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Abstract: <p>In general relativity, the effective-one-body (EOB) approach, which consistsin reducing the two-body dynamics to the motion of atest

particle in an effective static, spherically symmetric metric, has proven to be a very powerful framework&nbsp;to describe analyticaly the
coalescence of compact binary systems.</p>

<p>In this seminar, we address its extension to modified gravities, considering first the example of massless scalar-tensor theories (ST). We reduce
the ST two-body dynamics, which is known at second post-Keplerian order, to& nbsp;a simple parametrized deformation of the general relativistic
EOB Hamiltonian, and& nbsp;estimate the ST corrections to the strong-field regime; in particular, the ISCO location and orbital frequency.</p>

<p>We then discuss the class of Einstein-Maxwell-dilaton (EMD) theories, which provide simple examples of "hairy" black holes. We compute the
EMD post-Keplerian  two-body Lagrangian, and show that it can, as well, be incorporated within the EOB
framework.& nbsp;Finally,& nbsp;we& nbsp;highlight that, depending on their scalar environment, EMD black holes can transition to a regime where
they strongly couple to the scalar and vector fields, inducing large deviations from the general relativistic two-body dynamics.</p>
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Motivations

e GW150914 : first observation of a BBH coalescence by LIGO-Virgo

e GW170817 : first BNS with EM counterparts (multimessenger astronomy)

— new era in gravitational wave astronomy.

Opportunity to bring new tests of modified gravities, in the strong-field
regime near merger, a topic which is for the moment still in infancy.
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Motivations

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

e Map the two-body PN dynamics to the motion of a test particle in an
effective SSS metric [Buonanno-Damour 98]

H v)?2 2 e I v
(Q’ P) ! €= (E) — He(q,p) ) dse = guudx dx

He - FDOB(H)

e Defines a resummation of the PN dynamics, hence describes analytically the
coalescence of 2 compact objects in general relativity, from inspiral to merger.

e Instrumental to build libraries of waveform templates for LIGO-Virgo
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Motivations

[Phys. Rev. D 95 124054 (2017)] FLJ - N.Deruelle

e Can we extend the EOB approach to modified gravities ?

e Consider the simplest and most studied example of
massless scalar-tensor theories (ST).

e First buiding block : map the conservative part of the two-body dynamics
onto the geodesic of an effective metric.

e ST-extension of [Buonanno-Damour 98]
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Scalar-Tensor theories

We adopt the conventions of Damour and Esposito-Farése [DEF 92, 95]

ST action in the Einstein-frame (G, =c=1)

1 v
SEF = W d4X\/ —g(R - 23“ 8#'(1081290) - Sm [WSAZ((:O)gMV]

e Einstein metric g, free dynamics : Einstein-Hilbert term ; ordinary
kinematical term for ¢ ;

e BUT matter W is minimally coupled to the Jordan metric gu. :

g'u.u = Az(ﬂp)gu.u

where A(y) defines the ST theory (GR : A(yp) = cst).

e Encompass the Einstein Equivalence Principle
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Scalar-Tensor theories
what about S, ?

N-body problem in Scalar-Tensor theories

Phenomenological approach : Skeletonize extended bodies as point particles

e Negligible self-gravity
. dxt dxv
Sm -_—— ;fd)\\/—g,wﬁﬁm,q

i.e. particles follow geodesics of g, (weak equivalence principle).

e When self-gravity is not negligible (neutron stars, black holes),

. dxH dxv _
Sm = — E /dA\/_guVﬁ ﬁm,’[(tp)
A

ma(w) is a function of the local value of ¢ to encompass the effect of the
background scalar field on the equilibrium of a body. [Eardley 75, DEF 92]
ma(y) depends on the theory A(¢) and on the EOS of body A.

— strong equivalence principle violation
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The two-body Lagrangian

Our starting point : what is known today
Two-body Scalar-Tensor Lagrangian [DEF 93][Mirshekari, Will 13]

e Harmonic coordinates 9,(v/—gg"") =0

e conservative 2PK dynamics : O((§)4) ~ C’)((Gjm)z) corrections to Kepler
(to be compared with GR)

e Weak field expansion

Buv = Nuv = dg,u.u
¢ = o+ dyp

e the fundamental functions ma(y) and mg(p) are expanded around ¢y :

1 1
In ma(ip) = In mz + @ — o) + 5 Ba(e — o) + gﬁﬁo(cp — o)’ + -

1 1
In me(p) = Inmg + aB(e — @o) + 5603(90 — @0)* + gﬁ'ao(cp — o)’ 4

i.e. the 2PK Lagrangian depends on 8 fundamental parameters.
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The two-body Lagrangian

Two-body 2PK Lagrangian

L=—mh—mg+ Lk + Lipx + Lopx + -+

3 3 - dVi
R=|Za-Zs|, Ar=

Gagmim>
= ém ia AL where Gag = 1+a%a?g

e post-Keplerian (1PK) :

1 1
8 maVa + 8 mi Vg
G,qsmﬂm%

Lipk =

7.

+ (g(vj + V3) - VA (N Va)(N - V) + Fas(Va — Vi) )

(14 28g) + m(1 + 2[?,4))
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The two-body Lagrangian

e post-post-Keplerian (2PK) :

1
Lepx = 16"‘-‘% VA
Gagmam} [1 _ - _ -5 1= o
4 Gre RA B [8(7 + 4’}*45)(\/2 ~ VA(N - Vs)z) ~ (24 7a8) VA(Va - Vi) + B(VA V)’

1 - 3 — - — 1 - — - — - —
+16(15+3’MB)V§ Vis + 6N Va)'(N - V)? + 3 (3 +2748)Va- Ve(N - Va)(N - VB)]

Gﬁam%(m%)z [1

+ o i (2 + 12548 + 7745 + 888 — 45,,) Vi + ; (14 + 20548 + 754 + 4Bs — 454) Vi

1 - 5 5 1 . . .
- (7 + 16948 + 7945 + 488 — 45A) Va' Ve~ 4 (14 + 12948 + a8 — 888 + 45,1)(% - N)(Vg : N)

1 - - 1 o
+g (29 + 20946 + a8 — 888 + 45,4)(10' Va)? + . (4 + 4948 + Yag + 45,1) (N - VB)E]

Gla(md’ml [ 2. 1, .2 2. 1 1. Gla(md)A(m})* _ -
+ Slslmay e [1+ 2505 + S¥30 + 285 + 264+ 3@,] + Shalma) {ms) [19+87Aa+8(ﬁ,q+ﬁs)+4C]

1 B e R _ .
- SGABm%m% (2(7 + 47,\3)/4/1 . VB(N- VB) + N - AA(N- Vs)z — (7 + 4’}*45)N- A Vé)
+ (A +» B)

_ (a%)? _ (Bha})° _ B%%a% A%
where JA:mé\;%? EA:(I—-{-(A;O;SL_OB? C:W(AHB)
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The centre-of-mass two-body 2PK Hamiltonians

In the centre-of-mass frame : ﬁA + 165 =0

17 coefficients (polar coordinates)

P? GasM
Hi= M+(2,u — ;U:T

)+H1PK+H2PK+“_

1PK /4 1PK A2 /2 1PK /4 1 1PK A2 1PK /2 héPK
= (h{P<P* + MEPBE + PR)-FE(h,; P+ WPRBR) + =

_ (h%PK ’36 4 thK ,54 15,% + thK ,62,6;}.‘, i hfPK 15,3)
h%PK

l 2PK A4 2PK A2 A2 2PK A4 i 2PK A2 2PK A2
+§(h5 P 4 pIPK AP | 2 PR)+§2 (HEPHP? + WPEBR) + 5

The 17 hMPX coefficients are computed explicitly and depend on :

e the coordinate system

e the 8 fundamental parameters built from ma(y) and ma(y)
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The effective Hamiltonian H,

Geodesic motion in a static, spherically symmetric metric

In Schwarzschild-Droste coordinates (equatorial plane § = 7/2) :

ds? = —A(r)dt® + B(r)dr® + r*d¢*

A(r) and B(r) are arbitrary.

Effective Hamiltonian He(q, p) :

He(q,p) = \ A (.u? s

Can be expanded :

—14 9 2 3
A =1+ + 5+ 5+

b
B(r)=1+71+%+---

i.e. depends on 5 effective parameters at 2PK order, to be determined.
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mapping : uonanno, Damour
EOB [ B D 08

1) Use of a canonical transformation :

H(Q, P) — H(q, p)

Generic ansatz G(Q, p) that depends on 9 parameters at 2PK order :

2 ~2
G(Q,p) = Rp: Kmpz + Bip? + L) -+ ((xz'P4 + B P?p} +72;6?+622 +cz% + gzz) + ]

2) Relate H to H. through the quadratic relation [Damour 2016]

- () [ (7

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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The EOB mapping

e H. depends on 5 parameters

_ a a a3 _ b b
A(r)—l—l—?—i-;-l-ﬁ-{—---, B(r)—l—l—r—{—rz—l—---

e H depends on 17 coefficients (h'*¥) ;

e The canonical transformation depends on 9 parameters (v, Gi,...) ;

17=9+5+3

NPK
hi

Hence, 3 constraints on the coefficients of the two-body Hamiltonian.

— The two-body problem can be mapped towards geodesic motion only
for a subclass of theories
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The constraints

e At 1PK order, one constraint :

2h" % +3h"% =0

By Lorentz invariance of the kinematical terms mi+/1 — V3 at the

Lagrangian level , hi¥¥ = i =0 in ST theory.

e At 2PK order, two constraints : the first one

3 2PK 2PK 1PK 2
— oo (12087 1 18R 4 (W7Y?)

is N0 more restrictive.
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The constraints

However, the second one

7

DR R R

R 4

hK
T 128

+ éhz‘"“ (13h§."“h“ + 10(hi"X + h;"“)) +

(5 + 2v + 50°) + ;(1 + u)((shl‘"" + mTEYRE TR hg“"") + 5h1‘“'< (m}“"h“‘ +2(maTK 4 hs‘""))

35
3

2

is restrictive.

e satisfied by the scalar-tensor coefficients

e but not by electrodynamics.
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The Scalar-Tensor effective metric

ds? = —A(r)dt + B(r)dr* + r*d¢’

Yields a unique solution in scalar-tensor theories (coordinate-independent)

Scalar-Tensor effective metric

= 1-2(222) 2 —s] (52 + [o ] (S22) -

B(r) = 1+2[1+'7A3] (G"fM) + {2(2—3v)+6b§’T} (G",‘?""’)EJr

Reduces to GR when ma(y) = cst

General Relativity 2PN effective metric [Buonanno, Damour 98]

3
Acr(r) =1-2 (G"rM) +2y(G"rM) o

Bcn(r)=1+2(c*rM) +2(2—3u)(G*rM)2+...

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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The Scalar-Tensor effective metric

(/) The "bare" gravitational constant G, is replaced by the effective one

G. = Gag = 1-|—05%0503

at all orders (but cannot distinguish from GR).

(i) At 1PK level,

A =1-2 (M) 12[(3) ~ 3ua (GAf"”)2+...

r

B(")=1+2l1+%3] (M) 4

one recognizes the PPN Eddington metric written in Droste coordinates,
with :

‘5Ecid —1+(B), 7Edd - 5

Where

(B) =

B 2a%0%
0 0
1+ ajag

m%Bs + mifa
mY + m%

YAB =

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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The Scalar-Tensor effective metric

Scalar-Tensor effective metric

A(r)=1—2(G"fM) +2[(3}—’7As] (G"f“"’)2+ [2u+a‘a§"‘] (G’*BM)3+---

r

B(r) = 1+2[1+7A3] (GAfM) + {2(2—3u)+5b;"‘] (@)Z

(iii) 2PK corrections

623" = 15 | — 20748 — 35%a — 24(5)(1 ~ 27a8) +4((0) - (0

2 u( —36(8a + Bs) + 4748(10 + Jas) + 4(ea + €8) + 8(da + 08) — 24()]

5b5T = [4<B> ~ (6) +Ans(0 + S Tas) + ”(2@ - 4”"’*8)]

\0)2 040 0 50

(¢ (B al )0 _ Blajso
(SAz—é!—c? EA:(IT%E(%%? C:(_]t.ﬂ:ﬂc_ﬂc_ﬂ_

3
1+ranB ranB)
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EOB dynamics

e The inversion of

defines a “resummed’ EOB Hamiltonian :

He p? . P
Heos = My[14+2v| — —1) where He=,|A|p>+ 5+ —
H B ' r

The dynamics deduced from Hgogp and the “real” Hamiltonians H are, by
construction, equivalent up to 2PK order.

e Hrop hence defines a resummed dynamics, that may capture some features
of the strong field regime.

Scalar-tensor dynamics near merger ?7
(equal-mass case : v = 1/4)

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory

Pirsa: 18020083 Page 20/48



ST corrections to the strong-field regime

2
Heos = My [1+ 2v i—1 , where He=,|A #2+&+%
H B r

But Hgos and He are conservative :

N (8HEOB) _ 1 since He = pE  on-shell
aHe \/1-|—2I/(E—1)

Hence the two-body eom, deduced from Hron

dq _ OHgos OH. dp _ OHgos OH.
dd  OH. Op ' dt  OH. Oq

are identical to the effective ones, deduced from H,, to within a simple time
rescaling

t — t\/142v(E — 1)

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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ST corrections to the strong-field regime

ds? = —A(r)dt® + B(r)dr® + r*d¢?

GasM
U=
r

(%):ﬁﬂu) with F(u) = E2 = A(u) (1+/°0%)

e circular orbits : F(u) = F'(u) =0

20y A N A 24
J (U)— (Auz), ’ E( ) A (Auz);

e ISCO location : F"’(usco) =0

AN (Au2)h'
AT (A

— ST corrections to the ISCO location and orbital frequency 7
(“peak chirp frequency”)

Q _ 8HEO}3 aHe _ J'UzA
OHe Opy  GagME./1+ 2v(E — 1)

)

(depend only on A(u) = —gg)
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ST corrections to the strong-field regime

Last ingredient : the ST-corrected A(u; v)

ST-corrected A(u; v)

A(u;v) = Asox(u;v) + 261k 0” + (e3pk + vespx U

ek = (B) — Jas

ok = 15 | — 20748 — 35746 — 24(B)(1 — 27as) +4((6) — ()

v = = 1_ _ 1 2
eapk = —3(Ba + Bs) + E’YAB(]-O + 7aB) + §(€A + es) + 5(5;\ +dg) — 2¢

ST-Corrections described by 3 parameters, (€1px, €3pKk, €5pK )

e BUT numerically driven by (a%)? (c.f. DEF, diagrammatic methods)

e When (oa%)2 << 1, | e1pk ~ eng ~ espk | and ST-corrections are perturbative

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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ST corrections to the strong-field regime

In this perturbative approach, best available EOB-NR function for GR :

G AC 1
Aspx (Ui v) = | Asosnr(u;v) = Ps[Aspn]

i.e. the (1,5) Padé approximant of the truncated 5PN expansion :

6

A;f,yﬁr = 1 - 2u + 2yu + ua4u + (35 + a5 In u)u + V(a5 + 36 In u)

[Damour, Nagar, Reisswig, Pollney 2016]

e smoothly connected to Schwarzschild when v — 0

e ag(v) is obtained by calibration with Numerical Relativity

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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ST corrections to the strong-field regime

ISCO location and orbital frequency,
equal-mass case (v = 1/4), setting e1pk = €3pk = €5pk

e 2PK Padeed corrections,

A = Pi[AGSeNr (Ui v) + 2e1pk 0P + (3pk + vebpi )u®]

Ulsco(€1px)

GasMQisco(€1pk)

——— 2PK Padé —— 2PK Padé

d(GasMQ)isco

deipk v=1/4

~ 0.13

relative correction to GR significant (~ 10%) when €;px ~ 1072 — 107"

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory

Pirsa: 18020083 Page 25/48



Pirsa: 18020083

Recap

e Remarkably, the EOB framework can be extended beyond GR. In
scalar-tensor theories :

A2PK(U) = P;[Agfngor + 2611)}( U2 + (Egp}( + VE;I)K)Ua]

e But also applicable for any theory whose coefficients h''K satisfy the 3
mapping conditions.
Remarks

e Binary pulsar experiments have put stringent constraints on ST theories
(no dipolar radiation)

(a%)’* < 4x107°

For any body A, regardless of its EOS or self-gravity.

e The ISCO ST-correction (significant for (a%)? 2> 107?) seems unlikely to
improve binary pulsar constraints.
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However :

e However, stars subject to dynamical scalarization can develop non
perturbative (a,q)2 near merger [Barausse, Palenzuela, Ponce, Lehner 2013].
EOB is well-suited to investigate this regime !

e The interferometers LIGO-Virgo or even LISA are designed to detect highly
redshifted sources. Cosmological history of ST theories ?

Black holes :

e Are known in these ST theories to carry no scalar hair : ma(y) = cst i.e. no
deviation to GR.

e Induce scalar hair by means of a vector gauge field, as in, e.g.,
Einstein-Maxwell-dilaton theories ?
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Einstein-Maxwell-dilaton theories (EMD)

EMD action in the Einstein-frame (Gx =c=1)

1

Semp = 167 d4xv —8 (R_ 2gpuau‘PBV‘P — e Y Fnu) + Sm [W, Az(go)gw, Au]

Where F‘u,u — a‘ﬁAy - ayA“,.
e U(1) “"graviphoton" gauge vector A,
Ay = Ay + 0ux

e Fondamental parameter, a : non-minimal coupling between ¢ and A,
e When a = 0, reduces to Einstein-Maxwell minimally coupled to ¢

e When a # 0, shift symmetry ¢ — ¢ + cst broken in vacuum : *“hairy” black holes

Include Einstein-Maxwell-dilaton theories within the EOB formalism ?

e Can be mapped to geodesic motion at 1PK from Lorentz symmetry.

e First step : compute the two-body Lagrangian

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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Two-body Lagrangian in Einstein-Maxwell-dilaton theories

How to reduce compact bodies to point particles in EMD theories ?

Most generic ansatz for compact bodies [JCAP 1801 026 (2018)] FLJ

Sm = SEPlgs Ay oy (XN f m(e)don + 3 [ A

where dsp = \/—guudx} dxy.

e Covariance : ma(y) is a scalar function of ¢(x}(s))

e Preserves U(1) gauge symmetry (A, — A, + 9,X) iff qa is a conserved
charge

dx’
O =0 where Z qad 3) xa(t) ;:

e No gradients 9, = {0, 0;} of the fields : no finite-size (e.g., tidal) nor out of
equilibrium effects

ma(y) and ga can be computed for a given body (e.g. NS or BH)

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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Two-body Lagrangian in Einstein-Maxwell-dilaton theories

Two-body action

1 4 —2ap =2
S= ﬁ/ld x\/—g(R—28p<P8vgo—e YF ) —;fmA(¢)d5A+;quA“dxﬁ

e The two-body problem depends on a, on two functions ma(y) and two
parameters ga.

e Field equations

Yy a 1
Ruv = 20,p0.¢ + 2e 2ap (FFWFV - Egm, ) + 871'2 ( w — 2guu TA)

e
dx A

vy (e-m F‘“’) = (% — %a(t))

a —23‘P F2 471' dSA dmA

O = — 5e \ﬁ rTy W5 ) (X — Xa(t))

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory
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Two-body Lagrangian in Einstein-Maxwell-dilaton theories

Two-body Lagrangian at post-Keplerian (1PK) order
e Harmonic and Lorenz gauges : 0,(v/—gg"") =0, and V,A* =0

e 1IPK: O ((5)2) ~ QO (Q”‘—r’") corrections to Keplerian dynamics

e Weak field expansion (background : 7., o, A = 0)

goo = —e 2V + O(v°) A = 8A; + O(v°) @ = o+ 8¢ + O(V°)
goi = —4gi + O(VS) Ai = 0A; + O(Vs)
gi = 6;e*Y + O(v*)

e the functions ma(y) and mg(y) are expanded aroud (o

1
In ma(p) = In my + (e — po) + 552(90 — o)’ -

1
In ms () = In mp + aB( — o) + 5 88(¢ — wo)* + -+

i.e. the 1PK EMD Lagrangian depends on 6+2+41=9 fundamental
parameters
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Two-body Lagrangian in Einstein-Maxwell-dilaton theories

Final result : EMD two-body Lagrangian at 1PK order

: 1 1
LEMP = —m3 — m} + 5mﬂV§+ §m°BV§+
1 1

+ gmaVa + gms Vs +

Gas mﬂ m%
R

| 3(VA + VB) = J(Va-Ve) = 5N.VAY(N. Vo) + Tas(Va — Vo'

Gagmim
R
2 0 0
_ Gigmamg

A [mA(1+ 2B8) + mB(1+24)|

o [EMD has exactly the same structure as L35 at 1PK !

Gag = 1+ apap — eaes
—4(194(1% + 3eaes
2(1+ b0 — esen)

Ba = 16204%2 — 2exeg(aak — afal) + ej(l + aa — e3)
# 72 14 a%a% — eaep

YAB =

where ea = (qa/m3)e’? |  eg = (qs/mp)e’?

e reduce to ST in the limit ea = eg = 0, i.e. when ga = g = 0.
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Einstein-Maxwell-dilaton theories and EOB

e As a consequence, we have already included Einstein-Maxwell-dilaton
theories into the EOB framework (at 1PK order) :

GagM
u= —m3m

A(u; v) = Ps A + 2 ((B) — Aae) u’] p

where (B) = (m38e + m%Ba)/(m% + mB).

usco(€e1pk) GasMQisco(€eipk)

—— 2PK Padé —— 2PK Padé
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Recap :
e Start from the skeleton action, which simplifies computations

1

5= Tom

d*x\/—g (R — 20,00, — e_szz) - Z / ma(y) dsa + Z ga fA” dxy
A A

e At 1PK, the two-body Lagrangian depends on the two functions ma(y)
through

d?In ma
n= d—(pg(%)

and on the two constants ga.

e Generically describes any compact body in EMD theories
How to relate ma(¢) and ga to a specific body ? Say, a “hairy” black hole ?
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EMD black holes

Siffin = 167 [ d'xv=8 (R — 28" 0updyp — e 0 FI F,w)

SSS, electrically charged BH with “secondary” scalar hair [Gibbons, Maeda 88]

1—a? 1— 2
El

~d52=_( _f7+) (1_%—)?1 dt2+( _r7+)—1 (l_rT_)‘ﬁ:; dr2+r2(l—r7_)l2:? d0?

- o . 2 = 2ap.
A; = — A =0 with Q——1+aze R

an(-%)

e 3 integration constants : r,, r_, @ (imposed by the faraway companion).
e No electric charge @ =0« r— = 0 : BH reduces to Schwarzschild’s

e Decoupling limit a = 0 : BH reduces to Reissner-Nordstrom’s

To be “skeletonized”
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Skeletonization of EMD black holes

SSS and electrically charged BH [Gibbons, Maeda 88]

1—a? 2

W= (-5) (- 5) F s (- ) 6 5) e (o) P

Q 2P oo

= . 2_i —2ap oo
, Ai=0 with Q—1+aze 5

1) Asymptotic expansion at infinity (isotropic coordinates r = F+[ry +r-]/2+4 )

2
. ry + 1_—:} r-
Buv = Nuv + 5uu (];-) + O (

Q e?eos 1
=08 o (1).

a r
- — 40
14232 F +

¥ = Poo

e encode sufficient information to fix uniquely ma(y) and ga.
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Skeletonization of EMD black holes

2) Near-worldline region of particle A

Recall : skeleton action

1

S = T /d4x\/ (R 20,00, — €~ 2’”F2) fmA(@) ds,q—l—q,q/AJu dx"

4 Buv

Ruv = 20,p0,p + 2e~ 2% (F,mF «_ 1o F ) + 87 (T,ﬁ, - ;gm, TA)

Vo (0P ) = Fans® (7 - 5a(0)

:_ée_gang+ 47 dS,q dmA (3( — % (t))

2 Vv—g dt dyg

H
dxA

OGNy — Xa(t)) dxi dx}

dx? dxT dt dt
8807 4 dr

where T3 = ma(yp)
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Skeletonization of EMD black holes

Asymptotic expansion of the skeleton fields

e Rest-frame of the particle X4 = 0

e Harmonic coordinates 9,(v/—gg"") =0

e Expansion around the BH's background :

guu = Nuv + huu , Ar= dA: y @ = Poo + (5(,0

" 2ma(poo 1
Buv = Muv . 5;“1 (AE;P)) + O (Fz) )

e Asymptotic expansion in terms of ma(peo), Ma(Peo), and ga.
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Pirsa: 18020083

Skeletonization of EMD black holes

3) Matching

e the identification yields (harmonic and isotropic coordinates coincide)

Matching conditions
ma( )—l r—l——l_azr
ga = Q

dmA ar—

dp o) =1 2

e enable to compute g4 and ma(y) in terms of the “real” source.

e For black holes, Q* = ;‘T'a} e~ %#%> yields a first order differential equation :

Félix-Louis Julié Two-body problem in modified gravities and effective-one-body theory

Page 39/48



Skeletonization of EMD black holes

Recall : skeleton action for compact bodies

SEPalguv, Auy i, x4] = —fmA(cp)dsA + qA/A”dxj{

where, for electrically charged EMD black holes :

dmA 1—32 dmA _ a » 2a¢
(dcp)(m(@)_ 2a dtp)_2qu J

— Once the theory is fixed (i.e. a), a black hole is entirely described by two
constant parameters :

e its electric charge ga

® a unique integration constant, 4.
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The sensitivity of a hairy black hole

A simple example : a=1

e2v
ma(e) = \[1a + ah—5-

ma(y) depends on two constant parameters :

e The electric charge of the BH, ga = @. When g4 = 0, Schwarzschild.
e The integration constant,

2 _ r(ry —ro) _ Au
Ha = 4 = 167

is related to the horizon area of the black hole !

When @ varies adiabatically, the black hole readjusts its equilibrum
configuration (ry,r-), in keeping its charge and area fixed.
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The two-body Lagrangian

Consequence: 1PK dynamics of EMD black holes, deviations from GR

0.0
Gag = 1 + apap — eaes

—4a°Aaf.?3 + 3eaeg

YAB =

~ 2(14 a%al — enes)

2
= 1Pp0p" —2epep(acy — apap) + e(1 + aoy — €3)
1+ a%al — eaep

d?In mu

Ba = sz(%) , ea=(qa/mp)e

apo

e These parameters characterize deviations from GR and can now be
computed for our EMD black holes

e They depend on two constant parameters (qga, ua) per black hole.
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“Fermi-Dirac” distribution !

R Bai=2a3(1-af), (en)’ =20}
1+e n aA —¥o

af = aa(po)

— |Ualgal=10"
|Walqal=10°
|balgal=10°

10 5 5 10
@
e Steep transition between two universal regimes:

Schwarzschild-like regime <> “scalarized” regime: large deviations from GR

e Note: specific values (ua, ga) only influence the location of the transition
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The two-body Lagrangian

Consequence: 1PK dynamics of EMD black holes, deviations from GR

0.0
Gag = 1 + apap — eaes

—4a°Aaf.?3 + 3eaeg

YAB =

~ 2(14 a%al — enes)

2
= 1Pp0p" —2epep(acy — apap) + e(1 + aoy — €3)
1+ a%al — eaep

d?In mu

Ba = sz(%) , ea=(qa/mp)e

apo

e These parameters characterize deviations from GR and can now be
computed for our EMD black holes

e They depend on two constant parameters (qga, ua) per black hole.
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Generic EMD theories
de

af = aa(po)

(settings: a € [0, 10],
|1a/qal = 10°)

ap) . 0) (1- 32)05% —2a
(1—-a%)af —a

0 lza —(1- az)a%}

(ea)” = ap o

e Generalized “scalarization”: (a3, 8%, ea) — (a,0, £v/1 + a?).

e The dynamics of EMD black holes depends crucially on their cosmological
environment .
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Quasi-extremal black holes

A striking example: two “scalarized” black holes

e Two EMD black holes
e Charges ga and gg of the same sign

e When ¢y is large enough, ag/s —a, 52/8 =0, eyp—V1+a®.

Gag — 0, Gag as — (3 —a%)/2, Gas BA/B — 0

EMD-extended “Majumdar-Papapetrou” Lagrangian

32\ memd -~ -
Lag = —may/1 — V2 — mp4/1 — v§+( 2a ) mARmB(VA— Vs)? + O(V°)

e Scalarized BH are in fact quasi-extremal: | (ea)® = (qa/ma)’e**?° — 1 + a°

e When ¢ increases, universal “self-tuning”.
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Conclusion

Concluding remarks :

e Remarkably, the EOB approach is valid beyond the scope of general relativity.
In scalar-tensor theories :

AP (u) = PYAGRE + 2eapit” + (Bpxc + v ebpic )]

e But also applicable for any theory whose coefficients h''K satisfy the 3
mapping conditions, e.g. Einstein-Maxwell-dilaton theories at 1PK order.

e The ST and EMD examples suggest a generic ansatz

AI’EOB(U) = P} [AQ{I@’ + 2(elpk + v lpx )’ + (€2pK + V Ehpx )]

where €Jpk, €/pk, €apk, and espyk are theory-agnostic Parametrized EOB
(PEOB) coefficients.
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Conclusion

e We generalized Eardley’s “sensitivity” ma(y) to hairy black holes, and shed
light on the “scalarization” of EMD black holes to a quasi-extremal regime.
Note the simplicity in comparison to NS (eos, Jordan metric,...).

e Necessity to observe sources emitting from various redshifts. Contrarily to
GR, in ST and EMD theories, the cosmological background g is determinant
for the two-body dynamics.

Next step : ST and EMD corrections to the radiation reaction force

e Known in scalar-tensor theories at 1.5PK and 2.5PK [Mirshekari, Will 13]

Y B(CanmOOYE [ e e .
F = 5 ( ABJ;TB) [(N.V)N(AI.S + Az5) — V(Bus + Bz.s)]

e Unknown is Einstein-Maxwell-dilaton theories (ongoing work).
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