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Abstract: In this talk, | would like to discuss gravitational waves in gravitational effective field theories. In particular, | will focus on gravitational
waves propagating on a black hole background, and will show that the coefficients of the higher-dimension operators in the EFT can be constrained
by causality considerations. | will also comment on observability of these higher-dimension operatorsin gravitational wave detections.
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GR as a gravitational EFT
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GR as a gravitational EFT

M2
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* Insprialling GWs
[Endlich, Gorbenko, Huang & Senatore, JHEP (2017)]
[Accettulli Huber, Brandhuber, Angelis & Travaglini, PRD (2021)]

* QNMs 5
[Cérdoso, Kimura, Maselli & Senatore, PRL (2018)]
[de Rham, Francfort & JZ, PRD (2020)]
[Cano, Fransen, Hertog & Maenaut, arXiv:2110.11378]

* Constraints from LIGO-Virgo
[Sennett, Brito, Buonanno, Gorbenko & Senatore, PRD (2020)]
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GR as a gravitational EFT

ME, Lps  Lpsg Lps

LEFT:T(R+ AZ Sr Ad o A6 +)

* Constraints from theoretical considerations

[Bellazzini, Cheung & Remmen, PRD (2016)]
[Bern, Kosmopoulos & Zhiboedov, J. Phys. A (2021)]
[Gruzinov & Kleban, CQG (2007)]

* |n this talk

Causality, when scattering GWs on BHs.
S
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Outline

GWs in the presence of a particular dim-8 operator
e BH per%urbations

e scattering phase shift and time delay

e causality in curved space

Causality constraints on the generic gravitational EFT

Detecting higher dimension operators with GWs
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GWs in the dim-8 EFT

: M? c 2
The dm-8 EFT i = /d‘lm\/—g% |2+ 2% (RaseaR™%)’] G|

Field equations Ear(g) +€€ps(9) =0 €= (GMAY

The deformed Schwarzschild solution
[Cardoso, Kimura, Maselli & Senatore PRL (2018)]

A = 2 1 2 4 2402
ds* = = [f(r) + €dfe(r)] dt +f(:r-)+e5f,.(7-)d + r2dQ2

. 9 10
o= =102 (€M) 4 1408 ()

1 i

i B M
6fT=—4608(G )—|—8576(G )
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GWs in the dim-8 EFT

. M2 ¢ :
The dm-8 EFT  S5) = / di2y/=g 0L (Rt L (RapeaBe4)’]

C1 = +1
. . B il
Field equations Ear(g) +€&ns(g) =0 €= (GMA)®
1 1
. . w = Guv e h'+
GWs as metric perturbations gu.v = g + Moy v+ o P
[Cardoso, Kimura, Maselli & Senatore PRL (2018)]
In GR
Regge-Wheeler-Zerilli E L 2 _VE ()] T
egge-Wheeler-Zerilli Eqgs. T [w? — VEr(r; 0] 92,
’ Iy
_ f (A+2 3 ,
VGR:% ?ﬁg 7"9:261“/] .’1,':7'/7'9 )\:F(F—}—l)—?
e F [2A2(A+2)z2 + 323222+ 9z + 9
Gl - z3(Az + 3)2
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GWs in the dim-8 EFT

: M2 c 2 .
The dim-8 EFT Gl = /d‘lm\ﬁg = {R+ A—fn (Hopea R ] ey ==kl
: , 1
Field equations Ear(g) +€€ps(g) =0 = (GMAY
1 1
: . L _ =
GWs as metric perturbations 9. = g + Mo o + Tfmh””

[Cardoso, Kimura, Maselli & Senatore PRL (2018)]

Ecr(0%h, Oh, h) = €Eps(O®h, -+ , h) + O(e?)

e Remove higher-9 terms

0" [Ear(0%h, Oh, h) + O(e)] =0

Ear(0%h, Oh, h) = € Epg(Oh, h) + O(€)

2t

The corrected RWZ Egs. otm _ _ [w? — Var(r; £) — cre VE(r; 6 w)] 5

dr?

*
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0

GWs in the dim-8 EFT ARl

, M2 c 2
Thedim-8 EFT  Sh! = /d‘lx\/—g% |2+ 2% (RaseaR™%)’] ¢ = +1

Field equations Ear(g) +€&ps(9) =0 €= (GMAY

The deformed Schwarzschild solution
[Cardoso, Kimura, Maselli & Senatore PRL (2018)]

2 - 2 1 -2 2 102
ds” = —[f(r) +gdfu(r)] dt +f(_r)+f5fr(?_)d +7%dQ
9 10
5f, = —1024 (g) + 1408 (%—M)

0
s

M 9
6fT=—4608(GT ) +8576(

Pirsa: 22030109 Page 10/43



GWs in the dim-8 EFT
The dim-8 EFT s\ = / d%\/_—g%%l
Field equations

GWs as metric perturbations 9. = gu
[Cardoso, Kimura, Maselli & Senatore PRL (2018)]

|

T Mm

R+

1

1

A6

h

Ear(g) +€€ps(g) =0

+

pur

(RabcdRo'de)g] o — e |
B 1
©~ (GMA)®
1
B
Moy v
GG h)+(’)(€2)

EGR((‘*)Qh, dh, h,) — Eng(ash,

e Remove higher-o terms

0" [Egr(0%h, Oh, h) + O(e)] =0

Ear(0?h, Oh, h) = € Epg(Oh, h) + O(€?)

2yt

The corrected RWZ Egs. pm _ _ [w? — V(75 £) — cre VE(r; £, w)] T2

dr?
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GW Scattering on a BH

d2yt ; i +
The corrected RWZ Eqs.  —_ 5™ = — [w* — VEr(r; §) — c1e VE(r; £, w)] U5,
Vor + 1€V 1
N s
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GW Scattering on a BH

d2yt 4 n
The corrected RWZ Egs. ﬁ’“’ = — [w? = VGR(7; &) — cr1e VE(r; £, w)] TF,

4
Vor + 1€V 9
Y = w*/Vinax

U, xe
&-r"‘ 4

Qi(ﬁ'geiwr‘ _ (_1)Ff€fiwn

T4

e il
e Phase shift in WKB dp = [ dr. (\/w2 — Vgr —c1€V —w) —wrl + % (E + 5)
T
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GW Scattering on a BH

2w : N o
The corrected RWZ Eqs.  — %™ = — [w” = V&p(r; ) — c1e VE(r; £, w)] 1T

e Time delay T, =TF" + 6T, + O(e?)

Ny
40
30 ~—— odd ) jw,z c . ;
2 even Séla) = ]dJ‘IV —9% [R—F A—lﬁ (Rabca‘.R b'd) ]
woty 10 1
=E = -
S — 0T, = c1€t, €= m

Pirsa: 22030109 Page 14/43



GW Scattering on a BH

4> . &
The corrected RWZ Egs.  — 5 = — [w* — Var(r; ) — e VE(r3 £, w)] WG,

r
Vor + 1V 9
. ¥ = wW* [Vinax

N 11’@ x 627'5,96721.«;7', _ (_l)ﬂefiwn
N
rl

T

= 1
¢ Phase shift in WKB 0 = / drs (\/w2 — Vor — 1€V —w) —wrl + g (f + 5)

*

o Time delay T = TR + 6T, + O(€2)
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The corrected RWZ Egs.

e Timedelay T:=T7" + 4T + O(")

20

Pirsa: 22030109

0.4

GW Scattering on a BH
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The corrected RWZ Egs.

e Timedelay Tiy= 77" + 6T, + O(é?)
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d?v
dr?

GW Scattering on a BH

=

wim

odd

even

(1) _ 4 il
SDS—]d x\/—g 5 [R+F

1
== == -
0T, = c1€dt, €= (GMA)®

Inevitable time advance

=i [“"2 - VER.(T'S £) — ere Vi(ﬁ £, w)] ‘I’Ifm,

(Ra,bcdRabrd) 2]
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A Lesson from QED

EFT of QED in curved spacetime
[Drummond & Hathrell, PRD (1980)]

. 1 &
QED __ o
EEFT — _E-F}J.UF#V + AMQ RHL‘U(T’/)F#VF P + e,

N
Transverse EM waves on a Schwarzschild background
2 Bp r

i g
B e

( -2 ) ¢ Radial polarization

g9
Mir® ) o Angular polarization
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Time Advance = Acausality
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Causality in Curved Spacetime

Time delay in the EFT T, = T/% + 0T + O(&)

o Asymptotic causality 7y
B

In flat spacetime

Relativistic causality: No faster than light.
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Causality in Curved Spacetime

Time delay in the EFT Ty = TF™ + 6T, + O(¢?)

o Asymptotic causality 7;

In flat spacetime

Relativistic causality: The retarded propagator has no support
outside the lightcone
set by the high-energy modes.

e Infrared causality 0Ty
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GW Scattering on a BH

d2yt

The corrected RWZ Egs. ﬁ"“’ = — [w? - V&(r; &) — cie VE(r; £, )] TE,
Var + me:V“ N = UJ‘Q/Vmax

\Ifg x ezzﬁgeawr‘ _ (_l)ﬂefzwn
B
7]

y

i 1
e Phase shift in WKB 0 = / dr. (\/w2 — Ver — 1€V —w) —wrl + g (E + §)

*

e Time delay Te = TR + 6T, + O(€2)
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Infrared Causality

Time delay in the EFT T, = T/% + 0T + O(&)

3
<e<<(€+1/2) 5T£:t=(3165t?:

Causal violating time advance bty ACEN?

k
e Resolvability —0T; > 1/w

e Calculable within the EFT validity regime
Background & GWs
w K AZT‘b Ty = (E 3F 1/2)/Lu‘ TI‘[AR} < A Aab = Wa'cbdkckd

((*V,)A%) (K V. )pAap) < APHP
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Causality Violation in the Scattering

Time delay in the EFT  Te =TFR+ 6T, + O(?) 6T = credty

£+1/2 )3

: 1
Infrared acausality T, SO (wgcg M2
-1 £

¥ = w?/Vinax = 0.9

eeeee
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Causality Violation in the Scattering

Time delay inthe EFT Tt =TFR + 6T, + O(?) 6T = crety

21 )3

, 1
Infrared acausality T (wzcg M2
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Causality Violation in the Scattering

Time delay in the EFT  Te =TFR+ 6T, + O(?) 6T = crety

: 1 £+1/2 \°
: <
Infrared acausality EPEI T ( 202 Mz)
‘\

B

v = 0/ Vinax = 0.9

odd

Infrared causality 0 <cie <0.04
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Causality Constraints on the dim-8 EFT

H A’fz C 2
The dim-8 EFT 504 = / dizy =g [R + fkf (RupeaBe=0)’]
: T
Infrared causality 0 <cie <0.04 €= (GMA)

e v.s. other theoretical considerations
[Metsaev & Tseytlin, PLB (1987)]
[Bellazzini, Cheung & Remmen, PRD (2016)]
[Bern, Kosmopoulos & Zhiboedov, J. Phys. A (2021)]
[Gruzinov & Kleban, CQG (2007)]
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Causality Constraints on the dim-8 EFT

H A’fz C 2
The dm-8 EFT S0y = / Aoy =520 (Rt L (RupeaBte4)’]
1

Infrared causality 0 < cie <0.04 €= (GMA)S

* V.. asymptof\ical causality

v = w?/Vinax = 0.9

TER | -1 £r1/2 V"
—c1 0ty w2G2M?2
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Causality Constraints on the dim-8 EFT
e

The dim-8 EFT S5 =
0<ce<0.04

Infrared causality

C1
R+F

(RabcdRade) 2]

1

€T (GMA)®

¢ v.s. LIGO observations
[Sennett, Brito, Buonanno, Gorbenko & Senatore, PRD (2020)]

0 by ——a A
s
7] |
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3

101
L] \ L/
\ a ¥

/

301 \ y
3 4 R s
/ GW151226 + GW1T0608

¢ Figh = 0.35f
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Given the smallest known BH (M ~ 3M,),
infrared causality indicates A > 7 x 107 "'eV.
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EFT with dim-x operators

2yt

- . d ‘IJ b |- —2m
If parity preserving, — 5™ =—[w’ - VEa(r; &) —c eVE(r; £, w)| U2, e=(GMA)™?
T

*

m= - —1
m )

Pirsa: 22030109 Page 30/43



EFT with dim-x operators

; : 42w : i o
If parity preserving, — 5™ =—[w’ - Via(r; &) —c eVE(r 4 w)| U2, e= (CjMA) 2
i m=——1
2
Atlarge ¢ V~
Infrared acausality
3 ] e §AN' = a
1 = € ( ¢ + 1/2 ) £— 0o > g—n—}-l = 277n€—'m Bt 7"/;; de(A") A fvw? —Vgr
— r~ 2022\ 12 5 B
SRR WEGEM i — Y Vinax sty [2(',;2 i Var) 21,&‘ ?)l aff]

o If n>m+1, the coefficient has to be sign-definite, if the operator contributes to the
scattering time delay. s
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EFT with the other dim-8 operators
The dim-8 EFT  si) = / Aty =g 2L [R + L (Rupeae4)’]
The other dim-8 operators  Lps = c1C? + 2C? + c3CC € = Rupea R C = € Ropea R

e The c;-term
Infrared acausality at large ¢

Y=
gt e 2700

V-t 05, <0 <0

Infrared causality requires ¢, > 0
k
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The Generic Gravitational EFT

M Lps  Lps , Lps
EEFT—T<R+ 2 T The T

The dim-4 operators £pa = a2 R* + aws W5 + acnRig,
: 2
A — a.le -+ CLQR#VR‘LW ay = agz — gCVV?s ay = QCLH/E

e At Oth order (in GR) B O

The dim-4 operators do not contribute to linearized GW's propagating
on a Ricci-flat background at O(1/A%).
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The Generic Gravitational EFT

M Lps Lps , Lps
EEFT—T(R-F 2 T The T

The dim-6 operators
Bra— blR“yQﬁiRaﬁp})gR'\‘fJ”U e b2R“VR;ch,3"fRVQﬁW . baRR#tyaﬁRﬂvoﬁ i bthuaDﬁRa’Y on”aV
+ b5 ROR + bg R, OR™ + by R? + bs RRZ, + bR, + bio R* R** Ry

g1z
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The Generic Gravitational EFT

M2
LgrT = % (R -

Lps  Lpe , Lps
A2 TAT T T

The dim-6 operators

Lps = by Ry *? Rop™ R *” + (GRS e At ) - (R B
+ b5sROR + bgR,,OR™ + by R® + by RRZ, + by R>, + bioR* R** Ry

(1%

e Field redefinition

- 1.
Guts = Guv — OGuw 6(v—gR) = V/—gR" (Mw = ifmuéy)
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The Generic Gravitational EFT

M Lps Lps . Lps
EEFT—T<R+ 2 T ar The T

The dim-6 operators  Lps = b1 Ry’ Ras?” Ryt

e=(GMA)™ vy~ g

7 = w/Vinax = 0.9

odd

Infrared causality requires A x 10~ "'eV (M /M), if by = —1.
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Probe Higher-Dim Operators

/e
# o _/ e
/A GM R 1/f
)
with BH ringdown

bwpg ~ (GMA) *wgr  Amax ~ 1/(6f/*GM)

with finite size effects in inspiralling GWs

§Ug" ~ (GMA)~*v'°
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GM

with early inspiraling GWs

M3 Lps
EEE‘T ==H (

2 AS

SUEEA ~ (GMA)~Cy1®
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Probe Higher-Dim Operators

R+=2 4.

o

R 1/f

57

[Sennett, Brito, Buonanno,
Gorbenko & Senatore, PRD (2020)]
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Probe Higher-Dim Operators
/e
® o _/ Ve Vs
1/A  GM R L/

with BH ringdown

dwps ~ (GMA) ™ wgr  Amax ~ 1/(6f/*GM)

with finite size effects in inspiralling GWs

SUREA ~ (GMA)*01°

RG
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Probe Higher-Dim Operators

& G FAvA Y

GM 1/A R 1/f

with early inspiraling GWs

[ z-q.(**\ ).,d.—p - :. +——4
"“'L b /‘ . 1
2 -10 x,-*}_\} / /
EFT = — (£t 75+ L2\ VS
2 A s, \

: = \ GW1
SUTE ~ (GMA) 816 |l foun = 035
\/ —a—  fhigh .25 fa
D; = { —a—  fhigh = 0.20f5
B 1 1 0 250 300 3

dplH

[Sennett, Brito, Buonanno,

Gorbenko & Senatore, PRD (2020)]
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Probe Higher-Dim Operators
/e
& o _/ e
GM 1/A R 1/f

with early inspiraling GWs

M LISA

300Mpe LE
M3 Lps  Lps  Lps uGo

Lepr = —2 (R : R

EFT 9 ( e A2 + Ad o G -

SUSEA ~ (GMA) 4010 368 96Gpc

SUP* ~ (GMA)%'®
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GM

with early inspiraling GWs

: M?2 L
EEET—H(Rer‘F---

2 A%

SUP* ~ (GMA) 0™
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Probe Higher-Dim Operators

(
- /
e : A\.’f F
§ s r o
B 4= VA £
k= \ ! /
£ —a \ Vel
g I
£ ' / GWI151226 + GWI1TO608
: +—  fhigh = 0.35f
al \ f —a— fuign =10
' —a—  fuign = 0.20f
6
) 1 1 0 250 ] 3
dyh

[Sennett, Brito, Buonanno,

Gorbenko & Senatore, PRD (2020)]
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Probe Higher-Dim Operators
/e
& o _/ e
GM 1/A R Uiy

with early inspiraling GWs

M LISA

300Mpc e
M3 Lps  Lpe , Lps o
Lowm — =EL I'D : : B
EFT 9 ( e A2 + Ad ! AG +
SUSEA ~ (GMA) 010 iy 368 " a6Gpe

SUDS* ~ (GMA)~%'°
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