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Motivation

GR is amazingly tested on small scales :

Lunar ranging tests of strong
equivalence principle and time
variation of Newton’s constant,
400 000 km

Laboratory experiments
(Eotwash) tests of fifth
forces and equivalence
principle

0.1 mm

Cassini probe test of fifth
forces
1 a.u., 150 million km.
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Separation (Rs)

Gravitational wave emissions from black
hole and neutron star mergers
50 Mpc



Motivation

But it is still quite mysterious on large scales !

1
_ 4y — _
Sacom = 162G Jd A g (R—2N) 26.8% Dark

68.3% Dark 9% Ordinary
E gy
nergy Matter

What if Dark Energy was not so simple as A?

This generically violates small-scale tests ! (via the coupling to matter)

Often a screening mechanism is invoked



Motivation

The two-body problem is an ideal playground for testing
modifications of gravity

Perihelion precession

Binary pulsars

T = orbital period = 7.75198
a = semi-major axis = 1.95 X

e= 1
mi = 144MO = 2‘867 ) 0 | g
m2 = 1'39MO — 2-7661 ’_030 kg

* Periastron = 0.746 x 10° km
Apastron =3.153x10°km

Inclination = 45°
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Plan

e The two-body problem in GR
e Scalar-Tensor theories and disformal couplings

e Vainshtein screening



The two-body problem
In GR



The two-body problem in GR
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EFT approach : use field theory tools

Expand the propagator :
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Goldberger and Rothstein (2006)
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The two-body problem in GR

The two-body dynamics is encoded in the effective action :

1Sepe X1 (1),X, ()] — J@ h eiS[Xl(t),Xz(t),hﬂy]
Uy

It has real and imaginary parts :

R(Sepp) = JdtL[Xa, v, ]
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Scalar-tensor theories
and disformal couplings



Modifying GR : scalar-tensor theories

Simplest modification of GR : a new scalar field is present

1

Sp==% Jd“x —28"0,40,¢

We generically expect a coupling of ¢ with matter. The most generic
compatible with causality and the equivalence principle Is : Bekenstein 92

Sulgu-wil With g, = A(h, X)g,, + B(h, X)d,p0,p  X=8"0,904

T \

Conformal Disformal



Conformal coupling

Focus first on §W — A(¢)gﬂy Dicke, Will, Wagoner, Nordtvedt, Damour, Esposito-Farése...

$ S. =—[a’r m(¢)=def —1+ai+ﬁ i 2+
Int A TTPA A AM A MP

P
AK, F. Vernizzi, F. Piazza 19

Conservative Dissipative
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Gy =Gy (14 20a,)




Conformal coupling

Focus first on §W — A(¢)gﬂy Dicke, Will, Wagoner, Nordtvedt, Damour, Esposito-Farése...
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Int A TTPA A AM A MP

AK, F. Vernizzi, F. Piazza 19

Conservative Dissipative
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PPN parameters :

Ay
=1-4
FAB 1 + 20405
B =1-2 azag + fug
AB =

(1 + 2a,ap)?




Conformal coupling

Focus first on §M,, — A(¢)gﬂy Dicke, Will, Wagoner, Nordtvedt, Damour, Esposito-Farése...

$ S, =—[dT m(¢)=de7: 1+ai+ﬁ A 2+
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PPN parameters :
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Monopole Dipole Quadrupole



Conformal coupling

Sint = — [dTA my(¢p) = mAJdT <—1 + OCAi + s <

MP
Mass renormalization : —r* >
’
_mbarejdt - = (mbare + E(A)) Jdl‘ '
/ E=0

E#0



Conformal coupling

2
S = — [dTA my (@) = mAde -1+ ocAi + P4 <i> + ...

MP MP
Mass renormalization : > — > —
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Charge renormalization : R

Oty reMbare Jdt ¢ — a(A)m(A\) Jdt ¢

and Gy =Gy (1 +2aa,)




Disformal coupling

8w = AP)g,, + B($)o,¢p0,¢
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Disformal coupling
Circular trajectory

G mmy(m; +my) [ d 1\° g G d> 1
IYE e dis M2 di2 1

For circularorbits: 7 — () !

No contribution of the disformal coupling. This is intuitive because :

2
[df(dﬂ¢vz)2 = Jdr <%>

In this case we showed that only radiation reaction effects contribute

horizon 1
v =14 p— 1SCO I

= Lys = O0'™), L= 0(") S
\ I\




Monopole Iy = 8ab
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Disformal coupling
Elliptic trajectory
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Hulse-Taylor

Cassini
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Vainshtein screening



Motivation

In the theories presented above, GR tests force the couplings to be small

a < 1072

Often a screening mechanism is invoked to have interesting deviations on
cosmological scales

P(r) ~ 0 O(r)y ~ GM/r |




Spherically symmetric screening

Take the simplest Vainshtein screening: §= Jd“x
(K-Mouflage)

- (09)°

: (0h)* + T
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AA4 M,

Barreira et al 2015



Spherically symmetric screening

~

Take the simplest Vainshtein screening: §= [dzd%c [—%(V&)Z — %(Vgﬁ)“ + T
(K-Mouflage)

Barreira et al 2015
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Spherically symmetric screening

~

Take the simplest Vainshtein screening: §= [dzd%c [—%(V&)Z — %(Vgﬁ)“ + T
(K-Mouflage)

Barreira et al 2015
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Motivation

Still small-scale tests of GR are very precise !

o Ays lorio 2012 x
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The two-body problem : outside

&. S = Jdtd3x [—%(Vqﬁ)z — %(V&)‘* +¢T

T =—m8(x —X;) — my5°(X — X,)
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The two-body problem : outside

<£@> S = Jdtd3x [-%(V&)Z — %(V&)‘* +¢T

o WalX: X — J@M]eiS[Xsz,qb]

r>r. < (Vo) > (V)




&. S = Jdtd3x [—%(Vqﬁ)z - %(V&)‘* +¢T

The two-body problem : outside




The two-body problem : outside

) y)

mym, mm,(mi + my)

E = | |
r 5r

e Numerical

i Newtonian ,
| —— Resummed
o
o
o
- [
[
[
o

-1.10 A




Effective One-Body (EOB) : outside

< x E . =up(r)=u | Fo..

ro 51




Effective One-Body (EOB) : outside

< x E . =up(r)=u | Fo..




Effective One-Body (EOB) : outside

< x E . =up(r)=u Foot+ -
r S5r
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Effective One-Body (EOB) : outside

M
Fy » M M
< X E . =up(r)=u Foot+ -
r Sr
nmy m-, ) )
Fé P m,m, . mym,(mi + my) .
r 513
mym,
H= M M
T =u< | 5(x2+(1—x)2)+...>
M =m;+ m, r Sr
X = i
my + m,

The two-body energy is a deformation of the test-mass energy

Damour & Buonanno 99



Energy map outside

Idea : resum nonlinearities by using only £,

tm — M - ISI"S m ... — U - | 5r5x X




Energy map outside

Idea : resum nonlinearities by using only £,

M M M M ,
Em=p| —+_—=+-- E=u | x“+(1=-x))+...
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Inside the nonlinear radius

p E_ =3uMn'"+ ...
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Inside the nonlinear radius
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Inside the nonlinear radius

|dea: Postulate that the energy map is valid inside

E
—_— — bo -+ bl tm 1 + b2 tm 1
Etm Eref Eref

One cannot compute the b,'s, but one can get them with a nhumerical simulation !
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EP violation

The Moon Is a test-mass :

Fy=—-VE,~—my,V ¢y

@ o b (Numencal)
and - :
F’M _ mME)M _ ).90
= @, = V¢ does notdepend
on my, 700 0.1 0.2 0.3 0.4 0.5



EP violation

The Earth is not a test-mass :

F p o — my by(xg) V o(r)

and

= @y =bylxse) V() depends on xg, !
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The Sun-Earth-Moon system

F'SE

Fsm

- n=4/3
»\ K-Mouflage : »
Ly = sl (1 +bo<xSE><@> > =/
int —
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rsm\\ Galileon-3 : n=3/12/3
+GmS M <1 +b0(xSM)< - r*zM
Fsym
Gmy, M<
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The Sun-Earth-Moon system

r
F EAM/‘ SE
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<4

Needs to verify

Gmgm rep \
Tem Tse o L= ——— 1+ bylxgp) <£>
I« g I« g \ F'sE V'«
Gmgm Fou \
+ Y <1 +b0(xSM)< SM) >
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+ EMyy

FEM



The Sun-Earth-Moon system

r
F EAM/‘ SE
—

- Sy
Needs to verify
"EM 'SE L. = Gty 1+5b 'SE ! : :
< int o(¥se) - “~Earth anomalous perihelion

_|_

Gm.m
+ EMyy

£

FEM

F*,E 7'*,5\ rSE
Gmem r "
> M <1+b0(xSM)< SM) >
rSM 1%

¥ n
1+ bo(xEM)< EM) )'\Moon anomalous perihelion



The Sun-Earth-Moon system

r
F EAM/‘ SE
—

<4

Needs to verify

Gmem r
M ISE - Ly = - (1 + bO(xSE)< -

£

I”*,E 7'*75\ rSE
Gmem Feng \
> M (1 + bO(xSM)< jM> >

_|_

Not relevant for EP violation



The Sun-Earth-Moon system

rgp = T
FEM
—

<4

roM = 7
I;
Expand L. in the EM center-of-mass frame using — < 1 :
r
Gmymg + my,) r\"
Ly = - i = <1 + [(1 — Xpan)bo(Xsg) + xEMbO(xSM)] <r_> )

l

rept; r\"
+Gugymg <(1 — n)(by(xgr) — by(xgay)) <_> )

7"3 £




The Sun-Earth-Moon system

rgp = T
FEM
—

<4

rgm = T

I
in the EM center-of-mass frame using — < 1 :

r
‘GM’ of Earth-Moon

/ modified : very hard

L. = Cms(mg + M) (1 + [(1 — Xpp)bo(Xsg) + xEMbO(xSM)] <L> > to observe

r £

Expand L.

nt

rngl- r\"
+ Gy mg ((1 — n)(by(xgp) — by(xgs)) (r_) >

3
\ EP violation



The Sun-Earth-Moon system

Let’s focus on the EP violating term :

I

Line = Gugymg rE’gri ((1 — n)(by(xsg) — bO(xSM))<
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The Sun-Earth-Moon system

Let’s focus on the EP violating term :

FEmT; r\"
Line = Gpgyms 3 ((1 — n)(by(xsg) — by(Xspr)) (r_*> >

~ G rEm | P\ . D= at o
= ﬂEMmG)T (1 = m)axgg r_

Gmgmy, To the sun

r/' >
>

£

Srpy =~ 3 % 1012 | (1 — n)axqx (i) cm




The Sun-Earth-Moon system

Srgy = 3 % 1012 | (1 — n)ayxg, (i) cm

1%

This gives a constraint :

n
X (L> < 10713
1XSE - ~>
%k

Since x; ~ 107, the perihelion constraint is better :

o (%) <1071



Conclusions

e The two-body problem triggers lots of developments in analytic
GR. They can be transposed to modified gravity.

e Future directions : conservative and dissipative dynamics of
inspiralling compact objects with screening ; GW from hairy
black holes (analytic results in the extreme mass-ratio case)



