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Extreme gravity tests with gravitational waves from
compact binary coalescences: (I) inspiral-merger

3

Emanuele Berti!® - Kent Yagi® - Nicolas Yunes

Abstract The observation of the inspiral and merger of compact binaries by the
LIGO/Virgo collaboration ushered in a new era in the study of strong-field grav-
ity. We review current and future tests of strong gravity and of the Kerr paradigm
with gravitational-wave interferometers, both within a theory-agnostic framework
(the parametrized post-Einsteinian formalism) and in the context of specific mod-
ified theories of gravity (scalar—tensor, Einstein—dilaton—Gauss—Bonnet, dynamical
Chern—Simons, Lorentz-violating, and extra dimensional theories). In this contribu-
tion we focus on (1) the information carried by the inspiral radiation, and-Gi)reecent
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‘§ 1. Introduction




BIEEHEROFEELAIE 1T

— % 4B % & OD fif] RE k2 - BR 57

£78(#0 48 m I8 5 B {8 T
* Inflation - HELSMEE BHAD ., FHIEL)
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 Dark Matter o BX#—
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GR Modified Gravity Quantum Gravity
e Scalar-tensor * Super String
* Einstein—dilaton Gauss—Bonnet * Loop Quantum Gravity
; * Dynamical Chern-Simons * Confomal Quantum Gravity
Newton Gravity : . « e L
e Einstein-&ther * Horava-Lifshitz
* Khronometric e Twister
* Massive graviton etc.

* Time-varying G etc.


https://doi.org/10.1103/PhysRevLett.108.241101
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o BFZEIF4RITERAE
o —ARAR T4 RIE
AR X — R EELT R TAE
> BEARKIITUVILTRBEND
o UV R 2
ETCOYEEAATERERTREEST HEREERITEFM
> EANIFE=(g,)DHTRBSN ., DELHDEADEZE(T
Ny 9u 0, > V, EESHZ HT=[F(minimal coupling)

c.f. B5L Sl /R I
EHEELEHE=FE
» BN, DHTHELTHLEWD PELHDBZADEZET
N> Guw 0, > V, EESHZDIZIT

Einstein-Hilbert action Einstein equation

1
Jd‘*x V—g(R —2A) Ruv - ERgu,v — 87TTu,v
(LI . A=0)

Sepr =
EH ™ 16nG



‘§ 2. Modified theories of
gravity




'§ 2.1 Scalar-tensor E 1

« BEBOEAGIETVVIL 9)ITMZ ANT—EH(P)EEA
« HDOYBEOH(FEDHTYEES)F g, DHEFEEL. p&ITHE LA (BULFMREE)

* ¢&g,y[Enon-minimal coupling

S~ | A =GR + Ly(, G ) + Lu (P, oG]

e c.f. GR + SM + Singlet scalar DM
1
S = Jd4X\/—g [@R + g“"@ugb*avq') + V(Qb) + LSM]

o ZDXIGEIE. REIRITTETIV(KK, String, ...) Z4RTTIZHEL-EETIZLLEND
© FH#MCTIUIL—a PEMEZERIT DDIHEZD

Scalar-tensor
DHOST

DLPV
Horndeski
Brans-Dicke
( GR )
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##H J8 : Brans-DickeZRaf

1 0)

— Ejr d*xy=g [d)R _ gguv 0,9 avqb] + SM['P, gw] (Jordan-frame)
1 L

— Ejr d*x /—g*[R* — 2g*HW a“(p 0v<p] + Sy [llU’AZ (‘P)g;v ] (Einstein-frame)

1961%E1ZC.Brans & R.H.Dicke HY$Z08 (Phys. Rev. 124, 925)

RO B Jscalar-tenorE N IEH T BEENER/RDOHR , BEZE(CHTAHLARNIL
WIETEH. w > 0 DIBRT 9,¢ =0, p = const. £E%FY . GRIZIFET %
BABINTEHMN G =1/¢ EFITIEY ., BFFREIZEIET S (Time-varying G)

JREERIT, HEEBMTRBYEDLS

g =AT @8 ¢ = Qud)/? Alp) = ¢~ 12 = Qu)'2/¢

ERTOEEHFERX(E HEIRHDIME
* 1 * *
G, =2 (8M§08vg0 — ngaggaadgo) +38nT),
Oergp = —4ma(p)T* a(p) = d(InA(p))/dy =3B+ 2w)~1/?

o a(@)DEERNT—IEDcouplingDEIETERT


https://doi.org/10.1103/PhysRev.124.925

'§ 2.1.1 Bergmann-WagonerEE i

Bergmann, P.G.: Int. J. Theor. Phys. 1, 25 (1968).
Wagoner, R\V.: Phys. Rev. D 1, 3209 (1970).

Jordan-frame

S:Lfd“x\/—_g[qm—

a)gb) g“vauﬁb avﬁb — U(¢):| + Sy Y, g,w]

167
Einstein-frame
1 * * L)V *
§ = | dxy/=g [R* = 28" (9u9) (Gug) = V(@)] + Sul¥. A% (p)g;, ]

g, =ATH @8 @ =@ Ap) =9 12 Vip) = A U(p(p))

* Brans-DickeEiH%x . wEFBEBMICL TRTU I vILIEZMA THRERLT-B D
o ZERE.BEEm29? EhDBANLNS

o PDIEMAN ETD(1RLS) scalar-tenorE W R TP —ARBVLE RS

c ERDIERZENLTHEONSEEAEXIE.

* 1 * 1 * *
Gy =2 (%cpavcp — zgﬂvaoqoaacp) - Eg,wV(qo) + 87T,

14V
Ugrop = —dma(p)T™ + 1de a(p) = d(nA(p))/dy


https://doi.org/10.1007/BF00668828
https://doi.org/10.1103/PhysRevD.1.3209

'§ 2.1.1 Bergmann-WagonerE2 i

a(p) = d(InA(p))/de
a(p) = ap + Bolp — o) + ...

« Brans—Dicke EiH TlIa(p) = ay T. IWEZRLALVVHIFE (L. CassiniiEE#E
[Z& % ShapirolBEDAIERER ay < 3.5x 1073
o Bo # 0 DIFED—RXEIZHIRE (L.
 binary neutron star & neutron star-white dwarf binary systems [54,55]
* massive Brans—Dicke i D (ay, m,) (2319 SR [52]
o ANT—IEDOFHRHNEREIC J:%)Shaplro EL[U 18]

— [55] 10°E T
68% confidence level 104; \

EOS |exg | —fa my* /Mg |ceq [T g - __“\\

AP3 6.5 x 1073 4.21 1.83 1.1 x 1073 +g 10° T ‘I """"

AP4 5.5 x 10~% 4.24 1.71 1.2 x 1073 g Lt |

ENG 6.0 x 107 4.21 1.80 1.0 x 1073 s 10°F O

H4 5.7 x 1073 4.24 1.91 1.3 x 1073 e .

MPA1 5.7 x 107 422 1.92 1.1 % 1073 2 10F

MS0 7.7 x 10-5 428 2.26 2.7 x 103 o f

MS2 79 x 105 4.26 2.24 2.1 % 1073 2 10—

PAL1 7.3 x 107 421 1.99 1.2 % 1073 3 | Jrrar-esas

SLy4 52 % 1075 423 1.71 1.1 x 1073 107 [ R

WFF1 53 x 107 421 1.58 9.1 x m—j ey ST

WFF2 55 x 10 4.24 1.68 1.2 x 10 10.21 10.20 10-19 10-

quasicircular white dwarf-neutron star binary PSR J1012 + 5307
white dwarf-neutron star binary PSR J1141-6545



'§ 2.1.2 Horndeski¥E &

David Langlois & Karim Noui, JCAP 1602 (2016) 02, 034
S = [d4x¢—g{K(¢, X) = G3(¢, X)Og

G OR + Gax(@. X) [([O0)° — (VuVu)(V"V"9)]
+ G5, X)G 1 VAV

- XD [0~ 309 (Vi) (VY )
F 2V, V) (Vo) (V' V7 )]
X=—lougpa G, = 20
=5 ¢ 0,9, X = 3%

o PD2MEMAETEUH ., EFAEXIT2MEMH AIEKXIZHES
(1R 53) scalar-tenor®E NIEH T # D IE B AL H
« —MRICERIZBEULEDWMPENEENS L. BEFIRILT—NE(ZHS
” Ostrogradskyd —ANHFEEL . FLELERIZLD
 lagrangeanZ 2FEENL, 2lEMAESATHLRDLGEHAEEZSFHVED
[ZTZE5


https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1475-7516/2016/02/034&v=4f245bc8

/R : GLPVEESR

Gleyzes-Langlois-Piazza-Vernizzi (9 X TAD & BI)DEE
Gleyzes et al., Phys. Rev. Lett. 114, 211101 (2015)

LY = Gy(¢. X), (1)

L{ = G;(¢. X)0g. 2)

LY = Gy(h, X) DR = 2G4 (b, X)(Op? — b,
+ F4 (¢ X)GMD'{) eﬂfblplaqﬁ,uqﬁ,u ¢1/v ¢/)p (3)

L} = Gs(¢. X) WG, "
1
+3Gs.x(9. X) (04" =30 ™ + 24 4°¢" )

-+ FS (¢, X)eﬂvf)aeﬂfy//)’(;’ Qbﬂ('bﬂl qu/; Qb/)p/ ¢O.OJ , (4)

¢, =V, =V, V., Horndeski¥E i@ hM o
y B =18
X = g“p.h, EENT


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.211101

##H IE : DHOSTERER

Degenerate Higher—Order Scalar—Tensor theories
22 : http://www.astro—wakate.org/ss2018/web/file/ B D E#_RyoSaito.pdf

e @,u.u — vuvr/ﬁb
L=P+QO¢p+FR+)» AL
I=1
Ly = ¢u¢®, Ly = (O¢)*, Ls = (¢"¢"dw)00,
L4 (gbuvgbqugqﬁv): L5 — (qﬁﬂdﬁifcb“y)?.

o AREDEFAEXITLELIN, IMEEEDRBITINEELTODEEMNTT
Ostrogradskyad — A RHH TIALY
o MEREHELT, BABII3DDEH
o L, DIEMNS, ENRRENEEELELGLISSLGIRINE TS
© GW170817&EEMERIMBIEEITFRVHEIRA MY, L, BIXIFIFRT


http://www.astro-wakate.org/ss2018/web/file/%E5%A4%8F%E3%81%AE%E5%AD%A6%E6%A0%A1_RyoSaito.pdf

## 8 : Vector-tensor I H IR

Vector-tensor : Jose Beltran Jimenez, Antonio L. Maroto, JCAP 0902:025,2009

Sgpw A ]/di\/_[

167G R+wRAA"+oR,, A" A"+ 7V AN A" -2k, F*"j]

Horndeski like Proca theory : Lavinia Heisenberg, Ryotaro Kase, Shinji Tsujikawa,
Phys.Lett. B760 (2016) 617-626 Ly=Gy(X.F.Y),

6
Sgen.Proca = /d4xv —8 Z Li
=2

L4==GC4R+ Gy x [(VMA“)Z - VpAav“Ap] :

0 jLv 1

XZ—AMA FZ—F/M}F YZAHAUFuaFva LS:GSGM‘)V’MAU o _GS=X[(VMAM)3
2 4 ’ 6

— 3V ARV, A VO AP +2V,A, VY APVO A

) 1 ) 2 =NV 1 ) ~ ~
e TR Ll — gsEUER, Vg Ay

£’6 - GGLMUO{[BVMAvVO(AIB
1 o
+ 5cg,xfofﬂF/v“)vaAMvﬂAv :
e scalarizDXHY[ZvectorizZE A LT-E:H

o FULEHMEEZEE-L. tensorE 51&IFnon-minimal coupling
* scalar, vectortIZH,. R Titensorimd AL T="bi-gravity” BiREELH S


https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1475-7516/2009/02/025&v=9eea8f56
https://doi.org/10.1016/j.physletb.2016.07.052

§ 2.2 EAGB gravity

Einstein—dilaton Gauss—Bonnet gravity
Maeda, Ki, Ohta, N., Sasagawa, Y.: Phys. Rev. D80, 104032 (2009).

S — SEH —|_ SEdGB —|— qu —|_ Smat

b= st p2
Skacs = Olrgon [d Xv —§8¢€ VEIGB(bRGB

R:, = R* — 4R, R™ + Ryppo RM°
1

Sp = _Ef v/ =gVupVF

* heterotic superstring theorylZmotivateSN1-{E1E & HIEH
« HERD2RDIAICLSHEEA
« MENKEGLIBEATTHRINHETLS (BH!)
« FHIE
* orbital decay rate of low-mass X-ray binaries with a black hole [65]
. l@gacel < 1.9 X10° cm

* existence of stellar-mass black holes [66] : apgge/M? < 0.691
* maximum mass of neutron stars [67] o = 23.8M%

* SNR=20(D 6Mg+12M o BBH GWM R Z =5, /|agqeel <4 X 10°cm


https://doi.org/10.1103/PhysRevD.1.3209

'§ 2.2 D’GB gravity

decoupled dynamical Gauss—Bonnet gravity
Yagi, K., Stein, L.C., Yunes, N.: Phys. Rev. D 93(2), 024010 (2016).

e EdGBIEZLITDKLSIZEHEELLI-IEE

b et p2
SEdGB — (pgoB [d XA/ —8€ yE]GB(;bRGB

. S 20, = Ogp / d*x/=g ¢ RG%B

- E:AERXEFE b = —ae R
o« ANS—EDIVINEHERT)ITHLTAE
* Horndeski¥:H M —FE T. shift-symmetric Horndeski theories|Z43 %8
o fENTRI(FETE) TBHEEMNF LN S (by Papallo [76])
« [strongly hyperbolic|IZ7% 59, EIERH LLIEH <Y LA EIER
L7&Ly
o MRADAIGHMRIZE ST, EMNRRELTBHIZIEAHEEFITER
monopole scalar chargeZ¥#FL. ANS—EHKZTHT
o cf —fEFEXIERD I No-hair theorem] by Wheeler


https://doi.org/10.1103/PhysRevD.1.3209

N S
HHR -RARDEE .
https://ja.wikipedia.org/wiki/H 2 X 7R~ D E I ” Q,
Q=Q, +0Q,

TIEONES [#2]

M #1855 OM ZF5 202/ bR 2-Re ) —N 225D, K & M OADR#MEEL, ky & OM FiREREE (=3 (geodesic
curvature) &9 5 &,

/ KdA—I—/ kg ds = 2mx (M),
M oM
LB, CCIC dA (FEEOEIEESE(element of area), ds (F M OER(CASTHENERE T3, Fo. x(M) @M oA« S—EHTH .

BR OM H"XofICESHTHNR, B k, ds ZIEROBSHRED OO >TSS DIED ORI SIEROBTODESH B IDLT A
oM
EO#IE TSAUIEL LS.

BEIREBES (#s]

IS, IBRZERFTRWIY) (U HesmE(Cd U TERZERT &, 18D

f k, ds
oM

DEDFTEET 2 ENTE D, SO L FHEOEH D ABEIHREOA 1T —EZH0 2N BICEULWCEEZRBRL TLD, BRERFTEZOD
RS FEEER /I FE(ICH U, g ZHEDERSTDIEAANTRERHEL 2 — 29 THDZLITIRT D. EBRZBLAVESMITEEELRT
)\ REEE. RO —8I(C(E g B\ FIURE DIFIZERECEE £ 725,

i M ZiRDFeOZERSEIED L THE, A4 T —Z28E FROS—N(CEARZLROTED SRV, BMEREIHIETEENS., LWISBHEL
PELUNIRWE, BEBDE., &R, EDEDICEREEINESED, TIARATOHREORIESIZELUZWTEZE>TWVD, E> T, HIXE. Bk
(CLIEFHEEDTH, [FHOASTTDES(CEBEFRLL. BROZHEDT 4n THD (A1 Z—ZHH 2 THDIDT) .


https://ja.wikipedia.org/wiki/ガウス・ボネの定理

§ 2.3 dCS gravity

Dynamical Chern—Simons gravity
Alexander, S., Yunes, N.: Phys. Rep. 480, 1 (2009).

S = Sen + Sucs + Sqﬁ + Smat
Sics = Qacs [d4x\/ —g () *RR

*RR = *Ruvpa RVHPO (Pontryagin density)

|
Eépgaﬁ Ruv%g (dual Riemann tensor)

EdGBI i@ &{LlF=quadratic-curvature interaction termZ 5D

e EJdGBIEifERIFRIZ. string theoryDIE TR I)L X —F THIEH
NYTAIREDENZTRIET S
f(®) = constDIGFEL. FER RO HILAFZE = (Pontryagin number)
(273516, MEBIZHEE T HHIERXRILS(p) = ¢ T, ZHldshift-invariant
D?GBERIARIZ. W oKY[EIEE g HBHD FEMEHTHIICIFO NS

« $E[A|EEBHIXPontryagin density’EOIZ75571=6 . GRERILIZZ S

« D2GB&[E#Hk. monopole scalar chargeZ#FD
KEZHNDOERAMBENDEALUR)IZLBEHIR: o2 <10%m  [106]

* —
R;,wpcr -


https://doi.org/10.1016/j.physrep.2009.07.002

https://ja.wikipedia.org/wiki/F¥—2> 'U‘fr:E‘/é“ﬂéEﬁ
S N
Fy—2 A4 E

BE(CBNT, Fy—>2-BMEDXWN(ZE: Chern-Simons form)&(d, H2BEIFHEOC EFIET ., TNSIE. F— i8R TERZE BTN,
B3R Fr—> - UAEVABROIEREEZE T 3. HRESS.Fr—2ETT1—AX - UAELX (28R OLRICERATNT,
19748 MAERZ, B|Y : [Characteristic Forms and Geometric Invariants]H T, ZOERMNEFNT=. (Chern & Simons 1974)

Eg

EE (8%

ZIRENSZ 5N, SHRED O KRR CEZF D1-FZ(1-form)DZEREZE A £T2&. UTFOESICLT. (Fv—> - UrEXX) p-R
DIFEEEF I DENTED,

1-RwTlE, Fr—> - BAMEXX 1-BREROATEZ SN S,
Tr[A].
3-iRTTlE, Fy—> - BUAEDX 3-F3 (FROATERSNS.

Tr FAA—%A/\A/\A .

5-IRTTIE, Fyr—> - UL EVX 5-F (FROATEZ 5N S,

I 1 1
Tr FAFAA—EFAAAA/\A—Fl—UAf\AAAAAAA

CCICHE F [RDEDICEEIND.
F=dA+AANA.
—REDF v —> - HAEDZAFA wop_1 [FRDESRFECERINS.
dwsy—1 = Tr (F¥),
TTICOTYTER K EEET R, COROEDL #E A O -BEOF v —HEICHHIT .

—fEC. Fr—> - DAEDX p-HERIEERDEFH p (CHUEREND, (EREIT—JERESBDC L), p-RaZHED LOFv—> - AE
> XTEDES S, KBHLDEAENAZETH D, HENC(E, BEEER—RIDET—DAZE (BAEE) L1123,


https://ja.wikipedia.org/wiki/チャーン・サイモンズ形式

https://ja.wikipedia.org/wiki/F¥—>" 'U'/FEX
Fr— H ATV ZXER

Fr—> - BB AR, IZNEREBEE. ILI—TEFFEH (82
I [en:Kodama state] =Z88

BONILT A ETFIF—ZBLEDRFv—2 - ATV XB/ERDITH, - TEFENTONEREGIFNENTHDIET RIO—F -0
1w ldEmL TS, Witten (2003)

Fv—> BB XEHER

1982€F(C, X9 L— - TH— (z=3R (S. Deser), O—Y> - T w+rJ (=:3m (R. Jackiw)& S. :_r‘:/j)b FE/(S Templeton)(d 3Rt F+
—> - U XEHEGEIERUE. TOTIE, ENERO A >2a94 > - EIWNILHERE, Fv—> - U EVXBENMZBCEICEK
0. {EIEE13. Deser, Jackiw & Templeton (1982)

20034, R. v w+I& S Y. EXCOBE%E 48T MR LJackiw & Pi (2003), Fv—> - BBV XEHIEREAERWIREZ T TR L.
R SR PR Z(CEDIN SHhEREEF > TS,

ARTOIEE(SL, 3SRTOBES(IEREICE<BMUTND., IR TOFv—> - B EVXEHIEL,
1 3 ik 2
CS8(I') = 23 / d® e (Pf’ O;TE, + Erfqrgrrf )

TREND. COERITROOY T2V ESZD.

1 .. .
=37 (€™ D; R? + €I D; R™)
SRTENDFv—> + BAESREFL, HOAEAC LROTY BT UVILENZ BT ETESIL, ROTA 291> « EILSIL MER
ZEETDCEICEIDEZEDRBELTEDIIENTEDS,

Slg] = kfR\/—_gd?’m.

Fiz, 2+H1)RTDFv—> - UAELXENERCDOVTE, (2+1)-RahtiENERZEE,

\


https://ja.wikipedia.org/wiki/チャーン・サイモズ理論

'§ 2.4 Einstein-£ther ¥R iR

Hofava—Lifshitz ¥R 5w : = F & NIEFHDIZFE T. Lorentz symmetryZ 5
matter sector|Z# [T BLorentz violationl X F=H FEER L E M HRFIEREINT
LNB DY, gravity sector CIEZEIESNIZEFIR SN TLVELY
FHOIMERFEREZHRHATES

Einstein-£ther¥2Ef (& . Horava—LifshitzZEBRDIEIRIILT—FHHERDO V&
DT, BEDOE AICtime-likeT BNV T—TILIF)ULEEBE AT S

S = SEH + S/E
Sg = 5 d%«/—gM“fVaU“VgU”
Gxr H

Mﬁﬁ =18 g, + 625355 + (3383‘523 +c,U%UP g,

G, ¢ (i=178) [£785 A8 k= 1/167, Gyewton = G/ (1 — S22

2



'§ 2.4 Einstein-£therER i

RER

- &R RN D R

Solar System experiments [124] (BB I AFHEOEZEF L a5

°
* binary pulsar observations [126,127]
* GW170817 :E JREE(ZH 5 D HIPR
1.0 — — —
] I | ]-.0 | 1 ' ' ' 1 1 1 1 ' 1 ' I_]
, L 0.004 '
[124] : [127] |
; | | :
08+ : fI J | I i
_ 081 0002 !
L : : !
: £ ]
: : : i ]
L L : , I
0.6 1_ j i} 0.6 0 - A .
g S : 0 001  0.03 /
c L =04 jff L! /
e - /
: ,/ 04 r s / ]
0.4 weak- field | Stﬂblllty/Cheren_kOV ,’
Cla = 0_2I‘.I S _ //quadrupoleradiation ] Binary pl.llSElI‘S ,,,’
L " /‘~‘-.pQw§:;_sgr¥1}3 asGR | - 7
02} et 1
0.2+ - ’,1
_ -~ shaded region saiistics stabilify, Cererikov - i P ="
and positive energy constraints 0.0 = ,—' ................... 7]
05 0d e Ty T 0.0 0.2 0.4 0.6 0.8 1.0
Cy C+
C+ = C] £ C3

0.0




##8 8 : KhronometricER i

 Einstein-£ther¥2iH &R U<, Hofava-LifshitzZEEEmDIE T RIIL X —FhIBH
o Actionb ERMIZELED. EAITEBF@EITHLTEEZ>=DIZXIL.
KhronometricER i (£ FF2ZE D preferred time foliation (BE{TLVTLVS?)

_ B L
Mg = M, VgU" = M, VgU"

Mﬁg =18 g, —\-Eczélojéf — 6353‘5@—% c,U%UP g,
C, =C3 ZZ : https://arxiv.org/pdf/1105.5149.pdf

- BHHEMEIMSLLTOMEIZE->TLS
Ogg = C] +C4 IBKG:CI_I_C3 Ak = €2



https://arxiv.org/pdf/1105.5149.pdf

Lorentz-violation gravity D {G#k % E

Table 1 Propagation speed of
tensor, vector and scalar modes
in EA and khronometric theory

Vector modes are absent in the
latter

Theory Mode Propagation speed
Einstein- Ather Tensor wiE = +
2 l—c+
A 2c1—cec—
Vector W = 30— es
E _ (2—cj4)c123
Scalar Wo = B3y ten) (I—c3)cig
Khronometric Tensor IS ﬁ
KG _ _ (2—o)(B+A)
Scalar Yo = 0134B(1-Pa

C+ = C] £ 3
Cl4 =C] T4
C123 =C| +C2 1+ C3

p
o

KG

KG

C1+C3

Cl T ¢4

AKG — (2



'§ 2.4 Extra dimensional theories

o Kaluza—Klein¥E i
e Einstein AFEXZF5RITICHLRL . EAEBHR DD —F iA1=
« SRIBIXL <10%cm [ZaV/NIMEESN., BEA%EZEFD > u(1)

 Arkani-Hamed, Dimopoulos and Dvali (ADD) ¥ &
e ERA%LLDbraneworldET L
s EADEZEIX, FEHTOV/NIMESNT=/NILIBFZEIZIEOHAEFN TS
o MEI(Ibrane LIZEHBIN ., EAIF/NILVIZIEIKRT S
o RKELGRFEIXITT, BEFRAYT—ILEPlanck R —ILDE B %7 EA

e Randall-Sundrum model 1 (RS-I1)
o IEDRAZFEF DbraneLB DR NEFHF DbraneMN 11D D
e S5XRITDanti-de Sitter (AdS) /NILIBFZET, PlanckE = ~1/¢ ~ 1TeV
o« FHARDARFTIREFEZETIL, LWLVELIZ~ 1019GeVIZH S
e Randall-Sundrum model 2 (RS-I1)
o BOERNZHFEDbrane N1 ITERIZEAOTLVS
o NILIBRZEIEEE D LT 5RITDanti-de Sitter (AdS)
o REIRFTAT—ILHLERHIKREZLTE. NewtonENZTHIRT S
* Table-top EER(;ZJITBIER)CLDHIR : £ < 14um [145]



'§ 2.4 Extra dimensional theories

« Randall-Sundrum model 2 (RS-1l) D#fR=
o INLOBFZEDAISIED T, AdS/CFTXIIEAMEZ S
o« ARITD N =4 DU(N) super Yang-Mills¥BEF X5 R ITTD
AdSE N IR EF(f
o ARTDBHDZEFEREREMN. GRDIGELVEERELS

dM IM-N\2/ ¢ \*M
2 28x 1077 © ) =@
dt M [0pum yr

o FHFERICBULTIX.BHEENDZLIT ARSI HTEH
GHAERIZEIELTLVBELSIZRZAS



‘§ 3. Inspiral tests of
modified gravity




'§ 3.1 Generic tests

I=KESAHDEEENER-EZEAMICEER-RAT—2ELHETLHD
(IRZELDOT, BHLEAEXERMDOERTIHEL,. ZhD AL %
(model independent|Z)V/NED ZIER TERKT 5,

> TORBEHER EITRED)IIRL, T—I0LHIBETT 5,

Parametrized Post Newtonian (ppN)
1DDXRAEMNMESE H15i(g,,) DNewtonEANLD XL %,
SchwarzschildFZEND ZIEX TREAT A EE,

KZRER (FEXRBROOBABEGE)THLWLWA S,

Post Newtonian (PN)

CBCE ARIZHL . EZEERDEE DNewton NEMNSD XL
Ze=v/c=GM/rc? <1 DEEXELTERL.
BEHRDUBDHEINTAITERYT ik,

Post-Keplerian

binary pulsar test TR N5,
Parametrized Post Einstein (ppE)

ENEDIRIBECEDGRNoD AL Z/N\FARET 577 i%,



#8 & : Parametrized Post Newtonian

[152] Nordtvedt, K.: Phys. Rev. 169, 1017 (1968)
[153] Will, C.M.: APJ 163, 611 (1971)

[154] Will, C.M., Nordtvedt, K.J.: APJ 177, 757 (1972)
[155] Nordtvedt, K.J., Will, C.M.: APJ 177, 775 (1972)
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« —MRMXETIEX pf=y=1 1 1 4~
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Post Newtonian

h(f) = Af~"%exp [ill!(f) + i%]

C [5 5/6
A_DLn2/3 24M ’

3
Y = —=— (M) Py,

~ 128
3715 55
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[156] Arun, K.G. et.al.,Class.
Quantum Gravity 23, L37 (2006).
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Post Newtonian® &8 R
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BRI v, v L v QIELMNGE WA EIEE AEFIC(T4hD
REBODENENBDEDEDLELLEN,
HZIX...

* dipole emission (x v~7)

* variability of the fundamental constants (x v~13)
* parity violation in eccentric binaries (o< v=7-3)
* massive gravitons in eccentric binaries (¢ v~23)

RIBICERA MDA EGHRIL TS0
FEEEARDEETORBHERED inspiralBHIZNAT REZITS
(R L 75 0K?)

expand the Fourier phase during the entire inspiral, including right up to
plunge and merger.

the framework assumes that polynomials in velocity are a good basis to

= PNTIIZLppEZE{ES



Parametrized Post Einstein

R(f) = A(f) [1 4 ape v( )] & For DT (1)

o Agr(f), Usr(f) : the Fourier amplitude and Fourier phase in the
most accurate GR model developed at that stage in time
AppEs BopE : PPE constants (GROAMLDALEGZRTY)

e ab:E#H

ZMparametrizationld, PNDEIRERZfEIRT 5

@D GRMBMDZER,%E . pre-Newtonian order (in negative powers of
velocity relative to the leading-order PN term in GR) M LEF R T 5

@ IRIEHEMELMIICERIELND

@ it allows the deformation of the most sophisticated waveform
model in GR (appg = 0, Bppe = 0), one recovers exactly the most
accurate model.

Matched filterf# 4T (XL FE [ Zsensitive’ED T, Bppe, b IZ DLV TEKRY
iz % Table 2 (RR—2) TRRNT Do appeldHEZESILVTH



_§ 3.2 Mapping to specific theories

. . . Generation
Table 2 Mapping of ppE parameters to those in each theory for a black hole binary Sector
Theory BooE b
Scalar—tensor —%qﬁznz/S (mysy" — mzng)z —7
36,179, T
[180] s =141 x3)'/21/2
GB _ 9 2\ .GB
(msg—m3s5)’ A= Ao )
EdGB, D2GB - 71568 {GB 4 18/5 gGB,CS == 167[“%]3,(78/’”4 _7
T A
[23]
1549225 S 231808 2 16068 2
dCs [181] TI81286 ,ﬁgﬁs [(1 - W’?) Xs T (1 - m") Xa ~ 25mXSXa] =1
F 2
3 Cl4 I 2ci4cy 3c14
EA [182 —z3z | (1 — — -
o2l 128 _( 2 )(wéE * (C_|_-|—c_—c_c+)2w‘1zE * 2w(/)E(2—Cl4)> ljl g
Khronometric s Y — ( ! SJeie ) — 1:| —5
[182] 28 |V PROT Wk 2uf T —po)
25 dm'\ 3—26n+341° _
E’;t,ra , 851968 ( di ) 275 (1-2m) 3
imension
[183]
Varying G —gé%gGAA —13

[151]



_§ 3.2 Mapping to specific theories

Propagation Sector

modified dispersion relation & group velocity ( A, aMDR:IEEﬁf&®parameter)

E* = (pe)” + A (po)™

% ld_w — 1 + (aMDR . 1)AE05MDR_2
C c dk 2

’

B _ g27®DR  Dgypr M IT@MDR
PPE ™ T—ampRr) AX_QMDR (14z)T—@MDR

iy = hAl/@2)

Z < 39M 2
D = ] — = + 2« + O(z
MO Ho/ Q20 + 24 [ 4 (QM + 24 ) ( )]

b = 3(ampr — 1)




Table 3 Mapping between
modified dispersion relation
parameters for the graviton in
Eq. (20) and the parameters of
each theory

The meaning of the parameters
is as follows. m: the graviton
mass; E.: the characteristic
length scale above which
spacetime is discrete; nggrt: the
characteristic
observer-independent length
scale; aeqq: the square of the
Planck length in extra

dimensional theories; kgi)) and
l;(d ).

(v)- barameters controlling the

Lorentz-violation operators in
SME in the rotation-invariant

limit; «p: a parameter related to

the bare gravitational constant;
(p1: a parameter related to the
deformation in the “detailed
balance” conditions in Hofava
gravity

Theory A C/MDR
Massive m% 0
gravity
[198-201]
multifractional 3_£MD E2MDR 2-3
spacetime (time]}ike spacetime)
[202-205]
2.31_0‘MDR/2 Z_QMDR
- 3—« *
(spaceng
spacetime)
Double special Ndsrt 3
relativity
[206-209]
Extra —Uedt -+
dimension
[210]
SME [211] —2128’)) (even d > 4) d—2
+2k(}) (odd d > 5)
Hofava k112, /16 4
[108,136,
212,213]




'§ 3.3.1 Current tests

Test 1: GW150914T —A2 EGRIEFZ T T L —h D& Dresidual SNREF A
> binary parameters®D B E & CTWRULL EN7ELVKD7EGR violations| X 4% K i

Test 2 : inspiral data&post-inspiral dataZ N ZE N ML/ ONT-EAREZDBHDE
= spinDENFIEL TLVEWOHEERE

Test3: TV ILE—F LS DIRIBOIER (GW170814)
» the data favors purely tensor polarizations over purely scalar (vector)
polarizations with a Bayes factor larger than 1000 (200), respectively.

Test 4 : To constrain deviations in the waveform phase away from GR at each PN
order. [214]

> ppE/NTARIZX T HFHIRICHRETELS



'§ 3.3.1 Current tests : ppE (Fig. 1)

inspiralBAICH TS E N IFRER D HZ{[FEoT-1REE (model independent)
e merger-ringdown phaseZ{#5[ZI&. non—-GR theories TKYZL DI ZalL—
AVEITOVENHS

10

Solar System | I /I |
N — —= PSR J0737-3039 /
107~ GW150914, Bayesian / 7
o——e GWI150914, Fisher /
0l | A=-—A GW151226, Fisher / a

10~ /

o| LABIZZA (0% C.L)

=%
IO——'l .
10° -
10" & / -
r
A A/ b —|— 5
0L | 1 ‘ I 1 | 1 | 1 | 1 ‘ e —
10 4 3 2 1 0 1 2 3 n 9
n PN

o BHREAINZEKDppE/NT AR g ~DHIFRIE . positive PN corrections Tl
double binary pulsar J0737-3039 O orbital decay rate H > D IR & U5&E LY
 positive PN corrections | 58 & NI TKRELLGE ST
 Negative PNTI&. GW151226 M A M ELE R EH/NSU =D HIBE AV3EL
o KEGRZEERIZELS1IPN order~DHFIFR(+) K WILFFLVA, THLIEEEE - FHRE NG
DT, ENRBAOBREITIEEZNELS
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'§ 3.3.1 Current tests (Table 4 RJ3)

Table 4 Various bounds on example theories that violate certain fundamental pillars in GR

Theory GR pillar PN Repr. parameters GWI150914 Other bounds

EdGB, D’GB SEP —1 Joges| [km] - 107 [218], 2 [65,66,68]
Scalar—tensor \dbl [1/sec] — 10~ [180]

dCs SEP,PI 42  Jacs| [km] - 103 [100,106]
Einstein-Ather SEP, LI 0 (C+,c—) (0.9,2.1) (0.03,0.003) [126,127]
Khronometric (Bxg, Akg) (0.42, —) (0.005,0.1) [126,127]
Extra dimensions 4D —4 ¢ [pm] 8.6 x 10° 10-103 [140,219-222]
Time-varying G~ SEP —4 |G| 110~ 2491 5.4 x 1018 0.1-1 [223-227]

« RADAIF(COR—I(ZEITFI=57
DINFG AR T HHIRICHREZEL-ED

- 258 I(X. E")?‘ZatGR("J%#Té@h\Ei‘%UCL\é

o SEP:ZRULVE(M/RIE, PI: /SUTAFRZE. L

(merger-ringdown regime [ZE [+ %non-GRENE D IEFEHVHE

M. Fig. 1DFERZEANTIEEE HIEMR

:O—L YA ZE, 4D 4RTT
« GWHLDHIEItDE R LYEFELIDIL, iT—ZIK—L’EtHL'CL\EL\h\b

EATLELDD)



'§ 3.3.1 Current tests (Table 4 #3)

Theory GR pillar PN Repr. parameters GW150914 Other bounds
Massive graviton mg =0 +1  my [eV] 10722 [214] 10729-10718 [228-232]
Multifractional LI +4.75 E; ' [eV=1] (time) 5.8 x 10727 -
EZ ' [eV™!] (space) 1.0 x 10720 3.9 x 10753 [233]
Double special rel. LI +5.5 ngsit/Lpp > 0 1.3 x 1022 -
nasit/Lpp < O 2.1 x 1077 [233]
Extra dimensions 4D +7  degr/LE >0 5.5 x 1062 2.7 x 102 [233]
aedt/L%l <0 —
Stand. model ext. LI +4 k) >0 - 6.1 x 10717 [117,233]
k) <0 0.64 -
+5.5 k() > 0lem] 1.7 x 10712 [211] 1.7 x 10740 [117,233]
(5
k((V)) < 0 [cm] _
+7  £9 = 0[em?] 7.2 % 10~ 3.5 % 10764 [117,233]

(1)

k((?; <0 [cmz] -

Hofava-Lifshitz LI +7  Kkpug [1/eV2] 1.5 x 100 R
Einstein-ZAther LI +4 C+ 0.7 [234] 0.03 [126,127]

o« RADFIE(COR—V(ZEITEMIF. EHEDGIRMNELN-ED T,
inspiral =17+ % <{merger, ringdownt{EZ TL\5

 Graviton massIZ® L TIE, KE5EREER[228]D3{F5ALVHIBE AT T 1=

« EADEIBLKDOMDIERIL, /3TAIDME R DO BRI SHIBET
ADDEELLND T. Hanford&ELivinestonD B E A {FEH->TLVA[234]




'§ 3.3.1 Current tests (Table 4 #3)

Theory GR pillar PN Repr. parameters GW150914 Other bounds

Massive graviton mg =0 +1  myg [eV] 10722 [214] 10729-10~18 [228-232]

vudtetional - H e GW150914[214] : my, < 1.2 X 10722V
«  KIEREER228] : m,IT T HEEHIGBELL
« EE/NILY—229]:my; < 7.6 x 107%%eV
Extra dimensions 4D | » &R ;A €8 81[230] tmg < 1.1 X 107%%V
o ERIAAUDERRI[231] i my < 6.7 X 10728V
Stand. modelext. LI o grayitational Cherenkov radiation[232] : ¥Ei@f=(1+

Double special rel. LI

ki, <0 0.64 -
+5.5 k() > 0lem] 1.7 x 10712 [211] 1.7 x 10740 [117,233]
)
k(V) < 0 [cm] -
+7 kD >0fem?]  72x107* 3.5 % 10704 [117,233]

(1)

k((?; <0 [cmz] -

Hofava-Lifshitz LI +7 ki [1/eV2] 1.5 x 10° -
Einstein-ZAther LI +4 C+ 0.7 [234] 0.03 [126,127]

o« RADFIE(COR—VI(ZEITEMIF. EHEDGIRMNGELON-ED T,
inspiral =17+ % <{merger, ringdownt{EZ TL\5

 Graviton massIZ® L TlE, KE5HREER[228]|D3{F5& L VHIBE AT T 5 7=

« EADEIBLKDOMDIERIL, /3TAIDME R DO BRI SHIBET
ADDEELLND T. Hanford&ELivinestonD B E A {FEH->TLVA[234]




GW170817 Hh 5D HllfR

[ETHEIT. BNS event (GW170817)ALHV R ST
ZDEFEX HpostcN=DI1%2018/1/15T. GW170817MDEEX N BIE2017/10/16
Y IENLEREETHDZREDEMERIEER (1.77%) =>FHT=-EGWT X+

e ConservativelZ, EJIEDRI0OMLAIZ y @HARESINTI=ET 5L,
BEHROEMEEEL -3 x107° < (v, —¢)/c <7 x10716
 ZOFERIZKY . ARTOSRITTHILAEEREFE DO ETTFHOMRER RS
RBAL &S EL- M ={SAEINT
o EAEZHDc, ¥ khronometric gravity® PyehY 0(10~ ) THIPE S 1=
o NFETOHIPBKYEH1MTIZETRLY
* gravitational Lorentz violation [ZXfL . 7€ D+ {Z 5L VR

« ShapirolBZEZ AN -FM/REEDIRE
pPN/STAZ v (T3l —2.6 X 1077 < (y, —¥p) < 1.2 x 107°

GW170817(%. Vainshteinf#E LN O DIEIEE HEBHRET JLERE|RIT, Hofava-
Lifshitz. f(R) gravity, massive gravity 74 &) [CEEMGFIEZX 5 A 1=



'§ 3.3.2 Future tests

T OIEY DA EEOBEERE

D% Hh = &7 A
o eventHMIMIRITHZETHERMNV NBERLLES
o (RILHVEIND)
* (sky localizationD &I EH _LEHS)
QIEREE#EEES (mHzH by RIMAZEER)
« FBESNR (100~1000) & B R IEE# (Gpckl L)
* long baseline (8% 5<{CBCODEI D EEE) X propagation DA IZFH 4
« BEUVLENEEREDEHRIL. generation & propagation DA IZH i

Q%L FREA
o FIRIAREEZETHEEL f=binary systemZdeci-Hzi CRDIT5
> FEILR%. Hh L& H 25 Thecto-Hzm CERZEERT 5 .
* inspiralfJEiM SmergerE CRIFFEAITHLET, B SREICRIETES
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(1) A-+: Projected date of operation of ~2020, improves

(i1)

(111)

(1v)

the level of quantum noise and coating thermal
noise, increasing the observational range of alLIGO
by 140%.

Vovager: Projected date of operation of ~2027,
reduces the alLIGO noise by using silicon in place
of glass in mirrors and suspensions, as well as
operating at a lowered temperature of 120K (rather
than alLIGO’s 295K), increasing the observational
range of A+ by a factor of roughly two.

CE: Projected date of operation of ~2035, will be a
new facility that 1s much larger than aLIGO and
possibly underground, increasing the observational
range of alLIGO by a factor of 10 to 100.

ET-D: With a projected date of operation of
~2030-2035, will be a new facility built under-
ground to decrease the low-frequency noise, thus
increasing the observational range of aLLIGO by
roughly the same amount as CE.



demonstrated possible with LISA Pathfinder [98]. We also
consider three other previously suggested eLISA configu-
rations with different sky-averaged, six-link sensitivity
curves presented in [97] that differ only in the length of
the arms (1, 2, and 5 Gm corresponding to the labels Al,
A2, and AS). We only consider configurations with low
acceleration noise; these correspond to the N2 configura-
tions of [97]. Figure 1 presents the spectral noise densities
for each LISA configuration we consider as a function of
frequency. Each successive eLISA configuration improves
the sensitivity of the instrument in the low- and middle-
frequency regions, with N2AS being the most sensitive
configuration (the “classic LISA” design). All throughout
we will assume a three-year mission duration.



Constraint on p
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(1)

(i1)

(111)

(iv)

(v)

GW150914-like systems (GW150914): A low mass
black hole binary with moderate spins, low redshift,
and a mass ratio of g = m,/m; ~0.8.

Extreme mass-ratio inspirals (EMRIs): A low-mass
black hole (with a mass between 10-100 M)
inspiralling into a supermassive black hole (with a
mass between 10°-107 M) with moderate to high
spins and a relatively low redshift.

Intermediate mass-ratio inspirals (IMRIs): An in-
termediate-mass black hole (with a mass between
103-10* M) inspiralling into a supermassive black
hole (with a mass between 10°-107 M o) with
moderate to high spins and redshifts of order unity.
Intermediate mass black hole binaries (IMBH): Two
intermediate-mass black holes with masses between
103-10° M -, moderate to high spins, and at mod-
erate redshift.

Supermassive black hole binaries (SMBH): Two
supermassive black holes with masses between
10°~107 M, moderate to high spins, moderate to
high redshifts, and a high mass ratio.

(1) Neutron star binaries (NSNS): A neutron star binary

(i1)

(111)

(iv)

(V)

system with negligible spins at very low redshift.

Low-mass black hole-neutron star binaries
(ZBHNS): A neutron star inspiraling into a stellar-
mass black hole with small spins at very low
redshift.

Low-mass black hole binaries ({BHBH): A stellar-
mass (5-10 M) black hole binary system with
small to moderate spins at small redshift.

Black hole binaries (BHBH): A black hole binary
system with masses in the tens of solar masses, small
to moderate spins, and at small redshift.
GWI150914-like binary systems (GWI150914). As
previously defined in Sec. III C 1.
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