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The new era in astronomy

GW150914 : first observation of a BBH coalescence by LIGO
GW170817: first observation of a BNS coalescence by LIGO /Virgo
with EM counterparts

Will allow to probe modified theories of gravity, in the strong-field
regime near merger, an ‘important and doable problem, which is still in
infancy” (to paraphrase Takashi Nakamura).
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Needles in a haystack

GW150914: An incredibly small signal lost in the noise
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“Knowing the chirp to hear it”...

Post-Newtonian
Theory
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[courtesy Alexandre Le Tiec]
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The “effective-one-body” (EOB) approach
A. Buonanno and T. Damour, 1998

e maps the two-body general relativistic Post-Newtonian (PN) dynamics
to the motion of a test particle in an effective SSS metric
e defines a resummation of the PN dynamics to describe analytically the
coalescence of 2 compact objects from inspiral to merger
e is instrumental to build libraries of waveform templates for LIGO /Virgo
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Aim : extend the EOB approach to modified gravities

— Typeset by Foil TEX — 5

(
2




Outline of the talk

1. The Einstein-Maxwell-Dilaton (EMD) black hole
as a simple example of a “hairy” black hole

2. The action for a binary EMD black hole system
or, how to “skeletonize” hairy black holes

3. The (conservative) dynamics of an EMD black hole binary
vs ‘‘state-of-the-art” in scalar-tensor theories and GR

e Lagrangian and Hamiltonian for the relative motion
e Mapping to an effective-one-body (EOB) hamiltonian

e A first flavour of possible tests
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The FEinstein-Maxwell-Dilaton (EMD)
black hole
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Isolated EMD black holes

G. W. Gibbons 1982, GWG and K. i. Maeda 1988, GWG 1996
D. Garfinkle, G. T. Horowitz and A. Strominger 1991

Vacuum Einstein-Maxwell-dilaton action of gravity
167 Lvaclguvs A, ¢l = [d*x/—g (R — 29700 B, — €7 2P F?)
Field equations :

Ry, = 20,0 0y + 2e72%¢ (F, F,\ — 19 F?)
D, (e 2%Fw) =0 , Op=—ze 2%¥F?

Static, spherically symmetric, solutions depend a priori on 5 integration
constants. “Electric” black hole solutions depend on only 3. For a = 1:

d32:—(1—%+)dt2+(1—%+) dr? +’r( )alQ2

At:—\/rj}r_ 69100, Az:()a 90:(70004_%111(1_%)

— Typeset by Foil TEX — 9




EMD black hole thermodynamics

(case a = 1)

Temperature : T = 473” (or surface gravity kK = 27T)

Electric potential : & = Ay(r — 00) — A¢(r4) = 4/ 5= e’

T+

Entropy : S = mr2 (1 — %) (or area : A =4S ; or My, = ﬁ )

Associated global charges :

_ r4T— — 1 1
Q=,/FHF—e ¥ |, M=zcry—:[r_dps

(see M. Henneaux et al 2002,..., Cardenas et al 2016, Julié et al 2016)

The variations of S, @), and M wrt ry, r_ and ¢, are such that
T0S = oM — PoQ)
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“Skeletonizing” an EMD black hole
iIn GR : Mathisson 1931, Infeld 1950, ...

I = 557 [d*z/—g (R — 2¢""0up 8,0 — e 2% F?) 4 I [V, gy, , A¥]
Ibh = —fm(gp)dS—l—C_IfA'udZE“

Linear coupling to A*, and ¢ constant, to preserve U(1) symmetry ;

ma(p) : m # const because ¢ cannot be “gauged away”
(Eardley 1975, Damour Esposito-Farese 1992)

Question : how are ¢ and m(y) related to the parameters
characterizing the black hole, that is, 74, 7— and ¢ 7

Answer : by identifying the EMD black hole solution
to that of the field equations for the skeletonized body above.

Félix-Louis Julié, 2017
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The “sensitivity” of an EMD black hole

: : . v o__ 5(4)(33_2) v
e Field equations (with TH¥ = [ ds m(go)ﬁu“u )

R, = 20,000 + €729 (2F, F,* — 19, F?) +87 (T, — 29,,T)
D, (6_2“90F’“/) = 47q [ ds 0 (@—2), u

5(4\)/__g
Op = —2e 2% F2 447 [ ds \/(f—;z> CCZZ
e Lowest order asymptotic solution in the body rest-frame :
gasym = N 4 5/u/ <2mToo) ,A?Sym _ _ge 90007S0asym = oo — %2_7;”00

to be identified with the EMD black hole solution (case a = 1) :
asym asym r4r_ e¥X® asym T_
g Y _77,u1/+5,u1/(_) A Y — T/ +2 P Y = Poo T 5~

Hence a differential equation, with a unique solution
L= 2Meo, T = 2dm, g = /“5=e"¥>|, so that ¢* = 2m 7;’; e%? | oo

m(e) = /12 + % Félix-Louis Julié, 2017
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The parameters of a skeletonized (a = 1) EMD black hole
g =/"5—e P rL =2My, r_ = 2%\00, and m(p) = \/,u2 + q2627‘p

Recall : the global charges and entropy of an EMD black hole are

Q= /E=e ¥, M=1iry—1[r_dow, and S =7r? (l—r—_)

T+
Hence () = ¢q is a constant : 0Q) = 0. Also : 0M = dm — ‘3—7;}5g0|oo =0

Our skeletonized BHs exchange no charge nor energy with their environment.
Now, since T'0.S = 0M — ®oQ),
the black hole entropy is also a constant.

Therefore 1 can be identified to a function of the BH entropy. Indeed :

p=yz = mlp)=1/z Q2
with (for an Einstein-Hilbert action) S = and Mﬁr = =

Cardenas, Julié, ND, 2018
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Hence, all in all,

Skeletonized action for a binary EMD black hole system :

I = [d*\/=g (R — 29" 0, Oup — €2 F?) + Ipbh [guv, , A¥]

Ibbh = —ZAfmA(QO)dSA—I-EAquAudwi

with g4 = Q4 and ma(p) = i—ﬁ — 627(’062124 (fora =1)

where the charges Q4 remain constant (true until coalescence)

where the entropies S4 also remain constant (not true at coalescence).

*

The action [ is the starting point
to study the relative motion of the two black holes.
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The (conservative) dynamics

of an EMD black hole binary

Lagrangian and Hamiltonian for the relative motion
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The 1st Post-Newtonian (1PN) Lagrangian of an EMD BH binary

e Field equations (with TH" = [dsama(e )5( (a— ZA)uAuA)
Ry = 20up0p + €72 20k, — 50, F?) + 8757, (T3, — 59 T7)
D, (e —2a<,0F,uV) — 41qa>", [ dsa 5 >\(/x_ng> ut
Op = —2e=209F2 4 47", [dsa s )\(/aj—_gZA)ngDA

e Work in harmonic and Lorenz gauges
Write :  goo = —e 2V goi = —49; , 9ij = 5z‘j€2v
Ay =0A;, A; =04, , ¢ = Yoo + 09

Weak field O(v?) ~ O(m/r) iteration.
e Solve and obtain

V=U+005), 0= 5, 8% 10 (%), 0= poe + 5,70 4 etc

TA TA
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The fields being known at 1st PN order,
plug their expressions in the Lagrangian for body A in the field of B :

m
d:UA

Iy = fdtLA with L4 = —mA(SD)Cl;iS—f + QAAMW

Symmetrize, regularize and obtain  (FL Julié) :

LEMO = —(ma +mp) + B(mAvfl + mpvd) + SAB zAmB}

+%(mAvj44 + mpvp)

EARRAmE (32 4+ 03) — F(vavm) = 3(Nva)(Vovp) + Tan(Ta — 0)’]

2. 3 3
_GABQRQA B [mA<1 +28p) + mp(1 + 2@4)}

where Gap =1+ asap —egep  with eq = (qa/ma) eP>

mA = Malpy, @a = (My/Mma)lc, Ba = as|pn

—4dapap+3eqep B 1 BAaB2—26AeB(aaB—aAaB)—|—e2B(1+aaA—e?4)

VTAB = 2(14+aq4ap—eqep) — 2 l+aqap—eqep
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Deviations from GR to be expected ?

Gap=1+asap —egep, esq=(qa/ma)e¥>

maA = Malpy, @a = (My/Mma)lc, Ba = &s|pn

—4dapap+3eqep B _ l5ACXB2—2€A€B(@@B—OCAO¢B)+€2B(1‘|'a0éA_€,24)

YAB = 2(1+ag4ap—eqeR) 2 l+aqap—eqep

In scalar tensor theories (where g4 = gg = 0),

the deviations to GR are driven by a%, a% or asap. Now,

Black holes have no scalar (primary) hair (m4 and mp are constant) :
no deviations from GR,

In EMD theories, BH do have hair, ma(p) = ifr‘ + G?Qi (for a =1)
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In EMD theories (F Julié, 2017)
(a=1),withgs =Qaand us = +/Sa/dr

ma(p) = v/ u? + €e2%q5 /2

hence : g = (My/ma)|c = :
pAV2
l14+exp2|In — Voo
a4
ol T ','I T T ML,
[ ; . .
; :
- 1 .
0.8} ! ;
[ I :
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I § ! :
0.2} ! ;
: : I .
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0.0 -_l , | o o e e l...............‘.:..................l..................l_
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o
See also E.W. Hirschmann, L. Lehner, et al. arXiv:1706.09875
20

Studying the dynamics of hairy (EMD) BH is perhaps worth the effort..
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LEMY at 1PN and the state-of-the-art
Scalar-tensor theories 2-body lagrangians (ga = qg = 0) :

1PN : T. Damour and G. Esposito-Farese, 1992 (25 years before LEMD)

2PN : S. Mirshekari, C. Will, 2013 :
In Einstein frame (FL Julié, ND 2017), see FLJ poster

“Conjecture” : Its extension to describe the dynamics in EMD theories at
2PN requires the calculation of only a few new coefficients.
3PN : L. Bernard, 2018 Talk, March 1st

The 2-body lagrangian in general relativity

1PN Lorentz- Droste (1917) ; Fichtenholz (1950) (100 years before L3L0)

4PN L. Bernard, L.Blanchet, G.Faye, and T. Marchand, 2017
(plus A. Bohé and S. Marsat)
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The 2PN 2-body lagrangian in scalar-tensor theories
(harmonic coordinates)

1
L2PK = EmA VA

GABmg\m% 1 — 4 I VERVAY. - 2/ = 1 - = \2
+——f | g7 +498)( Va— Va(N- V)" ) = (2+3a)Va(Va - Vi) + g(Va- Vi)
1 _ 3 — — — — 1 _ — — — — — —
+7c(15 + 87a8) VA V5 + gV Va2 (N - V) + 73+ 27a8)Va - V(N - Va)(N - VB)1
G2 1 _ _ -
+ Ghsme(ma) { - (2 + 12948 + 7935 + 85 — 45A) Vit (14 + 20748 + 7725 + 476 — 45A) Vi
1 1 _ _ _ — — — —
4 (7 + 16945 + 7")/,43 + 453 — 45,4) V3 — Z (14 + 12948 + FVE\B — 80 + 45A>(VA . N)(VB . N)
1 —- —- — - — 1 —- —- — —
+§ (28 + 20748 + Fas — 888 + 45A) (N - Va)® + 8 (4 + 4948 + Yas + 45A)(N : VB)2]
G3a(m%)3m 2 _ 1_ - 2 1 G3n(m%)?(m%)? _ - -
- AB(2RA3) 5 {1 + 3748 + £Tas + 285 + S04 + 565} L 8“,%3( =) {19 +8%a8 +8(8a + B) + 44}
1 _ — — — — — — — — _ — —
— §GABm2\m?3 (2(7 -+ 4')/AB)AA . VB(N . VB) + N - AA(N . VB)2 — (7 -+ 4'YAB)N - Ap Vé)
+ (A < B)
0,2 /3,40
— (OiA) — (ﬁAaB) — 5,4@,4@553
Where 5A = (1-|-O£2\O¢%)2 €A = (1+aga%)3 C ) (A — B)

S. Mirshekari, C. Will, 2013 ; (Félix-Louis Julié, ND, 2017)
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The 2 PN Hamiltonian

LEMO = —(ma +mp) + [%(mAvi + mpvd) + SAE Z’AmB}

—|—%(mAvj‘zl + meU%)

+Ganmamp [3(y2 4 12) — Ly, vp) — L(N.wa)(Nop) + Jap(@a — 08)7]

2 — —_
_GABzgéAmB [mA(l 4+ 253) + mB(1 4+ 2514)}
LEMD is given by L5, with some replacements and modulo 3 coeffi-
cients yet to be found.

LEYMD depends on the positions, velocities and accelerations of A and B

It is allowed to replace them by Aq — —NGABm%/RQ

[This amounts to change the coordinate system :
T. Ohta, H. Okamura, T. Kimura, K. Hiida, 1974 vs T. Damour ND, 1981
Problem solved by Schafer 1983, Damour-Schafer 1991.]
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In the centre-of-mass frame (M =ms +mp, p=mamp/M) :

1PN A B & A RIPK B2, p1PK p2 L 1PK
Hu _ (h%PKP4_|_h%PKP2P}2%_|_h%PKPI%) T ( 4 = 5 R) %2
H?PN 1 90PK 56 2PK P4 P2 2PK P2 P4 2PK D6

— = (hi" " P°+ hy "P"Pp + h3 " P°Pg + hi " Pg)

2PK p4 2PK £2 2 2PK 54 2PK p2 2PK p2 2PK
(hg” " P +hg " PprP°+h7 ™ Pp) 4 (h8 P +hy PR) h1o
R R2 R3

where Gap =1+ aaap —eqep  with eq = (ga/ma) e¥>

MA = Ma|po ¥4 = (M)y/M4a)|co, Ba = a&s|ps and By

HPN known for EMD black holes : H2PN known for scalar theories

The 17 h'Y¥ depend on the 8 (+2) parameters characterizing the theory.
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State-of-the-art in general relativity
slides from T Damour, Berlin conference 2015

2-body Taylor-expanded N + 1PN + 2PN Hamiltonian

2
Pj _lelm2+(l < 2)

H sPa) —
N(X(l p ) Zml 2 r12

C2H1PN(X(1~pa) — _l(pi)z +1Gmlm2 ( p] —|— 14 ——== (pl pz) 42 (n12 ’ pl)(n12 ’ p2))
8 m-l 8 ri2 ml mym, min,
1Gmymy G(my +my) +(1 o 2),

4 rpp Fi2

1 (p})? 1Gmm, (5 (p1)* 11 pip; _ (pi -pz)2+5p2(n.z p,)’

4H X0 Pa) = 77 P -
CHan(XaPe) =16t 5, Ot 2 meml T mimd -
—6 (P1-p2)(mpy - py)(nyp - o) _ E(nlz P1)’(nz - Py)°
mim3 2 mim3
+1G2m1m2 IOPI L1922 P l(m om )27(1’1 ‘P2) +6(n2-p1)(ny2 - py)
4 "%2 1 m2 v Rl i mynty
_1Gmymy G*(mi + ST,mz + m3) (1 e2)
8 Fi2 r12
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2-body Taylor-expanded 3PN Hamiltonian [JS 98, DJS 01]

C()HBPN(XH ’ pu) =

5 (p1)t 1 Gmym, (p1)? |, ((p1-p2)* +4pip3)PT |  Pi(N12-Py)*(ny2-p2)
128 m] 32 R B +6

" ) p)
m 1 Hl?!”i I?I?IHE

Pf(lh ‘p2)(ny5-py)(ny; - ps)

2

(Pi(nyy-p2)* +p3(ny-py)°)pi

- 10 +24
mim3 mim3
2P%(P| P2) (2 p2)* | (Tpip; = 10(p; - p2)*) (N2 py) (M - P2)
* mim3 ¥ mim3
L [
= (PiP3 —Z(Plgpi)z)(lh ‘P2) + lS(Pl ‘P2) (g '3P1})2(ﬂ12 P2)’
myn, mims
_ISP%(“D‘P!)(TTP:)}+5("|2'P|)‘:("7,|2'P2)3 +G2”:l’"2 L(m,—27mz)(p%)2
min; nym; 1y 16 my
15 pi(pi-p2) 1 25(p;-py)°+371pip3  17pi(nia-p1)* | 5 (mi2-py)*
6 mim;, * 48" mims3 * 16 m; " 12 m
i (15pi(nyy - pa) + LL(py - p2)(my2 - 1)) (M ) 3 (n12-p1)* (12 - pa)
g mim, 2 mim,
125 - : - 10 p1)i(ng-p,)?
+___mz(lll Il'z)(“lz7 PJ)(“lz P2)+_“1112(“|2 pl))(nqll )
12 miyms 3 miyms

1 Mo po)®\ L GPmymy (] 3 2
—E(ZZOHH + l93mg)pl(n1' P) ) + s (—— (425:)1% + (473—ZII2)HI|"12 + lSOm%) Pi

mfmg r*}z 48 mf
1 2 2 l (P1-p2) | 1 2 3, (ny,-py)?
& Z 3 A - & 3 I 1 h d
+—l6 (77("1, +m3) + (I4 —7" )m,mz) s +—16 20my— | 4 +4Jr mym, —mf

1 . 3, ; :
+E(21(HI%+HI§)+(1194—111“')"11!?13) (n12-p1) (0o pZ))

mym,
| G*mym3 ((227 21

N T—Iﬂ')m, +m.3) + (1 & 2).
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2-body Taylor-expanded 4PN Hamiltonian [DJS, 2014]

1(p}Y  Gmym, G*mym,
HE (%0 Pa) = ,(5::"» o Has(xa.Pa) + == m Hug(%, Po)
rlﬂ'lllh

= (m3H sy (X0 Pa) + mymaHyga(x,.p,))

G'mym.
—“(m Hypy (X4 pa) + mimyH (X, p,))

Gmym,y
+ =g Hag(%. ) + (1 € 2).
3

45(p7)" 9(miz-pi ) (miap2) (P7)° | 15(mi2-p2)’ (PH 9(myz-py) (Miz P2} (P (P1-P2)

Hua (X Pe) =73 g At V6t
——rg " 172 172
25(my2-pi) (i p2)'pE 3300 2py)(my2p2) (pI)_85(mi2py ) (ma-pa ) (P oP2)
12803 256m, m} 2560, m
_Hmpp) Y(mpep ) Rl Py (i pa) (1) (P P*) 25(n 3 ) ) (nypa) (y-pa2)*
l’ﬁm,m. "Sﬁm,nh Hm,m,
T p (e popieopa) 3mep )Pipepa)’ 3pilecpa)t SS0p ) (npy)pd
6dmim? O 64mim: 256m;m3
Tnyapi) (0apa)pipd 2500 0-p ) (0o pa)(p)°pE 23(n00-py ) (ppe
1281} m; 256m1,my 256im;m
7“‘!‘ P pipi-pap 7(0p7) (s P 2P S(mga-py)i(ma-pa)p} 7(“1‘ p:)'(pi)’
128m}m3 256:m3m; 64mim3 dmim3

_(mpy)(np:) DI (R p) (M wp.(p. p2) S(mpa p.n(n.- P21'p3  21(nypi ) (nypo) PR

Amiim: 160y 64m{m} 64

3(myy- 9-)"19‘) Pi_ (0 po) (2 p2)(PrP2)PE | (izPa)(mizp, )Pl(vu-P:}p§+(n.g-pjﬁ‘ip.vv:1’p§

Amijm3 16mm3 16mrim3
T(mizpi/'(B3F_3(miz-piPRIREF 7V (93
6dmim R2mimi 128mim3

_369(mx-py)® _889(mx-pi)'p] | 49(mia i (I _63(p)° _549(niz-py ) (mia-p2)

Hyg(X o Pa)

160m1} 192m} 16m{ 6! 128m]nr
ALLILTES D) l“n"'PﬂPi_1f'7lﬂl:'ll|)[“|:’P:ﬁ[Pf)‘ 1547(ng2py )Py -p2) _851(ny2-py ) Pi(RyP2)
16m;my 128m3m;, 256mmy 128 my
L 1099(p{)’(p1-p2) | 3263(n1-p1 ) (mia-pa)® | 1067(napy ) (mia-pa)'i_ 4567(nsa-pa)(p])”
256mmy 1280m]m3 A80m} 3840 m}
_35THmpz o (2 p2) (P -P2) | 3073(myz Py J(ma )T (Py P2) | 4349(nss-py ) (py - p2)*
320m{m3 480m{m3 1280m{m3
3461pi(p,-p2)® | 1673(ny2-py)'pi 19990y -pi Ppipd 13(n3-p) (02 -pa)*
3840n1; 13 1920m’m3 3840m | m; s
PRELCTS DICTS -p2)'p]_190np P 00-pa) (R ps) S(ng-po)'piles-ps)
192m}m3 384mim 3dmijm}
PRI DICTS NI A ML TN S 2) | 2330y pi) (02 p2)P3 _47(msy
192mym; %m}m. 96 m
(0P (P po)pd 185p1(ps )p3 Ty (niaepa)® | (s pa)'p
384m 3 38dmym3 Amim3 Amim?
_Tm )i ) piopy) | 20me R Rep2)t | T e pa) e | 49z pa) P.Ih
2mim 16mim3 [ A8mim3
_1330n3py (- .‘np\-p;)ps‘jﬂp.rpn’phwvcn.:-pn _173pied) | 13p1)°

24m i} 96 m3 96} mi A8mim} Smf
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5027(myz - py)* _22993(nyy - py 'R} _ 6695(p1)° _ 3191(nyz - i)} (my2 - p2)

Hia(%a.p0) = 38amt 960m} nsmt 640nr{m,
4 28561 (ny; - py) (s -Dz‘lh 8777(mz - 91 (s - P, 7529691(p; - p)
l920m|‘m3 154m ms ZRSODm:m:
_ 16481(ny, cpy )iy -p:)’ 94433(n,, - p,)° p| 103957(ny5 - py ) (0 - pa)(py - P2)
%Omzmg 4800mwr '.Moﬂmimg
79](p| p:)’ | 26627(n;5-p;)’p3  118261pipd  105(p3)* o
400m3m3 N 1600m; m3 4800mim3 * 2mi vy
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The (conservative) dynamics

of an EMD black hole binary

Mapping to an effective-one-body (EOB) hamiltonian

(following Buonanno-Damour 1998)

— Typeset by Foil TEX — 28



The effective-one-body (EOB) “strategy”

e Start from the best available PN Hamiltonian. At 2 PN, 17 coefficients

H(Q,P) =M + (— _ G aphM ) 4 H'PN 4 2PN

H :(h%PKP4_|_h%PKP2P]%_'_h%PKPé)_|_( 4 R5 R)‘|— 16:22
H2PN 0 9PK D6 2PK P4 D2 2PK D2 Pd 2PK D6
— = (W " P°+ hy “P Pp+ hy “P°Pp + hy " Pg)

(WK Ay 2P p2 2y 2Pk pty  (hIPKP24R3PKRR) | 2PK
B + 72 T 3

e Canonically transform it H(Q, P) — H(q,p)

At 2PN order the generic generating function depends on 9 parameters

G](%%,f) — (041732 + 51]37% + %) + (@27)4 —+ 627)2]3% + f'}/Q _|_ 52 _|_ €5 pr + 772)

e Define H.(q,p) through the quadratic relation (v = u/M)

Helgp) _ 1 _ (H<q7i>—M) [1 +2 (H@’Z)—M)} (Damour 2016)

— Typeset by Foil TEX — 29




e Impose H.(q,p) to be the Hamiltonian for geodesic motion in a static,
spherically symmetric spacetime

2
ds? = —A(r)dt*+B(r)dr*+r?d¢* , H.(q,p) = \/A (,uQ + % + i—?)

At 2PN order A(r) and B(r) depend on 5 coefficients :
Alry=1+94+% 4% 4+... | Br)=1+24+%4...
Hence : 17-(9+5)= 3 constraints (at 2PN) :
It works for ST tensor theories (Julié ND 2017)

A(r) = 1-2 (482) ) (5) ~am | (240) "+ [o0-+0usT| (Cant) ..

T

B(r) = 1+2[1+MB] (GABM) + [2(2—3u)+5b§T] (%TBM)2+...
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e Resummation

We started from w 1= (H(qvi)—M) [1 LV (H(q,p)—M)]

2
we showed H.(q,p) = \/A <M2 4 %% n i_g)
By inversion one finally obtains the resummed EOB Hamiltonian

2
HEOB:M\/lJrZV(%—) where He\/A(uan%%Jri‘ﬁ)

The dynamics deduced from Hgog and the 2-body Hamiltonian H are,
by construction, equivalent up to 2PN order

Moreover Hgop defines a very simple resummed dynamics which can be
extended to the strong field regime at coalescence.
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The (conservative) dynamics

of an EMD black hole binary

A first flavour of possible tests

Location of the ISCO

32



Location of the ISCO

The 2 BH dynamics reduces to geodesic motion in

2
ds? = —A(r)dt*+B(r)dr?+r?d¢? , H.(q,p)= /A (,LL2 + %72" + i—f)

Location and orbital frequency of the last stable circular orbit (ISCO)

A _ (Au2)” 0 — ju2A
AT T (Au2)Y GApME\/1+2v(E—1)
with u=S4BM = 32(y) = A B(u) = A, /2%

A(u;v) = AESenr(u; V) + 2apku? + (9pk + vebpi)u®

For EMD black holes e1px = (B} — AaB is a simple function of

ma(p) = 1/24 + Q4 %2
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strong-field feature : orbital frequency at the ISCO

A typical
I I I L 1 l 1 u
0.30F ) 0.14} i
[ —— 2PKPadé I | —— 2PKPadé i
I ] L I
0ol  ---- 2PK boogl o13f  ---— 2PK !
_ [ [
Ll asausmas 1PK l
0.26} 9 0.12
0.24f 2 0.11
022} 0.10F
: 0.09}
0.20F : i
n 1 n n n n 1 n n n n 1 n 008 n n 1 n n 1 n n n n 1 n
-0.05 0.00 0.05 ~0.05 0.00 0.05
€1 PK €1PK

[equal-mass case (v = 1/4), setting €1px = €9px = €5pK]

A = PIAEEenr (U V) + 2e1pku? + (9pk + VeEbpK) U]
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Recapitulation

The (conservative) dynamics of an EMD black hole binary
vs ‘‘state-of-the-art” in scalar-tensor theories and GR

e Lagrangian and Hamiltonian for the relative motion
e Mapping to an effective-one-body (EOB) hamiltonian

e A first flavour of possible tests

What next ?

e Radiation reaction forces and full dynamics
e \Waveforms

e Other models...
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Conclusion

Coalescing binary black holes are ideal celestial systems
to test theories of gravity:.
Predicting the gravitational wave signatures
of coalescing “hairy” black holes
will give new constraints on modified gravity theories

and help to better understand General Relativity
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Thank you

for your attention
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