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Abstract:

I will show how to derive libraries of semi-analytic gravitational waveforms for coalescing “hairy” black hole binaries, focusing on
the example of Einstein-scalar-Gauss-Bonnet gravity (ESGB). To do so, | will start from the state-of-the-art, effective-one-body

waveform model “SEOBNRV5PHM” in general relativity, and deform it with ESGB corrections to infer inspiral-merger-ringdown
waveform estimates.
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Introduction

The era of gravitational wave astronomy

GW150914 & GW170817: first observations of BBH and BNS coalescences by LIGO-Virgo

e (03: 90 candidate gravitational-wave event detections

04 started May 24, 2023 and lasting 18 months, joined by KAGRA

June 2023: NANOGrav and EPTA new data release

Next decade: LISA mission, 3rd generation ground detectors ET and CE

Opportunity for new tests of gravity in the strong-field regime of a compact binary

coalescence.
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Introduction

The strong equivalence principle: a thought experiment

\“v’w = M GR [Mathisson 1931, Infeld 1950,...]

d’-ﬁ}”' = ()
e natli= Jm ds

G, = 8xT,
(s = with ds =, [ —g,, dz"'dz*
B = M GR + scalar field [Dicke 61, Eardley 75]
0,8, =0
8y ‘ g o2 =— Jm(cp) ds
7
7]
7 Violation of the strong equivalence principle.
d,p

How to derive m(¢) for a black hole, and how to measure it?
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Introduction

Example: Einstein-Scalar-Gauss-Bonnet gravity

ESGB vacuum action (G=c=1)

1 . ) S :
Iesgp = EJ'GH-Y =F (R —28"0,¢0,¢ + f(:.nf(f/’)fﬁén)

- - o I enl — pupo
e Gauss-Bonnet scalar A, = R*“"R,,,,,

— 4R*R,, + R?

e Fundamental coupling ;3 with dimensions of length, and f(¢@) defines the ESGB theory

. ‘[rl").\' —gﬁ'/;’gm is a boundary term in D < 4

® Subclass of Horndeski theories [Kobayashi 19], compactified 5D Lovelock theories [Charmousis 15],

low-energy limit of string theory [Gross-Sloan 87],...

Second order field equations

¥

- n‘;;u e
Rﬂf. =2 );z(ru'()r. @ — 4/(-‘,]; (P;m(ﬁ - ,-}Pr.r_.')) Ve \ff({rﬂ)

] 2l - )
Oe=- E/GIJ (@) AGp

1 > — il )
with ";u;m - R,ru,rn ‘.-~£‘jl(fE;JRﬂ!1 + "gL[,:Rr:[u + -L,Jr[,u.{fn]LR
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Hairy black holes and their thermodynamics

Hairy black holes in ESGB gravity

Analytical solutions in the small Gauss-Bonnet coupling 7 limit

¢ Einstein-dilaton-Gauss-Bonnet, f(p) = ¢”
Mignemi-Stewart 93, Maeda et al. 97, Yunes-Stein 11, Pani et al. 11, Ayzenberg-Yunes 14,
Maselli et al. 15

e Shift-symmetric theories, (@) = ¢
Sotiriou-Zhou 14

e Generic ESGB theories
FLJ-Berti 19

Numerical solutions

e Einstein-dilaton-Gauss-Bonnet, f(p) = ¢¥
Kanti et al. 95, Pani-Cardoso 09, Kleihaus 15,
FLJ-Silva-Berti-Yunes 22
e Shift-symmetric theories, f(gp) = ¢
Antoniou et al. 18, Delgado et al. 20, FLJ-Silva-Berti-Yunes 22
¢ Quadratic couplings, f(p) = q:l(l 4 ,5.(/;3) and f(p) = — e’
Doneva-Yazadjiev 17, Silva et al. 17, Minamitsuji-lkeda 18, Macedo et al. 19, Dima et al. 20,
Antoniou et al. 21, FLJ-Silva-Berti-Yunes 22, Lai et al. 23, FLJ 23

To be generalized to non-zero asymptotic values ¢ of the scalar field
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Hairy black holes and their thermodynamics

3.8

Static, spherically symmetric ESGB black holes S~ f(p) =2¢

ds®* = — A(r)dt* + B(r)~'dr* + r’dQ* , ¢ = ¢(r) @ 35

with A(ry) = B(ry)) =0 and ¢ — @
rry

[FLJ-Silva-Berti-Yunes 22|

and checking their generalized thermodynamics " ' !0 oo
H

K .
e Temperature: T=— where xk° = — =( V. VHEY)

is the surface gravity
4r -

ytl

04
e Wald entropy: S, =—8x [d(idrpﬁ—r ¢ with €, = ng,|

uv's pa v]
d

i pLpe

L4 - e .
S = —4—”— +4Ccpnf(py) | in ESGB gravity

e Mass as a Ncether charge:

2M
B =1 Yabm

+ 60/ /J’_-!emieaux et al. 02,
J Cardenas et al. 16,

M = Maom + J'D ap Anabalon-Deruelle-F1 J 16]

_ D ”
@=¢+—+0(1/r)
.

The variations of S, and M w.r.t. the BH's 2 integration constants satisfy: [FLJ-Berti 19]

T5S, = oM
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The sensitivity of black holes

Question: How to derive m(¢) for an ESGB black hole?
[Pplgur,,(ﬂ, :’“l = i?f(({))d.&'
Answer: by identifying the BH's fields to those sourced by the particle.

x < >
+ >

Fields of the particle, rest frame z' = 0
Harmonic gauge 9,(,/—gg") =0

Fields of the body in vacuum

Isotropic coordinates

2M 1
- ADM -
g;w = "];w & O;:L ( = ) B (}.—2)

D 1
([):(/)+T+@ =
7 2

Identification iff

(a) m(@) = Mypy
(b) m'(p)=-D

[FLJ 18, FLJ-Berti 19]
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The sensitivity of black holes

e Recall: ESGB first law of thermodynamics: 758, = oM where M = My + Dogp.
Matching conditions (@)and (b) = M =My +Dép=0 = &5,=0
(a) m(p) = Mupm A black hole must be described by a sequence of constant
(b) m'(p)=—-D Wald entropy equilibrium configurations.

[FLJ-Berti 19, Cardenas-FL J-Deruelle 18, FLJ 18]

1
e Example 1: dilatonic theory f(¢p) = q exp2¢)

[FLJ-Berti 19, FL J-Silva-Berti-Yunes 22]

1.0 T 1 0.2 T
]
\
0.0
- b 0.2 | = Numerical integration \\\
1.00 M === N = 4 Tavlor \\‘
1 0.4 F == (2,2)-Padé 1
M spu ' T - 'y
o ), 5 )-Padi LB
v Swldm 0.6 |
0.9 y 10" ———————————————————————————————————
= -7
— 10 o
- -t
S i -
1 10 "
| s
0.90 - , w . | 10-6 L : _
3.0 2.5 2.0 1.5 1.0 0.5 0.0 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 5 1 . e
@+ = In(4nt5y/Sw) p+= In(4réc,/S,)
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The sensitivity of black holes

e Recall: ESGB first law of thermodynamics:

Matching conditions

(a) m(@) = Mppy
(b) m'(p)=—-D

T5S,=6M | where SM = SMupy + Do

(a) and (b) = M =oMypy+D6p=0 = &5,=0

A black hole must be described by a sequence of constant

Wald entropy equilibrium configurations.

[FLJ-Berti 19, Cardenas-FL J-Deruelle 18, FLJ 18]

. _ l , A ,
e Example 2: generic class of Z,-symmetric theories f(p) = =P —@*+ - with p < 1
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[FLJ 23]
!) | a2 .1'1_\”\1 | # "
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e — '_|
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Dynamical scalarization in Schwarzschild binary inspirals

. . . : | A
Setup: black hole binary in the Z,-symmetric class flp) = 5;/;3—117;4+
[ @4 . Py
A -
S s
D, =Dy(@p4) Dy = Dy(pp)
e Recall: when ¢, = 0, BH A reduces to Schwarzschild, with mass m| = /Sy, /4x
D)
e To Coulomb order, for simplicity: Pa “((_f 8= Palpp)
s Dy(@,4) . p . , L
Py = = @) 2 equations for 2 unknowns (¢4, @p).
-
Insert one equation into the other [FLJ 23]
A~ r
- . (oA 27 o i
- 3 =3 I'ps = \,-"/’(\1 B M
Py X 2 Sl e %)(f),\ + | =0 M = m) + my
L € =€(r, /{:h,) <0 mim}

V=

M2
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Dynamical scalarization in Schwarzschild binary inspirals

» e 0 Oy A R
Fps = rps/ (my +my) =4 [ 5, 5V
® The Schwarzschild configuration g, = 0 is always aroot.  'mommoooooos o
®* When i < g, two energetically favorable, equal and opposite
roots @4 # 0 appear.
A (V] 1 1A 2 . 'A 1
Mipy=my [ 1+ =P Pat ). =0 s
e Reminiscent of NS binaries with fixed baryon number in scalar - §
tensor theories [Barausse et al. 13 & 14, Shibata et al. 14, [/ .~ === :
5 10. WA I
Khalil et al. 22] ol
' o
1 ,’f
D ] =——— (™ 2.62
Miom 1 I
H L (€onim 2 - - a=] |
i To leading order in 0 < 7~ —rps < 1 [FLJ 23]
( 172
7 1 . 2 1)\ l l
D, : o s — : =+ r.\ _——— +
Wiom S , i Mpm DS
g=1 J,’/ —2PA PN BB )
‘ 7 FLJ 23 LT L R ) R B
i [ / 2Pyt 57 "( LU g =m/m)

151 ).10 0.15 V.| 0.25 ).3(

e The highlighted DS parameter space was not explored in NR simulations of Z,-symmetric ESGB theories
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Post-Newtonian formalism
I i A L 2 —
Iesgp = Ten d'x\/=g| R—2¢"0,0,0 + £ f(@p) Ry | — Z my(p)ds,
. re.

ESGB two-body post-Newtonian (PN) Lagrangian

Zn ~ n
, _ . v GM ;
e Conservative nPN dynamics: (—) ~ 0 ( ) corrections to Newton
c r

e Solve iteratively the field equations with point particle sources around

8 = My, + 08 @ = @pgtop

&y

2 I 7 10 ¢ ') / l /
R;u = 2!’)“(,0()! P — 4/{‘18 (I)ﬂ:![ﬁ - _T.Q;n Pr:p‘) ve \'J.”(I”) + 87 Z (T:[}[. - ,.]-QHLT‘)
ds, dmy 6P(x — z,(1))

dt do /=g

l ~ i D
Oe=- I/(:u.f () FGp + 4*’72
A

o The sensitivities m,(g) and my(g) are expanded around ¢,

| I S
Inm,(¢) =In mf.f ar a_f‘](q; — @) + 5/}_,'1’((;; — o)’ + F/j’f:((p — @g)” + E/j”t‘:((p — o)t + -
5 24"

1 5. e
Inmy(p) = In m;; ar r:ﬁ(q: — o) + Eﬁﬂ(q} — o) + ?/5';;((/) — o) + 7—4/}":,;((/1 — o)t 4
1) L
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Post-Newtonian formalism

Two-body Lagrangians and Hamiltonians in modified gravities:
a state of the art

® 1PN: Scalar-tensor Damour-Esposito-Farése 92
Einstein-Maxwell-dilaton FLJ 18, Khalil et al. 18

® 2PN: Scalar-tensor Mirshekari-Will 13, FLJ-Deruelle 17, FLJ 18

® 3PN: Scalar-tensor Bernard 19, Fl J-Baibhav-Berti-Buonanno 23, Jain et al. 23
Einstein-scalar-Gauss-Bonnet FLJ-Berti 19, FL J-Baibhav-Berti-Buonanno 23

Scalar-tensor theories (i.e., ESGB in the limit £5g = 0)

|
Isr = E J-dl.\' —-g (R —2gM ()qu'()t rp)

Einstein-Maxwell-dilaton theories

1 o
Iepp = —J'd‘i.t' -g (R — 2¢%0,00,p — e”“CF* f‘ﬂ,‘)
167

Page 17/24
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Post-Newtonian formalism

At 3PN [ST: Bernard 19, ESGB: FLJ-Berti 19]

— 1 loc tail
L_g})r\‘ = il’N+I‘3[’N
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Post-Newtonian formalism

At 3PN [ST: Bernard 19, ESGB: FLJ-Berti 19]

— 1 loc tail
Lapn = LapntLipy

e Nonlocal-in-time tail term driven by the acceleration of the system's scalar dipole [Bernard 19]

2M oy . dr y . i ]
Ll = T{)'(Jr) (}j}I [ WD“ 4 r)) with D' = z\:”’:1]”.(13-"\

e Nota: in general relativity, 4PN tail driven by the mass quadrupole over-acceleration

M .. T .. . -
FO = = QY1) (lf‘l J h(}”(f - r)) with QY = Zm[\'{.l"‘,\'_’\ - 8"x1/3)

A

ESGB is an ideal probe to model beyond-GR physics in the strong field regime of a

hairy binary black hole coalescence.
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The effective-one-body framework

In general relativity, “effective-one-body” (EOB):

test particle in an effective static, spherically symmetric

e Map the two-body PN dynamics to the motion of a
[Buonanno-Damour 98]

metric

-

f'[(q![}) - — (‘—) —_— IILH(QP) . ([_\;L_:n- = !” d Hez”

c

H.i; = frop(H) |

e Defines a resummation of the PN dynamics, hence describes the coalescence of 2 compact objects in general

relativity, from inspiral to merger.

e Instrumental to build libraries of several hundred thousand semi-analytic GW templates for LIGO-Virgo-KAGRA.

Page 20/24
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The effective-one-body framework

Step 1: resummed conservative sector

e Use canonical transformations H(g, p) — H(Q, P) to identify H with Hy, order-by-order, where

EOB Hamiltonian

0.0 0.0
H g g ; 0 0 mympy mympg
= M\/l +2u (;_:' = ]) with M=m/+my, v= e Py

Effective Hamiltonian of a test particle u Motion in a static, spherically symmetric metric

in Schwarzschild-Droste coordinates:

2 s . , . dR*
Hg(Q,P)=_|A| p"+AD Pz + F + u-Q dsty = — Adr* + Y + R2dd?

[ with non-geodesic corrections Q which vanish for P =0

e The potentials can be expanded through 3PN as

In In 4 In 6
a a, dar  day+a) In(R) g, +g\"In(R)| P g~ + g  In(R)] P
AR=142 52 4 5 JBFEHD Gy MeTH L P Li A
R R? R4 R? R

dy dy dy +dIn(R)

—+—=+ :
R R: R

DR) =1+
[3PN (ST-ESGB): FLJ et al. 23, Jain et al. 23]
e Yields a unique solution for the 1424248 coefficients ~ [2PN (ST): FLJ 18, FLJ-Deruelle 17]
[1PN (ST-EMD): FLJ 18, Khalil et al. 18]
[General relativity at 3PN-4PN: Damour et al. 00-15]
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The effective-one-body framework

Step 2: resummed metric waveform

o Decomposition of h, and h, on spherical harmonics, known at 2PN on circular orbits

6 ¢ [Lang 15, Sennett et al. 16]
he—ihe=3 Y Y (0,®) b, (T.R)

. I
e Rewrite each mode h,,, as h,,
Factorized metric modes Effective source: radiation of a test particle u
f"c”
F N & s £+ m even
Ihr‘m = hf'm Scﬂ' T/ m .ffm e S-“ - a

\/.; Py

_— £+ m odd
I+ alal) My

Kepler's 3rd law:

e h) is the mode at leading PN order (“Newtonian”) v = (GygM)™ = O(v7)
e 1, factorizes out tail effects for a Coulomb potential [Asada-Futamase 97]
r(e+1-2k)
Tom = Wﬂhf"““"”H"JR‘} k = mHyope . T is Euler's Gamma function.
® Absorb the remaining amplitude and phase in f,,, and 6,,,  [2PN (ST-ESGB): FLJ et al. 24]

[General relativity at 3PN: Damour-lyer-Nagar 09]
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The effective-one-body framework

Step 3: EOB dynamics including the dissipative sector

e Infer the metric flux, and add its scalar counterpart, known at 2.5PN beyond dipolar (“-1PN") order
[FLJ 18, Khalil et al. 18, Yagi et al. 2012,

Lang 15, Bernard et al. 22, Shiralilou et al. 22]

13 V2 (_(“\fs-"""fj’)ﬁlj

i2 6 f 5 3
% . . N ) . Y
gemetric _ ::_T Z Z m? ‘thm‘ = (("ur‘”ff’) . gesealar _ # {—}\((;“l = ((;;J' + 0 ((’:\,“\fgfl) 4 oo
OF — 1 + alay)” :
1=1 \ AYE

Kepler's 3rd law:

o On quasi-circular orbits: tangential force  F, = — (F ™0 4 Gl g - .
d x = (GypMe)™~ = O(v°)
dH,. dH\. ) . OH
i = ZTEOB Y - EOB +i_r[_.‘ ) b= EOB ps=F,
dp, ar Py ap, ' J

e Include ESGB corrections in SEOBNRvSPHM, a state-of-the-art model in GR [FLJ-Pompili-Buonanno 24]

Example: EOB waveform for a binary black hole with m.[;/m,'),' = 4 in the dilatonic theory f(¢p) = ¢*?/4

0.2 H—Zep/n =0 (GR) — Coplp = 0.7 — Cplu = 1.0 4 F R
= 1 |
i
4, 2=0
0.2 e [FLJ-Pompili-Buonanno 24]
7000 —6000 —5000 —=4000 —3000 —2000 —=1000 -800  -600  -400  -200 0 200
t'M
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Conclusion

Recap

e Remarkably, the EOB approach can be extended to ST and ESGB at 3PN, and EMD at 1PN.

e Include other modified gravities such as galileons or Horndeski?

[Van Aelst et al. 20, Babichev et al. 22-23,...]

Ongoing and future developments

e Model the dynamical scalarization of ESGB black holes at post-adiabatic order, and include it within EOB

[Khalil et al. 22]

e Our EOB model includes ESGE corrections to the QNM spectrum of the remnant, but the fractional
change in the ringdown frequency is small (e.g., ~ 107 for ¢ =4 and £gg/u = 1)

[ESGB: Blazquez-Salcedo et al. 17 & 20, Pierini-
Gualtieri 21, Langlois et al. 22, Chung-Yunes 24,...]

e ESGB corrections to the black hole remnant’s mass and spin might yield comparable changes to
the ringdown frequency. [FLJ-Pompili-Buonanno 24]

e Predict the final black hole’s mass, spin and scalar charge, using NR simulations?

Thank you for your attention.
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