we are made of stardust - byproduct of supernova
furnaces fusing helium and hydrogen into elements needed for life

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood,
the carbon in our apple pies were made in the interiors of collapsing stars.
We are made of star stuff.”

- Carl Sagan, 1973 “The Cosmic Connection”

Image: “Cosmos”
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e As astrophysicists say, we are made of stardust - byproduct of supernova
furnaces fusing helium and hydrogen into elements needed for life

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood,
the carbon in our apple pies were made in the interiors of collapsing stars.
We are made of star stuff.”

- Carl Sagan, 1973 “The Cosmic Connection”

... but different furnace is needed for
elements heavier than iron:
gold, platinum, uranium, etc.

What is the origin?

Image: “Cosmos”
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e As astrophysicists say, we are made of stardust - byproduct of supernova
furnaces fusing helium and hydrogen into elements needed for life

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood,
the carbon in our apple pies were made in the interiors of collapsing stars.
We are made of star stuff.”

- Carl Sagan, 1973 “The Cosmic Connection”

... but different furnace is needed for
elements heavier than iron:
gold, platinum, uranium, etc.

What is the origin?

could be primordial black h@

Image: “Cosmos”
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Motivation: PBH DM

e Dark matter (DM) nature unknown beyond gravitational interactions
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Motivation: PBH DM

e Dark matter (DM) nature unknown beyond gravitational interactions

e Primordial black holes (PBH) could form in early Universe (proposed 50 yrs. ago)

— could be DM 2ol dovich Nokou 7

Carr,Hawking,74]
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Motivation: PBH DM

e Dark matter (DM) nature unknown beyond gravitational interactions

e Primordial black holes (PBH) could form in early Universe (proposed 50 yrs. ago)

— could be DM 2ol dovich Nokou 7

Carr,Hawking,74]

[Bird,Kamionkowski+,16]
e Renewed interest: GW detection (PBH?), novel production mechanisms/signatures,

no hints of popular DM particle candidates (e.g. WIMPs)
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Motivation: PBH DM

e Dark matter (DM) nature unknown beyond gravitational interactions

e Primordial black holes (PBH) could form in early Universe (proposed 50 yrs. ago)

— could be DM 2ol dovich Nokou 7

Carr,Hawking,74]

[Bird,Kamionkowski+,16]
e Renewed interest: GW detection (PBH?), novel production mechanisms/signatures,

no hints of popular DM particle candidates (e.g. WIMPs)

e PBH appear in many BSM scenarios and strictly, don't require non-SM physics

— plausible that regardless of DM origin, some in PBH !
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Motivation: PBH formation

e PBH formation: density contrast N O(1) within horizon — collapse to BH
P

... Improbable without new physics .
See reviews

[Carr,Kuhnel,Sandstad,17;
Khlopov,10]
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Motivation: PBH formation

e PBH formation: density contrast %p ~ O(1) within horizon — collapse to BH

... Improbable without new physics .
See reviews

[Carr,Kuhnel,Sandstad,17;
Khlopov,10]

e Many early Universe production mechanisms

(e.g. scalar fields, baryogenesis, inflation, phase transitions, topological defects)
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e Many early Universe production mechanisms

(e.g. scalar fields, baryogenesis, inflation, phase transitions, topological defects)

e Can estimate BH mass from formation time: Mgy ~ t
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Motivation: PBH formation

e PBH formation: density contrast % O(1) within horizon — collapse to BH
P

... Improbable without new physics .
See reviews

[Carr,Kuhnel,Sandstad,17;
Khlopov,10]

e Many early Universe production mechanisms

(e.g. scalar fields, baryogenesis, inflation, phase transitions, topological defects)

e Can estimate BH mass from formation time: Mgy ~ t

e Thus, PBHs can span vast mass range (with mass spectrum):

- | 10" g < Mgu S 10°g | =

Y

Hawking evaporation curvature restriction
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General Setup

e |f PBH form DM

— many in DM-rich environments (e.g. Galactic Center)

e GC contains highest SN/star-formation rate

— many neutron stars (NS), typically spinning (pulsars)
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General Setup

e |f PBH form DM

— many in DM-rich environments (e.g. Galactic Center)

e GC contains highest SN/star-formation rate

— many neutron stars (NS), typically spinning (pulsars)

e Thus, NS-PBH interactions (~ ppm X pns) should be rather generic
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General Setup

e |f PBH form DM

— many in DM-rich environments (e.g. Galactic Center)
e GC contains highest SN/star-formation rate

— many neutron stars (NS), typically spinning (pulsars)

e Thus, NS-PBH interactions (~ ppm X pns) should be rather generic

... what are the astrophysical consequences?
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Neutron Star Formation

Image: planetplanet.net
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Millisecond Pulsars

e Anticipating role of angular momentum, focus on pulsars with fastest rotation

— millisecond pulsars (MSP)
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Millisecond Pulsars

e Anticipating role of angular momentum, focus on pulsars with fastest rotation

— millisecond pulsars (MSP)

e Around 10-50% pulsars become MSP [Lorimer,13]

— binary pulsar accretes matter from companion, spun-up and “recycled” — MSP

Image: NASA/Dana Berry
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Millisecond Pulsars

e Anticipating role of angular momentum, focus on pulsars with fastest rotation

— millisecond pulsars (MSP)

e Around 10-50% pulsars become MSP [Lorimer,13]

— binary pulsar accretes matter from companion, spun-up and “recycled” — MSP

e Population vs. rotation period: [Cordes,Chernoff,97;

Lorimer,13] Image: NASA/Dana Berry
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NS-PBH Capture

e (Case A: PBH captured during star formation — unlikely [Capela,Pshirkov, Tinyakov, 13-14]
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NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy [Capela,Pshirkov, Tinyakov,13-14]
e (Case B: PBH captured during NS lifetime
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NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy [Capela,Pshirkov, Tinyakov,13-14]
e (Case B: PBH captured during NS lifetime

Stage 1: gravitational capture PBH
® v

— PBH approaches and passes through NS

NS
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NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy [Capela,Pshirkov, Tinyakov,13-14]
e (Case B: PBH captured during NS lifetime

Stage 1: gravitational capture

— PBH approaches and passes through NS

— loses energy by dynamical friction fqyn

/ ‘ fdyn
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NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy
e (Case B: PBH captured during NS lifetime

Stage 1: gravitational capture

PBH approaches and passes through NS
loses energy by dynamical friction fqyn

if Floss > KEppy — captured |

V. Takhistov COSMO-VIA

[Capela,Pshirkov, Tinyakov,13-14]



NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy [Capela,Pshirkov, Tinyakov,13-14]
e (Case B: PBH captured during NS lifetime

Stage 2: PBH in NS

— captured PBH continues passing through NS, until it settles inside

________
_______
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______________
__________
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- -
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SN
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NS-PBH Capture

¢ mSeeenivsiiEiEEea O tS NGOG SN E SNy [Capela,Pshirkov, Tinyakov,13-14]
e (Case B: PBH captured during NS lifetime

Stage 3: BH grows inside

— PBH inside NS grows via Bondi spherical accretion, consuming the host star

18/10/17 V. Takhistov COSMO-VIA



Pulsar Lifetime

e Pulsarlifetime:  (tns) = 1/F 4 tset + tcon
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Pulsar Lifetime

e Pulsarlifetime:  (tns) = 1/F 4 tset + tcon

e Find O(1 —10)% of NS consumed in Galactic time

— consistent with observed missing pulsars [Dexter,O'Leary,14]
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Pulsar Lifetime

e Pulsarlifetime:  (tns) = 1/F 4 tset + tcon

e Find O(1 —10)% of NS consumed in Galactic time

— consistent with observed missing pulsars [Dexter,O'Leary,14]

Bonus: consistent with recently discovered young GC magnetar [Mori+,13; Kennea+,13]

— shows unusual activity ... a hint of PBH consumption ?7?
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Growing BH in NS: angular momentum transfer

e MSP spinning near mass shedding limit — elongated spheroid (Roche lobe model)
[Shapiro, Teukolsky,83]
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Growing BH in NS: angular momentum transfer

e MSP spinning near mass shedding limit — elongated spheroid (Roche lobe model)
[Shapiro, Teukolsky,83]

polar radius Ry, __>

- equatorial radius Req

—_— ROChe |Obe
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Growing BH in NS: angular momentum transfer

e MSP spinning near mass shedding limit — elongated spheroid (Roche lobe model)
[Shapiro, Teukolsky,83]

Add BH — can analytically show (see paper) surface matter exceeds escape speed
— ejected mass !!
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Growing BH in NS: angular momentum transfer

e MSP spinning near mass shedding limit — elongated spheroid (Roche lobe model)
[Shapiro, Teukolsky,83]

Add BH — can analytically show (see paper) surface matter exceeds escape speed
— ejected mass !!

* Differential rotation can occur — calculated that viscosity and magnetic stresses eliminate
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Growing BH in NS: ejected mass

e FEjected mass:
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Growing BH in NS: ejected mass

e FEjected mass: cored NS profile (n = 3 polytrope)

less cored NS profile
(n = 1.5 polytrope)
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Growing BH in NS: ejected mass

e FEjected mass:
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Growing BH in NS: ejected mass

e FEjected mass:

0.6

0.5]

0.4
0.3

Mej [Mo]

0.2;

0.0

e Population averaged:

e Ejecta neutron rich — a site of r-process nuclesynthesis?

18/10/17

0.1

(M) ~ 0(0.2) My
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R-process

e (R)apid-process nucleosynthesis: [long list (Meyer,Schramm, others)]

- dominant mechanism for heavy element production
- neutrons capture on seed nuclei faster than p-decay — build up heavy elements

- very sensitive to environment
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R-process

e (R)apid-process nucleosynthesis: [long list (Meyer,Schramm, others)]

- dominant mechanism for heavy element production
- neutrons capture on seed nuclei faster than p-decay — build up heavy elements

- very sensitive to environment
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R-process

e (R)apid-process nucleosynthesis: [long list (Meyer,Schramm, others)]

- dominant mechanism for heavy element production
- neutrons capture on seed nuclei faster than p-decay — build up heavy elements

- very sensitive to environment

e | eading production sites: SN, compact object mergers (COM)

.. each has problems

recent GW detection w/ a short GRB ...
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R-process

e (R)apid-process nucleosynthesis: [long list (Meyer,Schramm, others)]

- dominant mechanism for heavy element production
- neutrons capture on seed nuclei faster than p-decay — build up heavy elements

- very sensitive to environment

e | eading production sites: SN, compact object mergers (COM)

.. each has problems

e PBH-NS:

[Kouvaris, Tinyakov,13]

— BH provides only slight heating — cold ejecta

— neutrino emission negligible — don't spoil r-process [Meyer,McLaughlin,Fuller,98]

18/10/17 V. Takhistov COSMO-VIA



R-process

e (R)apid-process nucleosynthesis: [long list (Meyer,Schramm, others)]

- dominant mechanism for heavy element production
- neutrons capture on seed nuclei faster than p-decay — build up heavy elements

- very sensitive to environment

e | eading production sites: SN, compact object mergers (COM)

.. each has problems

e PBH-NS:

[Kouvaris, Tinyakov,13]

— BH provides only slight heating — cold ejecta

— neutrino emission negligible — don't spoil r-process [Meyer,McLaughlin,Fuller,98]

PBH-NS r-process material O(10) larger than COM, several orders vs. SN !l
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R-process: abundance from PBH-NS

¢ R-process material in Galaxy: ~ 10" Mg
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R-process: abundance from PBH-NS

¢ R-process material in Galaxy: ~ 10" Mg

e Recent UFD observations show consistency with 1 rare r-process event [Ji+,16]
— difficult for SN, might be COM ... how about PBH?
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R-process: abundance from PBH-NS

¢ R-process material in Galaxy: ~ 10" Mg

e Recent UFD observations show consistency with 1 rare r-process event [Ji+,16]
— difficult for SN, might be COM ... how about PBH?

@ explain both simultaneously with PBH-@
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R-process: abundance from PBH-NS

1. | _ | |
i WD . ,
K |
FL i
EGy
= 0.1 HSC
o |
G 7 /
= , all r-process
m |
N 2
G 1074} partial r—process
-3

1016 | 1018 | 1020 | 1022 | 1024 | 1026 | 1028
MpgH [9]
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Other Signatures

Kilonova

e R-process nuclei build up and B-decay, resulting in EM emission

— faint infrared after-glow days after event !
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Other Signatures

Kilonova

e R-process nuclei build up and B-decay, resulting in EM emission

— faint infrared after-glow days after event !

511-keV line

e Ejecta heated by B-decay and fission, generate many equilibrium positrons

— find rate/energy matches with 511-keV line from positron-electron annihilation !
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Other Signatures

e R-process nuclei build up and B-decay, resulting in EM emission

— faint infrared after-glow days after event !

511-keV line

e Ejecta heated by B-decay and fission, generate many equilibrium positrons

— find rate/energy matches with 511-keV line from positron-electron annihilation !

Fast Radio Bursts (FRB)

e Large energy release stored in magnetic flux tubes, if only (1-10)% of energy

converted to radio waves — non-repeating FRB !

18/10/17 V. Takhistov COSMO-VIA



Search Identification

e Easy to identify:

- no neutrino emission — distinguish vs. SN

- No gravity waves — distinguish vs. COM
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Tiny PBHs from the Past

.. if tiny PBHs have swallowed stars in the past,
how can we see today?
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Tiny PBHs from the Past

.. if tiny PBHs have swallowed stars in the past,
how can we see today?

Qravity waves from unusual solar-mass BD

Based on: VT [arXiv:1707.05849]
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Solar-mass BHs: in astroph

e Smallest astrophysical black holes

observed: ~ 5— 10M, [Shaposhnikov,Titarchuk,09]
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Solar-mass BHs: in astroph

e Smallest astrophysical black holes

observed: ~ 5— 10M, [Shaposhnikov,Titarchuk,09]

predicted: ~ 2 —3My [Kalogera,Baym,96]

— set by the Tolman-Oppenheimer-Volkoff stability limit for neutron stars
— the Chandrasekhar limit on white dwarfs is smaller ( ~ 1.4M, )

... but the result is a Type-la supernova, not a BH
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e Smallest astrophysical black holes

18/10/17

Solar-mass BHs: in astroph
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observed: ~ 5— 10M, [Shaposhnikov,Titarchuk,09]

predicted: ~ 2 —3My [Kalogera,Baym,96]

— set by the Tolman-Oppenheimer-Volkoff stability limit for neutron stars
— the Chandrasekhar limit on white dwarfs is smaller ( ~ 1.4M, )

... but the result is a Type-la supernova, not a BH
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Solar-mass BHs: from tiny PBH capture

e PBH-star systems: factories of atypical solar mass BHs

NS

WD

0
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Solar-mass BHs: from tiny PBH capture

e PBH-star systems: factories of atypical solar mass BHs

® -
WD
@ N Y

NS

® | >

18/10/17 V. Takhistov COSMO-VIA



Solar-mass BHs: from tiny PBH capture

e PBH-star systems: factories of atypical solar mass BHs

o -
WD
@ N YT

e |mportant effect:

NS

® | >

— up to ~ 0.5M¢ of material can be ejected, altering original mass
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Solar-mass BHs: from tiny PBH capture

e PBH-star systems: factories of atypical solar mass BHs

NS
o _ ‘ ~1—2M,

WD
S . @  ~os-iun

e |mportant effect:

— up to ~ 0.5M¢ of material can be ejected, altering original mass

How to detect such BHs? — GW signal from binary mergers
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Transmuted Binaries

I
NS-NS e

. 4
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Transmuted Binaries

NS-NS [ o | | | _>
.4
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Transmuted Binaries

NS-NS [ o | | | _>
.4

WD-NS
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Transmuted Binaries

S
NS-NS [ o | | | -> C |
4

WD-NS | | o
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Transmuted Binaries

interacting WD-WD
(cataclysmic variable)
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Transmuted Binaries

I
NS'NS ‘ ® —> ‘ ‘
-~ 4
WD-NS @ ‘ ’ C ‘
interacting WD-WD =
(cataclysmic variable)
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Transmuted Binaries

I
NS'NS ‘ ® —> ‘ ‘
-~ 4
WD-NS @ ‘ ’ C ‘
interacting WD-WD =
(cataclysmic variable)

e Some other possibilities: with a regular BH, or very rarely a double transmutation
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Transmuted Binaries

interacting WD-WD =
(cataclysmic variable)

e Some other possibilities: with a regular BH, or very rarely a double transmutation
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Compact Object Mergers

compact binary P @

merger ~ ( f\ N __
® -
merger non-axisymmetric e
I

neutron star mode

pulsar

h ' <
neutron star :
~ ® 5 ..

tidal disruption ‘

massive star

massive star

black hole plunge
accreting black hole
with jet
\ black hole
merger
black hole
- (ringdown)

..bfack hole g S

merger in gaseous environment

Image: Bartos,Kowalski, “Multimessenger Astronomy”
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Binary 6W Signals

Quasi-circular Plunge Ringdown
inspiral and merger

X,

Image: Kurt, Caltech-JPL

Black hole
Post-Newtonian Numerical perturbation §
techniques relativity methods

Image: [Baumgarte,Shapiro,2011]

Image: [Moore,Cole,Berry,2014]

Massive binaries
=10° solar masses

LIGO
VIRGO
Adv. LIGO

— KAGRA

Supernovae

binaries

Fractional length or period change for detector

Pulsars

1
Frequency (Hz)
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Transmuted GW Signals

e General features (merger time, GW luminosity, freq. t. variation, char. amplitude)

— depend on chirp mass M (M, M), same if no mass change

— ejected mass could be significant, will drastically alter
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Transmuted GW Signals

e (General features (merger time, GW luminosity, freq. t. variation, char. amplitude)

— depend on chirp mass M (M, M), same if no mass change

— ejected mass could be significant, will drastically alter

e Some other discriminating factors:

- Merger phase (e.g. disk formation, intermediate NS, delayed sGRB)

- ringdown phase
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e Transmuted NS signals (e.g. NS-NS) — detectable by LIGO

e Transmuted WD signals (e.g. cataclysmic variables) — detectable by LISA
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e Transmuted NS signals (e.g. NS-NS) — detectable by LIGO

e Transmuted WD signals (e.g. cataclysmic variables) — detectable by LISA

Mpgn/Mg
10718 107" L)
FL il vt
01 EGy
= 5
010~
o Transmuted GW
% tran. NS-BH
: ~ WallGo @
g design (1 year)
6=
-5 )
10 10‘]8 1022 1026 1030

Mpgy [g]
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e Coincidence signals possible (e.g. double kilonova)
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e Coincidence signals possible (e.g. double kilonova)

e Stochastic binary GW background not significantly affected
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e Coincidence signals possible (e.g. double kilonova)

e Stochastic binary GW background not significantly affected

e LIGO currently searches for mergers with BHs Mgy > 5Mg

lower BH mass Mpu ~ 1 —5M¢s thought to not
be very relevant, but actually important to probe !
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e PBHs appear in many BSM scenarios, plausible at least some contribution to DM

e Recent interest in PBHs uncovered a lot of previously overlooked physics
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e Fortiny PBHs, interaction with stars is generic

e Analytically studied the setup:

- site favorable to r-process, can explain amount in Galaxy + UFDs

- mechanisms for other signatures (e.g. FRBs, 511-keV line, kilonova)
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e PBHs appear in many BSM scenarios, plausible at least some contribution to DM
e Recent interest in PBHs uncovered a lot of previously overlooked physics
e Fortiny PBHs, interaction with stars is generic

e Analytically studied the setup:

- site favorable to r-process, can explain amount in Galaxy + UFDs

- mechanisms for other signatures (e.g. FRBs, 511-keV line, kilonova)

— possibility to resolve major astronomy puzzles simultaneously !

e Unusual solar mass BHs are naturally produced by and can probe tiny PBHs

- should not be neglected

— unique signals in experiments, new lamp-posts
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Thank You for Attention!
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