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Discovery of Hulse-Taylor binary (1974)
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Joseph Weber and one of his gravitational wave detectors. SPECIAL COLLECTIONS AND UNIVERSITY ARCHIVES, UNIVERSITY
OF MARYLAND LIBRARIES



(L) Bob Forward’s first gravitational wave interferometer at Hughes Aircraft. (R) Rai Weiss’
initial sketch of the components and operation of a laser interferometer like LIGO.
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The Last Three Minutes: Issues in Gravitational-Wave Measurements
of Coalescing Compact Binaries

Curt Cutler,(!) Theocharis A. Apostolatos,(!) Lars Bildsten,() Lee Samuel Finn,?) Eanna E. Flanagan,(!)
Daniel Kennefick,(!) Dragoljub M. Markovic,(*) Amos Ori,(!) Eric Poisson,(!) Gerald Jay Sussman,®)(2)
and Kip S. Thorne(V
M) Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
™) Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208

(Received 24 August 1992)

Gravitational-wave interferometers are expected to monitor the last three minutes of inspiral
and final coalescence of neutron star and black hole binaries at distances approaching cosmological,
where the event rate may be many per year. Because the binary’s accumulated orbital phase can
be measured to a fractional accuracy < 10~* and relativistic effects are large, the wave forms will
be far more complex and carry more information than has been expected. Improved wave form
modeling is needed as a foundation for extracting the waves’ information, but is not necessary for
wave detection.
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S DRFEYES with NSNS

as a standard candle or siren GW =2 NS EoS

e.g. Krolak & Schutz 1987 e.g., Flanagan & Hinderer 08

Mass (M)

Radius (km)



Discovery of Gamma ray bursts

Number of bursts
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Short gamma-ray burst
(<2 seconds’duration) Pacynski 86; Goodman 86; Eichler et al. 89

Stars* in
a compact
binary system »

begin to spiral
inward....
»

..eventually
colliding.

The resulting torus
has at its center

a powerful

black hole.

Image: R. P. MATTHEWS,
PRINCETON UNIV.

*Possibly neutron stars.
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NSBH mergers are plausible!

Lattimer & Schramm 74




NSNS will also work!

Symbalisty & Schramm 82; Eichler et al.89

Some demonstrations with numerical simulations

t= 0.968 ms t= 3.226 ms
35 1 | | 1 1 b | 150 1 |
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A Newly Proposed Radio Counterpart

t= 0.806 ms t=3.226 ms
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Nakar & Piran 11

Table 1 | Observing radio flares

Radio facility Observing Field of One-hour One-hour detection horizon+t Ten-hour detection horizoni
frequency (GHz) view (deg?) rm.s.* (uy)
pi=1, pi=1, fi=0.2, E45=10, pi=1,Eso=1,
E49=1,n0=1 E49=10,n0=1 no=l,p=2.5 n0=10 3,p=2
EVLA 14 0.25 7 1 Gpc 3.3Gpc 370 Mpc 140 Mpc
ASKAP 14 30 30 500 Mpc 1.6Gpc 180 Mpc 70 Mpc
MeerKAT 1.4 1.5 35 500 Mpc 1.6Gpc 165 Mpc 65 Mpc
Apertif 1.4 8 50 400 Mpc 1.25Gpc 140 Mpc 50 Mpc

LOFAR 0.15 20 1,000 35Mpc 90 Mpc 70Mpc 20 Mpc




Scenario for
the EM
counterparts
5 years ago
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Kilo/macronova ¢ Remnant ® 4%

UV (n-precursor) optical (disk wind) infrared (disk wind + dynamical)
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Photo: Ruth Orkin | Hulton Archive | Getty Images
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Cataclysmic Collision Artist’s illustration of two merging neutron stars. The rippling space-time grid represents gravitational waves that travel out from the collision, while the
narrow beams show the bursts of gamma rays that are shot out just seconds after the gravitational waves. Swirling clouds of material ejected from the merging stars are also
depicted. The clouds glow with visible and other wavelengths of light. Image credit: NSF/LIGO/Sonoma State University/A. Simonnet
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Scenario i: Uniform Top-hat Jet

Rotation Axis .
Viewing Angle

e
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Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon
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LIGO Scientific Collaboration and Virgo Collaboration,
Fermi Gamma-ray Burst Monitor, and INTEGRAL



The kilo/macro nova

Arcavi et al. 2017; Chornock et al. 2017; Coulter et al. 2017; Cowperthwaite et al. 2017; D'iazetal. 2017;Drout et al. 2017; Evansetal. 2017;
Kasliwal et al. 2017; Kilpatrick et al. 2017; McCully et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al. 2017;
Soares-Santos et al. 2017; Tanvir et al. 2017; Tominaga et al. 2018; Utsumi et al. 2017; Valenti et al. 2017 ...
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Flux density (udJy)
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EM afterglow of GW170817

Haggard et al. 2017; Margutti et al. 2017; Troja et al. 2017; Alexander et al. 2017;

Hallinan et al. 2017; Kim et al. 2017
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Dec offset (mas)

The VLBI image

12

superluminal motion!

Mooley et al. 18
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Mooley et al. 18

, Narrow jet
—A1(0,,=0.04,6, =0.08,0, =035

sk ---A2 (9;.0 =0.04, Gj'p =0.08,0 ,  =0.25)
- A3 (Oj,o =0.04, ()j'p =0.08,0 ,  =0.45)

=1, (<6 )

A1 (6>6.) Ry
+ e N
L s = R

n=10%-5x102 cm3

10 L~

e
|ee=® I

= 10% — 10%° erg

=0.3)

——B: Very narrow (Gj,o =0.03, ei.p =0.06, F)obs
- - -C: Wide (01.'0 =0.07, f)j,p =0.13, oobs =0.5)

0P . Bhioked 0, = 0.6)

|
r
L
»
L
;

-
-
-
-

10 100
t [days]



Standard Siren & Hubble Tension
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Tidal deformability
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¢ 1IE v 2 Open Question

« NSNS merger = sGRB ?

c EORX o THEAMN LYy PEET DAY
« AL |Ir-process element T& T35 D H?

» £ ipsolar abundance #2883 % 2~ ?
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* NSBH merger. &2 %% D57
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