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1. Introduction:
current LIGO®
Virgo results



Era of gravitationawave astronomy

10 binary black holes and 1 binary neutron stars

Masses in the Stellar Graveyard

in Solar Masses
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https://ciera.northwestern.edu/gallery/masseis-the-stellargraveyard3/

Updated 2018-12-01
LIGO-Virgo | Frank Elavsky | Northwestern




Mass distribution of black holes

Beginning to be understood to some accuracy
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Spin distribution of black holes
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On blackhole echoes

It is possible if it was NOT a genuine black hole
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GW1/0817

FIRST CosmiC EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm

Einstein's General Theory of Relativity,

help measure the age of the Universe,

- g and provide clues to the origins of

/"/ heavy elements like gold and platinum
/(? ’

On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from a

of two neutron stars, each around region of the sky overlapping the LIGO/Virgo
1.5 times the mass of our Sun. This is position. Optical telescope observations

the first detection of spacetime ripples pinpoint the origin of this signal to NGC 4993,
from neutron stars a galaxy located 130 million light years distant

BILIGO S|SB




Neutron star binary coalescence

A Gravitational waves

- test of the theory of gravitation in a nevacuum

- high-density matter signature: equation of state
A Formation of a hot massive remnant (star/disk)
- central engine of short gammay bursts

A Mass ejection of neutromich material

- r-process nucleosynthesis

- radioactivelyR N &ilenovadY I ONR Yy 2 @I



Example of the binary merger

A massive rotating star can be left after merger, anc
emit gravitational waves to collapse to a black hole
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Constraint on neutrosstar properties

Modelinsensitive constraints are obtained, and
aggressive assumptlons derlve strong constralnts
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Electromagnetic counterpart

EM radiation accompanies neutron star mergers

Jet—ISM shock (afterglow)
Optical (hours—days)

, localization
, - host identification
‘ - cosmological redshift

t ISMh ck

A ‘N ejecta properties
- eJection mechanism
- r-process element




90% fluence limit(cm™?)

Neutrino upper limit

GW170817 Neutrino limits (fluence per flavor: v, +7y)
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Energy Flux [erg / (cm? s)]

High-energy gamma ray upper limit

Mostly upper limit for >MeV gamma rays, and
Fermi/LAT put an upper limit only at late times
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2. KilonovaAT 2017gfo
and FpProcess cosmic rays
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r-process nucleosynthesis
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Mass ejection from binary mergers

Successful at least for some binary models
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Kilonovdmacronova

Ejected material contain s
radioactive relements 4 Z% ; b
Their decay heat the ejec ﬁ,z/L N

Thermal photons try to Central
. _ engine
diffuse from the ejecta A/~ AN\
. Torus Nuclear
But relements efficiently (or Disk) decay

traps the photon inside v~ %
| Kb NG O kigrosesar M S ”

Kisaka (2015)




UV/optical/IR transient AT 2017gfo

The host galaxy and redshift are determined

EVARVA N Day 7.17-7.70

Utsumi (2017)




Gravitationalwave cosmology
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Hubble tension?

GWEM can examine this 3. 4S|gma~9% discrepanc
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But caution! Calibration accuracy

Amplitude measurements by LIGO/Vlrgo have ~5%
systematicerrorX & I NB UGKS RA3

10
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AT 2017gfo

In general agreement with theoretical models

-17

particularly In NIF [ m-oosmsun(ve=025)  9¥ = |
Compared tSNe . " 0 3 i
-small mass ~ § st P e e =
-high velocity £ .| N
- high opacity ; b L
- no time scale

of the heating ol

; Days ator G 170817
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Absolute magnitude

No indication of ultraheavy elements

A moderate amount of lanthanide is required but
gold, platinum, etc. are not concretely detected

-itis S|mply hard to confirm their presence, though
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Heating source

Some people claim that heavy elements such as
gold and platinum better explain latiane emission
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Polarization

Ejecta geometry and atomic distribution could be
Inferred from polarization due to electron scattering

This is possible only if

both light and heavy

r-process elements K
exist in the ejecta

©M. Bulla

No polarization for AT 2017dgfoovino et al. 2017]
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Polar velocity [c]

Possible probe into atomic distribution

~1% polarization is possmle for blnary neutron stars
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Future of thekilonovaejecta

The ejectawithi8t o T8t b s andm® T& owill
eventually collide with the interstellar medium

-> a system very similar to supernova remnants

E [eV]

Broadband emission Is RS i (A
expected (mainly radio- o 3= 00, 65:8;5;555%% ------- '_

Gammarays are possiblt * [

for (very) extreme Caseg : . :
e.d., with magnetars * [/ e ]

Takamj KK+ (2014)I10‘°I T o® 10%° 102
Not corresponding to AT 2017gfo ¥ [HZ



Cosmieray acceleration?

The velocity of the-processenriched ejecta Is
fF NESN) 6& Iy 2NRSNI 27F Y

If all the rprocess elements are produced in
mergers, they must be born with two ordef-
magnitude larger kinetic energy (per mass) than
elements from the supernova explosion e.g., Fe

Then- r-process cosmic rays could be very intense
as far as the reversshock acceleration iIs efficient



Observed cosmiay composition

No selective4process enhancement |s observed
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Limit on acceleration efficiency

Particle acceleration and emission will be inefficient
In the reverse shock of thialonovaejecta
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3. Gammaay burst
GRB 170817A and
magnetars



Short gammaay burst
Gamma-Ray Bursts (GRBs): The Long and Short of It
Aboutp 1T A O CeXpsions Rl e
-thesunis T pmAOC R A
Longsoft GRB: ¢O

deaths of massive stars

Shorthard: cO

neutron star binary merger

rigorous confirmation need: ,
gravitational waves s

http://www.daviddarling.info/images/gammaay bursts jpg
2019/2/18 VHEPA2019



GRB 1/70817A

Fermi

Reported 16 seconds
after detection

LIGO-Virgo

Reported 27 minutes after detection

INTEGRAL

Reported 66 minutes
after detection .

B
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The difference of speeds in GW/EM

Gravitational waves and gamma rays arrive
separated only by ~1.7s from ~40Mpc=4x10"15s

Timing differenced  (OF0: 7) (OFUgy.)
renders the velocity differenceo h U+ 7  Ugy.
3V
oy, -

If the difference at the source Is [0:10]s (model!)
- multiple events will alleviate model dependence

O pPT X PT



Dispersion relation

Propagation of electromagnetic waves (in a suitable
gauge) Is governed by the spacetime metric as
-T1To0o m
Gravitational wave¥) must obey the same causal
structure, so that
QT T Q Tt
with "Q M — , no correction such as %8 %o

This is not usually assuring for modified theory of
gravity with higher derivatives of scalar fields



Horndeski

Constraint on modified gravity

Various theories are now regarded as rejected

Cqg = C

Cqg # C

General Relativity

quintessence /k-essence [42]

Brans-Dicke/ f(R) [43, 44]

Kinetic Gravity Braiding [46]

quartic/quintic Galileons [13, 14]
Fab Four [15, 16]
de Sitter Horndeski [45]
Guvd"¢” [47], Gauss-Bonnet

bevond H.

Derivative Conformal (20) [18§]

Disformal Tuning (22)
DHOST with A1 =0

quartic/quintic GLPV [19]
DHOST [20, 48] with A; # 0

2019/2/18

Viable after GW170817

Non-viable after GW170817
Ezquiag&Zumalacarreguji2017)
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Scenario confirmation

Apparently, short gammaay burst (but not hard)
-> Binary neutron stars drive some short GRBS!

Goldstein+ (2017) Hard spectrum | | | oo
T T T T T Se » Short
140} GRB 170817A 101 . . .. s Long | 90%
o o®° 180%
120} o %0,
1 70%
E oo % {60%
— 2
g 50 § 100_ 150%
= 60+ § 160%
P(short)=73.4% &
401} {70%
20+ :'""_ P(long)=26.6% |\ {80%
0 : b - IQD%
= T ' 107 b |
107! 10° 10 10° 10° . . . . . 100%
Too [S] 10" 10° 10t 102 107
) . Tao [s]
Duration of emission Soft spectrum :
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The closest short gammray burst

Among the short GRBs with measured redshifts
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UnderluminouX

1055

(isotropicequivalent) luminosity of gammiay emission j
1054 _ . :
1052 | ;I’ I _____________ I 7
1052 | v Detection threshold vs redshift
1051 _ ]

Because this event was quite nearby,

I

50 L . .
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I 5
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10
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S, (udy)

Brightening of the afterglow

An offaxis jet Is a good candidate, but an wltra
relativistictop-hat jet is rejected (for any angle)

102

101_

O Radio data (3 GHz)
-- 0,=10°,n=2.5x 10 cm™, E_ =6 x 10% erg

—= 0,=20°,n=10°cm=, E , =15x10°" erg
—- 0,=15°,n= 104 cm™, E =3 x 10% erg (from ref. 4)

--------
-
e” -~

A top-hat jet el
- ©
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/,.—/—/—‘ ® "'"'—"Q -

/ ! Mooley+ (2018)
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Structured jet

The jet of gammaiay bursts is not very simple but
Isassociated with a netrivial angular structure
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TR et Lazzatt (2018)
—— 10<8<35 10_1 1

35<0<60
— 50 <8<90

-
2

Radio flux at 3 GH.
= =
T 9

—
3

,_.
o
&

©
©
>®

Flux density (m]y)
=
9

10 10 102 10
___________ Time since GW detection (days)
& 100
g 107 \ ﬁ\ 30 5 m— 3GHz (x1.5)
Emﬂ & o ! 10734 » s OGHZ
;iz \\ . = R filter (x200)
g 3 1 keV (x3000)
g0l o L eN_ I , ,
® E 10460 10 20 30 40 50 60 70 80 901 101 102

\ Angle from the jet axis (degrees) Tlme Since GW detection (dayS)
2019/2/18 VHEPA2019 43



Superluminal motion

Radio VLBI resolved material moving vath 1
Evidence of a jet! Bt o T11S not yet confirmed

Declination offset (mas)
o
1

-12
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Peakanddeclineof the luminosity

Declineafter the peak is not very slow: ke
Thlsdoes not flt WlthquaS|spher|cad:ocoon models

'] gl S Rela’uwsﬂc jet  emmaa Uncolhmated choked jet
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0.3- 10 keV Flux [erg cm?s™]

Latetime Xxray flare?

Was the remnant a magnetar w/ ~160day lifetime?
Very important to understand the central engine

Off-axis observer

® Chandra ACIS-S GRB ejecta
— O XMM-Newton EPIC-PN — A

_5x1 (O

Piro+ (2019)
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Magneticfield amplification

Hydrodynamic and magnetaoydrodynamic
Instabilities amplify the magnetic field to 10*17G

- KelvinHelmholtz instabllity at the contact surface
- winding and magnetgotational instability

t=Oms

g D — ‘, ,,"m %
20km
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GeVfTeVgammaray emission

A central engine or lataime GRB activity may give
us a chance of detecting ~100GeV gamma rays

magnetar case -ams GRB case
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Dark age of binary neutron star merge

What is ongoing In

the 1.7s delaypetween
gravitational waves
and gamma rays”?

- black hole formation?
- magnetar?

Only neutrinos could be _
possible messengers




