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Plan

e Binary black holes from current GW
observations — confirmed expectations anf
unexpected features

e Astrophysical binary BHs

e EM from binary BH+NS
 Primordial binary BHs
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GW from coalescing compact binaries

 Waveform from two coalescing point-like
masses is determined by a combination of
component masses (the chirp mass)
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Credit: LVC collab., Univ. of Tokyo
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Current status of GW interferometers

e 03 LIGO/Virgo/GEO-600: April 1-October 3
2019

e Commissioning break since October 3
(“month)

e KAGRA underground GW interferometer
started commissioning run on October 4, 2019

22.10.2019 Khalatnikov-100 5



Current Detection horizon

LIGO-Virgo binary neutron star inspiral range
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LVC O3 detections

e 33 triggers, 21 BH+BH, 3 NS+NS, 4 NS+BH
candidates

https://gracedb.ligo.org

 No electromagnetic counterparts so far
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Whitened H1 Strain/ 10!

Whitened L1 Strain/ 10

GW 150914 template vs observations:
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Parameters from GW observations
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LIGO BH: Masses
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LIGO BH: effective spins
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Corollary:

e Larger masses (compared to BHs in XRBs)

* Low effective spins (but GW170729 and
possibly GW151226)
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1. Astrophysical binary BHs

e BH formation
— Initial ZAMS mass

— Initial rotation
— Possible kick

e BH in binaries
— From massive binary systems
— In dense stellar clusters (dynamical)
— Primordial BHs

22.10.2019 Khalatnikov-100
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BH formation from stars (solar
metallicity)
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Dependence on the metallicity and
stellar wind mass loss

z=00 ] PPISN prohibits formation of

o L =2=10.0002
T e— 7 =0.002

— 70 BH more massive than ~60 M,

Fryer et al 2012, Giacobbo et al. 2018
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Binary BH formation
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Additional effects in binaries:

 |nitial spin misalignment
e Tidal synchronization of the envelope
e Common envelope phase

e Star formation and metallicity history in
galaxies

e

['[0.84, (Z/Z)* 10°%]

Z ™,

U (' 7 ) = Y (2)DP(ZL/Zs)

O(L/L-) =
(Z[Z,] '(0.84)

o
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Predictions and surprises

 Binary BH+BH coalescences must be much more
numerous and should be detected first (tutukoy,

e Mass of BH in LIGO binaries is up to “50 M®
(surprise, but can be reconciled with stellar
evolution), rumors that a 100 M® was found in
O3 (tbc) (a puzzle for stellar evolution — zero-
metallicity Poplll stars?)

e Low effective spins (surprise, but can be
reconciled with binary evolution) (PK+'19,
Fuller+19)

22.10.2019 Khalatnikov-100
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BH+BH mass and spin distributions
before coalescence

Without fallback + fallback from envelope

PK+ 2019, Physics-Uspekhi (2019,

No 11, in press)
MNRAS 483, 3288-3306 (2019)
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Table 2. Candidate events in the full search of O1 and O2 data. Candidates are sorted by FAR evaluated for the entire
of templates. Note that ranking statistic and false alarm rate may not have a strictly monotonic relationship due to var
data quality between sub-analyses. The mass and spin parameters listed are associated with the template waveform yiel
the highest ranked multi-detector event for each candidate, and may differ significantly from full Bayesian parameter estim
Masses are quoted in detector frame, and are thus larger than source frame masses by a factor (1 + z), where z is the so
redshift.

Date designation GPS time FAR™! (v) Detectors AN po pPL PV mi ma Xoff
170817+12:41:04UTC _ 1187008882.45 > 10000 _ HL 18046 186 243 - 15 1.3 -0.00
1500144+09:50:45UTC  1126259462.43 > 10000  HL 93.82 197 134 - 442 322 0.09
170104+10:11:58UTC  1167559936.60 > 10000  HL 3554 90 06 - 479 16.0 003
170823+13:13:58UTC  1187529256.52 > 10000  HL 5504 63 02 - 689 472 023
170814410:30:43UTC  1186741861.54 > 10000  HL 5285 9.0 130 - 587 233 053 New candidates
151226403:38:53UTC  1135136350.65 > 10000  HL 42900 107 74 - 148 85 024 from O1 and 02
170809+-08:28:21UTC  1186302519.76 9400  HL 1059 66 107 - 360 337 007
170608+-02:01:16UTC  1180922494.49 ~010°  HL 5101 125 87 - 168 6.1 031
1510124-09:54:43UTC  1128678900.45 220  HL 2018 70 67 - 308 12.9 -0.05
170729+18:56:29UTC  1185389807.33 64  HL 1533 74 67 - 1065 497 059
170121421:25:36UTC 116906915458 1.3 HL 1576 51 87 - 404 136 -0.98
170727401:04:30UTC  1185152688.03 53 HL 1375 45 69 - 652 265 -0.35
170818402:25:00UTC  1187058327.00 22 HL 1320 44 94 - 537 274 007
1707224-08:45:14UTC  1184748332.91 11 HL 1219 50 64 - 2481 71 099
170321403:13:21UTC  1174101219.23 1 HL 1222 65 64 - 11.0 1.3 -0.89
1703104+-09:30:52UTC  1173173470.77 07 HL 1215 61 62 - 21 1.1 -0.20
1708094-03:55:52UTC  1186286170.08 07 IV 734 - 70 51 62 12 060
1708194-07:30:53UTC  1187163071.23 05  HV 1135 63 - 67 1352 25 085
1706184-20:00:39UTC 118185125772 05 HL 1149 52 67 - 29 21 030
170416+18:38:48UTC  1176403146.15 04 HL 121 51 69 - 78 1.1 -047
1703314-07:08:18SUTC  1174979316.31 04 HL 1103 52 70 - 39 11 -034
151216418:49:30UTC  1134326087.60 04 HL 1154 61 60 - 139 50 -0.41
1703064-04:45:50UTC  1172810768.08 04 HL 1147 48 73 - 264 18 023
1512274+16:52:22UTC  1135270359.27 04 HL 11.75 7.3 46 - 1545 @9 1.00
170126423:56:22UTC  1169510200.17 04 HL 1161 64 57 - 49 13 079 1910.05331
1512024-01:18:13UTC  1133054310.55 03 HL 1148 65 57 - 404 18 -0.26
1702084-20:23:00UTC  1170620598.15 03 HL 1112 68 54 - 69 1.0 009
1703274+17:07:35UTC  1174669673.72 03 HL 1065 60 62 - 401 1.0 097
170823+13:40:55UTC  1187530873.86 03 IV 930 - 80 58 1179 13 098
156928+10:49:00UTC  1127472557.93 03 HL 1128 64 63 - 25 1.0 -0.70




Independent detections: a new
trend?
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FIG. 7: Binary black holes events reported from O1 and O2, in the plane of source-frame total mass vs. effective spin. In blue
are shown the 10 BBH events reported in GWTC-1 [1], all of them are certainly astrophysical in origin (pastro = 1). Color
coded by pastro are shown 7 additional events with pastro > 0.5 that our previous searches found [2, 4]. In black we show
GW170817A. Displayed are 1o probability contours, i.e. enclosing 1 — e~'/2 2 0.39 of the probability distribution.
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2. BH+NS systems

NS+BH upper limit
610 Gpc3 yrt
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PK+ 2019, Physics-Uspekhi (2019,
No 11, in press); 1907.04218

22.10.2019 Khalatnikov-100 23



Detection rate BH+BH, BH+NS

e BH + BH ,
-==-= BH + BH LIGO det |
s BH + NS ;
-=-== BH + NS LIGO det

‘Tl_
=
Q
e
)
o
c
Q
©
Q
[ v
)
O

22.10.2019 Khalatnikov-100 1907.04218

24



EM emission f NS+BH
Class. Quantum Grav. 30 (2013) 123001 Topical Review
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Riig>Risco

Riia<Risco

Khalatnikov-100

RtidNRISCO

Kyotoku+'11
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Mass shedding and tidal disruption

risco/M =3+ 2 F V(3= 213+ Z1 +22)
Zy=1+(1-x])"°
x [+ )Y+ (1= )

Riig~Rns(Mppn/M )13

Mass shedding if
Riia>Risco

GWI70817; e Depends on NS

i compactness C=M_/R_.

| (EOS)

* Tidal parameter
A=2k,/(3C>)

e Depends on the BH spin

22.10.2019 Barbieri+ 1908.08822 Khalatnikov-100 27



Coalescing BH/NS mass ratio

PK+'19, SVAL in press

10-30% of BH+NS coalescences can be tidally disrupted
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orphan X-ray,
adio afterglo B
[\’ P /

Al Cameron

Mass ejection

e ‘Dynamical’ (merger) +
‘viscous’ (disc)

Type of binary Remnant Me; dy Me; vis Ye dyn

Low-m BNS SMNS O( =) O(10—2)  0.05-0.5
Mid-m BNS (stiff EOS) HMNS O 3y 0(1072)  0.05-0.5
Mid-m BNS (soft EOS) HMNS : 2 O(10~2)  0.05-0.5

High-m BNS (g ~ 1) BH ; <107*
High-m BNS (g < 1)

22.10.2019 Khalatnikov-100 1908.02350 29



e Mass ejection depends on the total mass M
before the coalescence, binary mass ratio,
component spins and tidal deformation (EOS)

e Final BH mass and spin, emitted GW energy
=» from numerical relativity simulations
(Jimenez-Forteza+'18)

e Account for NS EOS = from NR simulations of
BH+NS mergings (Zappa+'19)

22.10.2019 Khalatnikov-100 30



Final spin of BH

Initial BH spin from population
synthesis (PK+'19)

-
ol A l-ll--l
Y i R ] S

Final BH spin is almost insensitive to uncertain NS EOS!
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Residual disk mass

22.10.2019

PK+'19, SVAL in press

Khalatnikov-100
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* My, is determined by the mass ratio
e Strongly depends on NS EOS!

e Only large deformations (hard EOS) with
A>1000 can give rise to interesting disk

Masses

Constraints from

GW170817:
~200<A< ~1600

1805.11579
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BZ jet

L., ~ B,°M Q¢ f(Q,,)
B?~M__/M?

accr

M - I\/Idlsk /

accr

Ey, = eM g 2 T (Q)
¢ =0.015 (Barberi+'19)




BZ jet kinetic energy

9
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22.10.2019

NS plunging into BH (q>5)

Khalatnikov-100
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NS plunging into BH (q>5)

e A rotating BH in a magnetic field can acquire
electric charge (Wald 1974)

I a 'y ":-_"
2G 2@

QW’,ma}c =~ __"J.'j X BB’NS T A
i C

M ) Bs Ns

2
{]_'.-ﬂ-_l_r - BS NS

—4.4 x 10**a (

e.8.1.,

e There can be EM emission associated with
charged BH (Levin+'18, Shu-Quing
Zhong+'19...)
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NS rotation and magnetic field before

the coalescence
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Wald BH charge

(2G/c*).JBRT = a*GM E)D o/cBQrN = WGMpy =~ 100 (Mpp/Mg)

a*b ( m. \°> [ Mgy 6+ (Mpn
— | — ~ 107%*D Dimensionless Wald charge
droe \'mpy mpj Mg,

BGH dipole magnetic moment due to

AR V4 — m =~ ["' X l{)}l} %2 I B)T\-'q -
S Wald charge before coalescence
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Maximum EM luminosity of BH after
coalescence

. (Rns/10KM)S

Lﬁ- war ™ 1“4“[3[)I‘ }H*_lh e
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Takeaway messages:

NS+BH rate is one order of magnitude smaller than
BH+BH rate, ~ a few is expected within LVC O3
detection horizon (as of 19/10/19, 4 candidates out of
33 detections)

Disk formation form NS tidal disruption mostly
depends on (uncertain) NS EOS

1-10 % of NS+BH coalescences with tidally disrupted
NS can launch relativistic BZ jets and produce short
(likely subluminous) GRBs

More exotic (but less secure) mechanisms of EM
radiation from high-mass-ratio NS+BH plunges are not
excluded

22.10.2019 Khalatnikov-100



3. Massive BH+BH: New physics ?

e Stellar-mass primordial black holes:

— Can be formed in the early Universe in different
models (Carr, Hawking’74)

— Can be in binaries (Nakamura+'97)

— Can naturally explain low spins of observed
BH+BH (Bird+'16, Blinnikov+'16,...)

— Can substantially contribute to dark matter

— Can be seeds for growth of SMBH in galactic
centers

22.10.2019 JINR CSNP-2019
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Particular model: primordial BH in the
modified supersymmetric baryogenesis
scenario (Affleck-Dine mechanism)

e Dolgov + (1993, 2009): inflation field coupled
with renormalizable scalar baryon field

U(x. ®) = Ua(®) + Ux(x) + A1(® — 1) |x[",

 High-B bubbles with almost model-
independent mass distribution

dn

dM

- exp [_"';r" ]112 [. in"'j-_.-"ilin"'fnl ax J]




e Small-scale B—number fluctuations originally
are isocurvature perturbations, but after QCD
phase transition @ 100-200 MeV are
transformed into large density perturbations
at astrophysically large but cosmologically
small scales (Dolgov, Silk, PRD47 (1993) 4244)

 High-B bubbles could form primordial BHs,
compact stellar-mass objects or dense
primordial gas clouds. Primordial BHs can be

seeds for early galaxy formation (Dolgov+

Nucl.Phys. B807 (2009) 229, Dolgov, Blinnikov PRD89
(2014) 021301,Carr,Silk 2019...)



Estimate of mass distribution

0, = ]_ ) -]: % ]_ U 11 Jnl"f.:z:, P\_[ Pc —3 Om — .__I: 4 ]_ l:} 10 ﬂf ® h_[ pc —3

dn

dM

0 G : N 10 _“]:3' / N
= 11~ exp [—":r" In“(M /M ax }} = g3 X 10 / :\Ip C

(in units c=h=1)

e A. Fraction of DM in MACHOs is 0.1 for mass
range 0.1-1 Msun

e B. Primordial BH make up to all cosmological DM

e C.Density of primordial BH with M> 10% =
density of observed large galaxies
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Present constraints (model-
dependent)

1-100 M) PBH are
still in the open window!

Lya

107" 1072 10 10°¢ 1073

Murgia+'19
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Fraction of PBH mergings with M>100 M,
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1/100-1/1000 for log-normal PBH mass distribution with M;~5-10 M,

22.10.2019 Khalatnikov-100 (PK+ in preparation)
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GW road map (official)
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Conclusions

e BH+BH coalescences became routine (once per a few
days) GW detections

e Masses and spins of (confirmed) BH+BH can be
adequately explained by the standard astrophysical
formation from massive binary star evolution

e Primordial stellar mass BHs among detected sources
are not ruled out. Detection of ~100 M® BH (tbc)

would challenge astrophysical explanation and may
point to other BH formation channels (Poplll? PBH?)

* First O3 LVC publications by the end of this year — stay
tuned!
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