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1. GW150914: First direct detection
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1 GWI150914

“The first direct detection of

gravitational waves”

“The first discovery of
binary black holes”
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LIGO: Hanford

Simultaneous Detection

Livingston
Observatory
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GW150914:

Hanford, Washington (H1)

H) BB

Livingston, Louisiana (L1)

— H1 observed

7 ms earlier

H — L1 observed —

H1 observed (shifted, inverted)
T T | |

— Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template)
I I

Ll — Numerical relativity —
Reconstructed (wavelet)

I Reconstructed (template)
I I

Inspiral

Physical Review Letters 116
061102 (2016)
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Albert Einstein Institute/SXSigft: Grateful to Roland Haas




Gravitational waveform by numerical relativity:

by Caltech-Cornell-CITA
,M1:36 Msun M2:29 Msun
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LIGO noise vs signal
PRL 116, 2016, LIGO collaboration

Binary coalescence search

Per 16-days . ig 3;,4-10 405.10 :215
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FBHPEDH?
Merger + Ringdown

Sun

- Final BH mass ~ 62 M_ & spin ~ 0.7
' | ' | ' | '

H — L1 observed
H1 observed (shifted, inverted)
| |

| HEFCA (BUK) Dppta g 22
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—

__ Fitting formula

(Bert1 et al. 09)

f, . oscillation frequency, 7 :damping timescale

M . :BH mass, a:dimensionless BH spin parameter
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Neutron Star

Mass -~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~T1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles
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Parameters of compact NS-NS binaries

IEGIRE B
(IVFD)

E.g., http://stellarcollapse.org/nsmasses

H 5
(RKFEH
BT

PSR log B(G) P, (ms) MM, ) Ivigg  Tow
1. BI913+16 104  59.0  1.441/1.387 1.0 3.0
2. BI1534+12  10.0 379  1.333/1.345 25 27
3. B2127+11C 10.7  30.5 1.36/135 1.0 22
4. J0737-3039 9.8/12.2 22.7/2770 1.34/1.25  2.0/0.5 0.86
5. J1756-2251 9.7 285 1.34/123 40 17
6. J1906+746 (12.2) (144) 129/1 32 (<0.1) 3.1
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Merger of 1.35-1.35M_ , NS with four EOSs

APR4: R=11.1km ALF2: R=12.4km

For all, maximum mass is larger than 2 solar mass

H4: R=13.6km MS1: R=14.5km
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Merger of 1.35-1.35M_ , NS with four EOSs

40
30
20
10

0

y (km)

-10
20
-30

y (km)

40
30
20
10

0

-10

-20

i @i‘%i) /\ﬁ:f’ﬁc: st ’E L

B HBBLEHEE % (A TR °

-40 -30 -20 -10 0 10 20 30 40

x(km) H4: R=13.6km

y (km)

20

10

-40 -30 -20 -10 0 10 20 30 40

x(km) MS1: R=14.5km



BB amlZ K D0
SWERIZHRE T REOAR ﬁ))iﬂﬂ%ézh%

0.15 FSOr ™ TiikAPRA T ———T— 7 T ——— —
MODERATE 12.4kmALF2 ------------- "
O.1 FsTiFe 13.6km H4 --------eeeee--
EO 0.05 MMMMMM”M
- o1
= -0.05 { AR AL

-0.1 t
-0.15 t.Mass: 1.35-1.35 solar mass, | .
0 10 20 30 40

t.o; (IMS) I

Appreciable difference
Hotokezaka et al. 2015 in phase
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o HY
SFHo (R~11.9 km): 1.35-1.35 M,
Electron fraction=Neutron un- rlchness Y
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> REDAEEWITLEDHE > heat up & shine
(L1 & Pacyznski, 1998)

) Wanajo et al. ApJ 2014
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Radioactively ‘ " GRB Observer
powered IR
EM signals N
R-process GRB jet
Yy
- & B decay

7 A black hole or
massive NS
+ accretion torus:

Ejecta

Original figure by Hotokezaka



Expected light curves @ 200Mpc (f1Hj5%R)

BREtESERIziE. 32—y asizky. £k
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M=0.01 sola mass

T 22 1
= 0.004 "
c
g 23
&
©
© 24 4m =====--
o) ’ 10 min integration
§ o5 \by Subaru HSC (SNR=5)
8Mm =======
26
27 R T T g a2 a2 a1 2
0 5 10 15 20
Tanaka & Hotoke 2013 Days after the merger
Barnes & Kasen 2013

Bright in near infrared for 1 week after the merger
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A latest population synthesis result
(M. Dominik et al., 2014)

RHEEZL G KD HEE

TABLE 1
LOCAL MERGER RATES AND SIMPLY-SCALED DETECTION RATE PREDICTIONS?:
Model <Mcl5/6> R(0) Rp (aLIGO p>8) Rp (3-det network p > 10)
Mé5/6 Gpc3yr— 1| yr—! yr—1
NS-NS
Standard 1.1 (1.1) 61 (52) 1.3 (1.1) 3.2 (2.7)
Optimistic CE | 1.2 (1.2) 162 (137) || 3.9 (3.3) 9.2 (7.7) + 7
Delayed SN 1.4 (1.4) 67 (60) 1.9 (1.7) 4.5 (4.0)
High BH Kicks | 1.1 (1.1) 57 (52) 1.2 (1.1) 3.0 (2.7)
BH-NS
Standard 18 (19) 2.8 (3.0) 1.0 (1.2) 2.4 (2.7)
Optimistic CE | 17 (16) 17 (20) 5.7 (6.5) 13.8 (15.4)
Delayed SN 24 (20) 1.0 (2.4) 0.5 (0.9) 1.1 (2.3)
High BH Kicks | 19 (13) 0.04 (0.3) || 0.01 (0.08) 0.04 (0.2)
BH-BH
Standard 402 (595) 28 (36) 297 (427) 540 (1017)
Optimistic CE | 311 (359) 109 (221) || 676 (1585) 1610 (3773) 2%,
Delayed SN 829 (814) 14 (24) 232 (394) 552 (938)
High Kick 2159 (3413) 0.5 (0.5) 22 (34) 51 (81)

& Detection rates computed using the basic scaling of Eq. (3) for both the high-end and
low-end (the latter in parentheses) metallicity scenarios (see Section 2.2). These rates
should be compared with those from more careful calculations presented in Tables 2

and 3.



detection rate for adv. LIGO-Virgo network (yr™')
15 20 25

C.Kmm et al. MNRAS 2015
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Figure 7. Py(Rg) (solid) is overlaid with individual P(R) ob
tained from PSR B1916+13 (dotted) and the Double Pulsar
(short dashed). Based on our reference model, the Galactic

—1. The corre-

NS—NS merger rate is most likely to be 21 Myr
sponding GW detection rate for the advanced ground-based GW

detectors is ~ 8 yr

—1

| Predicted detection rate

of NS-NS

based on binary pulsar
observation
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244py |SM density [cm™]

Hotokezaka et al., Nature phys. 2015
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strain noise amplitude (Hz ')

Planned sensitivity of advanced LIGO
) Advanced LIGO arXiv:1304.0670v

Bl Early (2015, 40 — 80 Mpc)

Mid (2016—17,80 — 120 Mpc)
I Late (2017—18, 120 — 170 Mpd
Bl Design (2019, 200 Mpc)
I BNS—optimized (215 Mpc)

1 event may
be expected
in 2016~17
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Summary

The first direct detection of gravitational waves
open a new window for astronomy:

First discovery of black-hole binary
- BH-BH merger rate would be high:
More detection will be achieved this year in O2

Statistical/population-synthesis studies suggest that
NS-NS merger may be detected by alLIGO this
year or next year

—> Detection could solve several unsolved issues

Numerical-relativity simulations are crucial

for understanding gravitational-wave events
= Urgent task !!



BH-BH merger rate based on

GW150914: very simple version

* 1 event in 16-day observation

* D ~ 410 Mpc (SNR=24)

- 365/16 = 23 events/yr in 410
Mpc in the current noise

level

- For SNR=10, 318/yr

.« o . . . 101

—> Sensitivity will be improved, wo}*
S 1071}

0 1072}
lé 1073}

8104}

by a factor of ~3

- For SNR=10, 8600/yr

102,

S

>S5 10—5 L

=
1076}
107}
10—8\

Binary coalescence search

20 30 40 5.1c0 >5.10
20 30 405.10 >5.10
Search Result 1
— Search Background E
— Background excluding GW150914 ]
-LL. GW150914
\R E
EL_U_—-L—I'_H n n
L] MIIFHLIHI IHUHLIHI

8

Detection statistic p

20 22 24
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Estimated *#Pu density

A

Early Solar System

1. Early Solar data
Turner et al 2007
(ancient rock)
Lodders et al 2007

(meteorite)

2. Deep-sea data
Wallner et al 2015
sea crust & sediment
for the last 25 Myr.



Time scale

M — G_]l4 =4.9255 us
c
62M_ — oM ~ 0.3 ms
sun C3
Orbital period around the Black hole with spin <0.7
3 1/2 GM 3/2
P=2x|—| >70| =|—| —>20ms
GM ¢ I/iSCO
. . P
viscous timescale ~ — ~100P >2 s
a

For achieving short GRB,
need a highly non-standard picture



Binary neutron star
--Typical formation scenario --

.n .481111

Collapse
* «
explosion

Supernova explosion NS @ ® NS

NS
o

B-field suppres

NS @
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SN




