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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inser (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
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FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors™ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GWI150914 arrived first at L1 and 6.9 '34 ms later at H1: for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW 150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms

[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of

sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bortom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Event GW 150914 GWI151226 LVTI151012
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Radiated ener I 0.1 0.3
Epaa/(Mge? Eu} 3.0%5; 10553 15504
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ApJ Lett., 818:L22 (2016)

ASTROPHYSICAL IMPLICATIONS OF THE BINARY BLACK-HOLE MERGER GW 150914

ABSTRACT

The discovery of the gravitational-wave source GW 150914 with the Advanced LIGO detectors provides the first
observational evidence for the existence of binary black-hole systems that inspiral and merge within the age of
the Universe. Such black-hole mergers have been predicted in two main types of formation models, involving
isolated binaries in galactic fields or dynamical interactions in young and old dense stellar environments. The
measured masses robustly demonstrate that relatively “heavy™ black holes ( = 25 M) can form in nature. This
discovery implies relatively weak massive-star winds and thus the formation of GW 150914 in an environment
with metallicity lower than ~ 1/2 of the solar value. The rate of binary black-hole mergers inferred from the
observation of GW 150914 is consistent with the higher end of rate predictions (= 1 Gpc— yr—!) from both
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The Astrophysical Journal Letters, 818:L22 (2016)

rations). However, if one assumes that the properties of PoplIl
massive binaries are not very different from binary popula-
tions in the local Universe (admittedly a considerable extrap-
olation), then recently predicted BBH total masses agree as-
tonishingly well with GW150914 and can have sufficiently
lone mereer times to occur in the nearby Universe (Kinugawa
et al. 2014). This is in conftrast to the predicted mass proper-
ties of low (as sed to zero) metallicity populations. which

show broader distributions (Belczynski et al. 2015).
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GW150914D S5 EEND10ZEB;RUH->-TH LKLY

Mass distribution R/(Gpeyr 1)
PyCBC GstLAL Combined
Event based
GW150914 32753 3.675 3.475%
LVT151012 9.21203 9.213L* 9.41304
GW151226 3510 3713 3757
All 537 30" 56715 55737
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(ApJ Lett., 818:L22 (2016))
c ENEENSVLEKIREFOFRTOENDEIAX

ARV —ENERALHRBATES LDV T A EH S
(Bl ZE, arXiv:1604.04254)
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Primordial black hole scenario for the gravitational wave event
GW150914

BRULHMXEENTLEWELS:

Misao Sasaki®, Teruaki Suyama®, Takahiro Tanaka®, and Shuichiro Yokoyama®
“ Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-58502, Japan
b Research Center for the Farly Universe (RESCEU), Graduate School of Science,
The University of Tokyo, Tokyo 113-0033, Japan
¢ Department of Physics, Kyoto University, Kyoto 606-8502, Japan
4 Department of Physics, Rikkyo University, Tokyo 171-8501, Japan

arXiv:1603.08338, Phys.Rev.Lett. 117, 061101

Abstract

We point out that the gravitational wave event GW150914 observed by the LIGO de-
tectors can be explained by the coalescence of primordial black holes (PBHs). It is found
that the expected PBH merger rate would exceed the rate estimated by the LIGO scientific
collaboration and Virgo collaboration if PBHs were the dominant component of dark matter,
while it can be made compatible it PBHs constitute a fraction of dark matter. Intriguingly,
the abundance of PBHs required to explain the suggested lower bound on the event rate, > 2
events/year/ Gpcﬂ, roughly coincides with the existing upper limit set by the non-detection
of the CMB spectral distortion. This implies that the proposed PBH scenario may be tested
in the not-too-distant future.
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GW150914[Z K AEIEE HIZx T 5lE

Theoretical Mechanism GR Pillar PR B Example Theory Constraints
GW150914 | Repr. Parameters| GW150814 Current Bounds
SEP —1 | 1.6 x107* | \/Tagacs| [km] 107 [39], 2 |
Scalar Field Activation SEP, No BEH Hair —~1|16=x10" || [1/sec] 105 [
SEF, Parity Invariance | +2 1.3 x 10t v ecs| [km] 108 [ ]
Vector Field Activation SEP, Lorentz Invariance| 0 | 7.2 x 1073 (cq.e_) (0.9,2.1) (0.03,0.003) | ]
Extra Dimension Mass Leakage 4D spacetime —4 |9.1x10°" £ [pm] 5.4 x 1017 10-10% [ ]
Time-Varying & SEP —4 |9.1x10® |G| [10712 fyr] 5.4 x 1018 0.1-1 |
Massive graviton massless graviton +1 [1.3x101 mg [eV] 1.2 x 10722 [12]| 1072910718 |
Modified Dispersion Relation o — e +5.5| 2.3 x 10? A =0 [1/eV] 1.6 =107
(Modified Special Relativity) ! +5.5| 2.3 x 107 A <0 [1/eV] 1.6 x 1077 2.7 x 1073 [63]
Modified Dispersion Relation _ +7 | 8.7 x 107 A =0 [1/eV?] 9.3 = 104
( Extra Dimensions) Ye =t +7 | 8.7 = 10? A<D :llfr_*‘l.-'_e: 9.3 x 10% 4.6 x 10796 [63]
Modified DILHPL"ESUJII Relation SEP, Lorentz Invariance cr 0.7 [64] (0.03,0.003) | ]
( Lorentz Violation)
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B E M Scalar-tensor i
BH no hair

JILY I

NS FENH2>TEKL
Einstein dilaton Gauss-Bonnet, Chern-Simons gravity

s> & fan/a0 1% | 6. [ sleoy + o)

- 2G,
@ x(higher curvature)
Res =R*—4R, R*"+RY,,R" op RR=£Y,R% ., R* o
c INEHTHNIE. Chs DS NElEtopological
invariant& & V), EELENICEFERNZV,
c BREMOEN M DIFHBARKEVEBWVWEDHZTO &,




Hairy BH - bold NS

- EDGBIZ# LN TNSl&scalar charge& #7274 L)
1
n 21 — " 2": - np2n
o~"R*"mp Q=[d*x"R Tjdx R

topological invariant, which vanishes
on topologically trivial spacetime.

« ¥(Z,EDGB&CSTIE, BHAZ N ¥ hmonopole charge
& dipole chargeZ D

EDGB : monopole chargemmmp dipole radiation (-1PN order)

CS : dipole charge oc spinmmsp 2PN order
(Yagi, Stein, Yunes, Tanaka (2012))

LHL. GW15091 2 5 THIBR SN 5/ \T A—3FELE (L strong
couplinglZE>TLFEIT=8 . BEERM LS ES,
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Constraint on the initial spin

ﬂﬁ | | I I

0.4

0.2
0.0

0.2 (arXiv:1606.04856)
GW150914
—0.4 L -
0.0 0.2 0.4 0.6 0.8 1.0
7 = m,/m,

Spin strongly degenerates with the mass ratio,
but GW151226 is likely to have initial spin.

v = Ji/m +J,/m, averaged spin parallel to the
i M orbital angular momentum 32




| EHREEADBIE : BfCgravioniCmassE 5% 3 |

phase velocity of massive graviton

k m? 1 D= [dna’
f)l=—=1- =1-
Cphalse( ) W 2(02 213 f 2

==D AV =24fAt =24DAc,,.(f)~ - 7ZD Phase shift/"
At BERBEKE

P :---+%(nm f )5’3{1{3715 - 5577—@ju2’3 —~(167-p)u +}

6 9 3

_ _ 3 2
U=zMT = O(V ) Graviton mass effect [,Bg = /IDZM}

Constraint from future observations:
LISA- 10'M BH+10MgBH @ 3Gpc:
graviton compton wavelength
Ay > 4kpc

(Yagi & TT, arXiv:0908.3283)
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+Massive gravity

h,=0 mm) (O-m?)h,, =0
B {7z graviton mass termIF B E L TRHAER ?
— ghost, instabillity, etc.

m=) Bi-gravity
L — \/7R \/7R Lmatter(g ¢)
MZ 167 167z7< MZ

massive &massless, =D Mgraviton ' 121E

— vIREICLCIZBRA B SH?




De Felice et al., PTEP 2014 (2014) 043E01

1) Ghost-free bigravity model EZ1ET 5.

2) FLRWE R ZEFGROFZFEERIRILF—
WTIEBICILSPUEIRDEVNEZ T,

3) IEFRFL XN R (Z & V) massive grawton/j‘ Fhe & A7z )
mechanismHAFEETBD ENTRRBREND,

4) ZD DO EBIE D eigen modesid =D Mmetric
perturbationDEREH
mass eigen states @ low frequencies

o0 and &g themselves @ high frequencies.
ANED V) A Z Bcritical frequencyld Z E (K 1F.

5) Graviton oscillationsi&critical frequencyfJ I T L

HrECSIZVNZSDH,

&
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Fic. 3. Normalized cumulative dis trlbutlon as a function

of the sky-error area (square degrees ) of a sample of NS-NS bi-
naries in Case I detection scenario. Key: Solid/dotted lines
denote 68% and 95% confidence regions respectively.  Black:
LIGO4+Virgo+LAu4+LCGT network, green: LIGO-+Virgo+LAu,
red: LIGO4Virgo4+LCGT, and blue: LIGO4+Virgo only.

(Nissanke,Sievers, Dalal, Holz arXiv:1105.3184)
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NS-NS Binary coalescence = short y ray bursts?
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L, [erg/sec]

E eak-L pear COITelation

| (v Yonetoku relation)
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(Tsutsui et al. (2013))

E eak-L peax COrrelation %
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SGRB®MD L —% &1
(Yonetoku et al. 1402.5463)
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E, [keV]

SGRBAYNS-NS (NS-BH) :EE 5Kk TH S35,
3.9719(152175) events/yr for advanced detector network B #ifF S5
EEFHFEDARNL—NDOFHE

0.4 ~400yr-' for advLIGO/Virgo (Abadie et al. 2010)
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Macronova/Kilonova,

T FEEESADBFICHREHEINSFHEFEEIME
= r-processiZ&bHITHRE K (A>130)
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11
10
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(Hotokezaka et al. 1212.0905)

~0.2c
~104-10° M ,Mejecta mass

B NN KDHE =EMHINSFZE K (stiff EOS))
EavIZEBHE = MHEINSHF ZF/M(soft EOS))

NSFFE/NSH=MHRK
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Ejecta® BrEL 3R EphotonDdiffusion timeD DY & LI SIK
FOE—VDEZIERLIEINRIELOMNSD (L & Paczynski 1998)

v -1/2 M 1/2
K
tpeak leday{OBCj [001M© J(locmZ/gJ Time sincle GRB 130603B (da)(f)S)
1
1/2 1/2 L L L L Py
L e =10 €rgfs f_e ( v j M K a X-rey
10™ A 0.3c 0.0IMg 10cm®/g . :
1/4 ~1/8 -1/8 -3/8 . =
Tpeak ~2x10°K Lﬁ (L) M K2 ‘ | 101 §
10 0.3c 0.01IMg 10cm®/g R ] 7
%ﬂ 25 *:f
£ 3
¥ DkilonovaDELRIA ? 22t 1o
(Tanvir et al. 2013) o7 L J
28
= 10—14-
29 — :
104 108 108

Time since GRB 130603B (s)



RO _
it lC &, < ZEHRR

s RO EEEE N SNT- A. Chirp Signal

R $ =\ . N N -NSEHES
30M DI VI HR—ILBZDFEN i

BH-BHEE S

1ml

BRI MNMI7E o7
- MIRERRENMBLNIZL ':FEEBI-;I?{Z'&K@F%%E@%
— BH-QNMAVERESN S BBl BH-MACHOIE £ 0 & 4k
BENRPERIRXFOHMT e S st
- JAA—7YTIEREICLOBADEEN VI NAVIBUE—Z
- SCREOEHORE
- FEFEEESHRLIRFTIND ¢ E2aR
- BERERDEORESER FEEXIR /N IL Y —
- TOERTR(E. POOER s
- BN EROEE B E
Tl

X’\O—Z—C@‘f&?&@]’;ﬂﬁﬂ/&ﬁ/ﬂ“b == 2 ) HA 0D AR B RS
INVHG—Z3AZ T4 (~E0RY) E *x80Y—2Z
50




o KBERE )R LR
Gravitation  [Fe. —

5% < 3 = -

wave detectors KAGRA
15 16 17 18 19 20\24 25 26 27 28 29 30 31
likaG bKAGRA F
adv LIGO &
adv Virgo
g{i LIGO India f
- l LISA pathfinder eLISA (2034~) =
Pre DECIGO [

i

LISA
=>DECIGO/BBO LIGO=adv LIGO

R
T Tt W T



BRRID BERITx T 4R

0.6 | | | I

GW150914
—0.4 - _
0.0 GTE I:].Ir-l L‘:ITE I:‘JTE 1.0
7 = m,/m,
ERIEHDIEDD ., ZEICE>TIEREDH
HHEMNTREND

J./fm +J,/m,
M

et =



s R AONSEERRS

1.97+0.04M D FEFE N F R (J1614-2230)
(Demorest et al. (2010))

BRRIGREAREXNBRREND

S5QML

NG
. 161
ME“I
GM3 |

GS51
Double NS Systems

Mass (solar)

Nuclennls Nucleenls +Exotic Strange Quark Matter

7 8 9 10 11 12 13 14 15
Radius (km)

0.0

53



EEDHTFE SEDAANUEL—FDHETF
HRESNEEZPEFETTHEBUNICEHRTILO

Binary SysTEMS CONTAINING Rapio PuLsars THAT CoOALESCE IN LESS THAN 10" i

P P, Total Mass T, W

PSR (ms) (hr) g (M) (Mvr)  (Mvr) Reflerence
JOT37—-3039A ..., 2270 245  0.088 2.58 210 87 Burgay et al. 2003
1073730398 2773 245 0088 258 50 87 Lyne et al 2004 } double pulsar
BIs34+12 ... . 3790 1010 0274 2.75 248 2690 Wolszezan 1990
J756—2251 ..., 2846 767 0181 257 444 1690 This Letter
Blols+le ... ... 59.03 775 0617 2.83 108 310 Huolse & Taylor 1975
B2127+11C ... .. 3053 804 068l 2.71 O6u 220 Anderson et al, 1990
J1141-6545" 39390 474 0172 2 30 L4 390 Kaspietal 2000e—=NS-\WWD

MNOTES. —Oneg NS-WD i+) and five DNS svstems, PSR B21274+11C 15 0 a globular cluster, implying a
ditferent formation history 1o the Galactic DNS svstems. Here 7, 15 the pulsars” characteristic age and 7oy 15
the time remaining 1o coalesce due o emission ol gravitational radiation. The total coalescence time 15 7, +

(Faulkner et al ApJ 618 L119 (2005))
total coalescence time , ,
EIEI i OC @ w=Aw
VR EH |
s O @O C OO 19_1 1 _ W _
I 43 dt @ dt Aw? Ao’

D] 1w

7. +TGW
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Merger rate®estimate
roughlZI& 3 < D ERAI— @ dH7=Y) Devent rateld

R=Y o Ve () BRSNS EEE
i)z(i) BRI DIBATISE L -
EEITZNABRASN TS

FFEEZ DN DIBF O

EsTiMATES FOR GALACTIC IN-SPIRAL RATES anD PrREDICTED LIGO DETECTION RATES (AT 93%
CoNFIDENCE ) FOR DIFFERENT PoruLaTion MoDELS

Ry o LIGO"

R [nitial Advanced
MopeL® (Myr™") [RF (kvi™h) (vr™")
I 773 i 6.4 g 7149 £ 41336
................ e . . =77 B ) 1
B 83.0%51" 6.3 3487375 1868737
O 79505 6.6 3355 1775080
0 23355 5.8 9.823% S24L0Y
12 g (p+aee A \-Fﬁ” 202425
1404~ 400yr' for adeIGO/Vlrgo (Abadle et al. 201 O)
15 ... )
17 H'l {-‘H%“ 6.Y 21 {“+T4 6. |+:1444
19 146257 7.0 6.155%" 328535
2“ ............... q'\-}l -'-.'III-:":‘I {"lj 1? -:I-'-g'::'ﬁ "I"'I' -‘t-ll;'l.lﬂ

* Model numbers correspond to KKL, Model 1 was used as a relerence model m KKL. Model 6 1s our
reference model i this study.

" Increase rate factor compared Lo previous rates reported in KKLUIRF =R R e 55

(Kalogera et al. Apd 601 L179 (2004))



