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A LONG AND RICH HISTORY....

EINSTEIN'S GENERAL RELATIVITY (GR)

MERCURY
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A LONG AND RICH HISTORY....

EINSTEIN'S GENERAL RELATIVITY (GR)

-
' Gm;m 2 ® MERCURY
Post-Newtonian force F=— ; 2r 140 (_2> )
r C
% Prihelion advances
2° per century
Gravitational Waves (GW) p =Y roup
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A LONG AND RICH HISTORY....

THE SOUND OF GRAVITATIONAL WAVES




PROBLEMATIC

What can we learn from gravity using two-body trajectories ? Where
should we look for new physics, and which parameters control possible
deviations from GR ?

— EFFECTIVE FIELD THEORY (EFT) ideas are crucial
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PROBLEMATIC

What can we learn from gravity using two-body trajectories ? Where
should we look for new physics, and which parameters control possible
deviations from GR ?

— EFFECTIVE FIELD THEORY (EFT) ideas are crucial

A simple example : Eddington parameters

2GM  2G*M? 2GM
gﬂydx”dx”z—<l— +3 +...>dt2+ <1+y +...>(dx2+dy2+dz2).

r 2 a

Today’s constraints: |y — 1| <2 X 1075 |B—-1]<8x%x107
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WHY MODIFY GRAVITY 7

COSMOLOGICAL CONSTANT PROBLEM HUBBLE TENSION

CMB and Independent Local H; values

.y

£ CMB

A | 67405

Z

:-'_'5

£

& TRGB Cepheids

. (LMC) (N4258+MW)

z 69.8 + 1.9 73.9 + 1.6

=

64 66 6I8 70 7I2 74 716 78 80
H,

SCALAR-TENSOR THEORIES: 8w T @
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PLAN

1. THE TWO-BODY PROBLEM IN GR : AN EFT APPROACH
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THE TWO-BODY PROBLEM IN GR

Basic ingredient of GR : the METRIC g,

M3 (
Action principle (in vacuum) :  Sgy = TP d¥x. /— gR = GW = ()

7
dxy dx;

dt dt

APOINT-PARTICLEIN GR: S = —my |dty =—m, |dny|—-g,

The two-body problem in GR 16



THE TWO-BODY PROBLEM IN GR

. Goldberger and Rothstein 06
EFT approach : use field theory tools Porto 06

+ many others...
g,uu — r]/w T h,m/

on

OW?) =0 (G—> < 1

r
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THE TWO-BODY PROBLEM IN GR

. Goldberger and Rothstein 06
EFT approach : use field theory tools Porto 06

+ many others...
S =M Ty = s=5P45,,
(GREEN FUNCTION or PROPAGATOR:

1 1
S(z) = — g [d“x [—5(@;}15)2 + (a,uhyp)Zl ““““

INTERACTION VERTEX:

Sine D m[dt hyo det th, "d4x 0*h’>

~
-~

The two-body problem in GR 18



THE TWO-BODY PROBLEM IN GR

The two-body dynamics is encoded in the EFFECTIVE ACTION :
eiSeff[X1(f)aX2(f)] — J@h e iS[x,(0),x,(0),h,,, ]
H

REAL PART: CONSERVATIVE IMAGINARY PART: DISSIPATIVE
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THE TWO-BODY PROBLEM IN GR

The two-body dynamics is encoded in the EFFECTIVE ACTION :

eiSeff[X1(f),X2(f)] — J@hﬂye S1x, (1) %,(0.,

REAL PART: CONSERVATIVE

R(S.p) = [dtL[xA, V]

\ B

= _m1V1 2

| X1() — X5(0) |
The two-body problem in GR 20
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THE TWO-BODY PROBLEM IN GR

The two-body dynamics is encoded in the EFFECTIVE ACTION :

iSalxi %01 — | Gy oSO XD,
|72 %

REAL PART: CONSERVATIVE

R(S.p) = [dtL[xA, V]

\ B

= _m1V1 2

| X1() — X5(0) |
The two-body problem in GR 21

1PN+ e o e

IMAGINARY PART: DISSIPATIVE

(S, ) = d JdEdQ dT
) dEIQ




A RESUMMATION TECHNIQUE

A. Kuntz (PRD) 20
In the 1PN potential enter two types of vertex

Sy D Jdt he, Sen D [d4x 0%h’

2 2

2r2 N r2
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A RESUMMATION TECHNIQUE

A. Kuntz (PRD) 20
In the 1PN potential enter two types of vertex

Sy D Jdt he, Sen D [d4x 0%h’

/N G2m1m2

K \ 2r? RO r?

The first one can be resummed exactly !

Uy, U
my EurVaVA
Sop.A = — mAJdt\/—gﬂyvf“vj < Spp.A = Ty [dt

Wlth €A = \/—gﬂyVXVX

... The worldline couplings are now LINEAR

The two-body problem in GR ’ - 23



VWORLDLINE PARAMETERS

A. Kuntz (PRD) 20
e;, & obey an interesting quintic equation. In the static case: ¢, = /=2

72

2Gm, > 4G’ m3e,
r

— filey, ) = (ef — 1)2<€1 —

-—— iy
- ~~

0.0 < — -8

_ K
—0.1 A / o ‘e S PR

] 0

1,7 /- = 9.5
—03 “_ // .,' g :

1 {pan r=3GM >r, N 1

r=26GM ~r, 2T

—-0.4 g OEREEE r=24GM < r, 0 0.1V25 0.25
0.0 0.2 04 0.6 0.8 1.0 1.2
€

They define an ‘effective two-body horizon’!

This can be generalised to gauge-invariant quantities for circular orbits

The two-body problem in GR o4



PLAN

1. THE TWO-BODY PROBLEM IN GR : AN EFT APPROACH
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MODIFYING GR : SCALAR-TENSOR THEORIES

M2
: _ 4
GR action: S = > [d xXy/—8R+5,18,,, ]

A simple alternative to GR: g uy + @
1 4 UL
S, =— B d*x\/—gg"" 0,90,
Coupling of @ with matter, compatible with causality and equivalence principle:

Sml8u vl with g, =A(p,X)g,, + B(@.X)0,00,p  X=g"o,pd,p

T \ Bekenstein 92

Conformal Disformal

Scalar-tensor theories 26



CONFORMAL COUPLING

Focus first on §W — A(gﬂ)gﬂy A. Kuntz, F. Piazza, F. Vernizzi (JCAP) 19
2
—— JdTA my() = mA[dT a5, () 4
PP MP MP
CONSERVATIVE DISSIPATIVE
_|_

Gy =Gy (1 +2aa)

Scalar-tensor theories 07



CONFORMAL COUPLING

Focus first on §W — A(gﬂ)gﬂy A. Kuntz, F. Piazza, F. Vernizzi (JCAP) 19

— dTA mA(qﬂ) — mA dT —1+0£A—+5A E—

PP
P MP

CONSERVATIVE DISSIPATIVE

PPN parameters:

A 0p

ap=1-4
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CONFORMAL COUPLING

Focus first on g,ul/ — A(gﬂ)gﬂy A. Kuntz, F. Piazza, F. Vernizzi (JCAP) 19
2
—— JdTA my() = mA[dT a5, () 4
Pp MP MP
CONSERVATIVE DISSIPATIVE
Y +... o
v
PPN parameters: 5
1 XA
ag =1 41 + 20,405

2 2
ax05 + fap
(1 4+ 2a4ap)?

P,=2Gy <I;/)2> + % <I';2> + % <igz> + ...
A ARVA

Monopole Dipole Quadrupole

pap=1-72

Scalar-tensor theories 29



CHARGE RENORMALISATION

A. Kuntz, F. Piazza, F. Vernizzi (JCAP) 19

2
P P
Sint = — JdTA mA(go) = mAJdT <_1+GVP+5 (E) + )

> | I > > M v > . \\ K >
A / . K \

G, = Gy (1 + 20,

Scalar-Tensor theories 30



DISFORMAL COUPLING

8= A(go)g/w + B(qo)dﬂgodygo P. Brax, AC. Davis, A. Kuntz (PRD) 19
¢ o\ 1

_ _ 5 KA o

$ Spp = mAJdT< 1 + aAMP + 0y <Mp> + ) (1 + M2M1%(a”(va) + >
CONSERVATIVE DISSIPATIVE
i
Vi + s
¢

G2mymy(m; +m,) (d 1\° Gmm, d* 1

L, = 4a?h— 3421 2 (dJ) Monopole Ly = 8ab—r-—=———

r=x1(2) — x,(0) |
Scalar-tensor theories 31



DISFORMAL COUPLING

CIRCULAR TRAJECTORY P Brax, AC. Davis, A. Kuntz (PRD) 19

’ ’ Gmym, d* 1

Lyis = 4a*b G mymalmy +my) [ d l Igis = 8ab o —

; M? dt r M2 dr
For circular orbits: 7 = () !

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

dop \°
[dr(dﬂqbvg)z = Jdr <E>

In this case I showed that only radiation reaction effects contribute

= Ly = 00", Iy = 00"

Scalar-tensor theories 32



DISFORMAL COUPLING

E LLIPTIC TRAJECTORY P Brax AC. Davis, A. Kuntz (PRD) 19

Gmym, d* 1
M? df?r

Monopole lyis = Sab

64
= Py = 5 a(GM0) ) — 12y73(e) + 36y fy(e)]

4% 10713
2
< a)Hulse—Taylor >
y ~
Cassini M
M (eV)
—18
®Hulse—Taylor ™ 107" eV
13 Hulse-Taylor
107°° -
1073 3% 1073
94

Scalar-tensor theories 33



CONCLUSION PART 2

MAIN ASPECTS OF SCALAR-TENSOR THEORIES, WITH RESPECT TO GR:

wM_,
s\%
S ‘\,/I'.3
d A
VN

e Violations of the strong equivalence principle .

o—

HHHHHHH

e Bending of light and perihelion is different

e Dipolar radiation

Scalar-tensor theories 34



CONCLUSION PART 2

MAIN ASPECTS OF SCALAR-TENSOR THEORIES, WITH RESPECT TO GR:

e Bending of light and perihelion is different @)) “““““““

e Dipolar radiation

e Violations of the strong equivalence principle .

o—

Experimental tests are very stringent: the scalar coupling is small
aS107?

A screening mechanism could explain such a small value

HOW TO FORMULATE THE TWO-BODY PROBLEM WITH A SCREENING
MECHANISM?

Scalar-tensor theories 35



PLAN

1. THE TWO-BODY PROBLEM IN GR : AN EFT APPROACH
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K-MOUFLAGE SCREENING

i 2 . .
S — J d*x | — () B 1 (90) 4y ga_T For cosmological applications
2 4A* M P | A2 ~ HM,

Equation of motion around a static source:

(%) M
A daMpr?

@ +

Screening mechanisms 37



K-MOUFLAGE SCREENING

S = Jd4x

_ (99)
2

1
4N

- —— () + —

Equation of motion around a static source:

Screening mechanisms

A# ArMpr?

M
s —
47Z'MPA2

38

> 1/3

(0.1 parsecs for the Sun)

For cosmological applications

A* ~ HM,




2
o J de |2 o+ L

1 oT

2 4 M,

Equation of motion around a static source:

Screening mechanisms

/ + —
Yo ArMpr?

EFFECT ON THE PERIHELION

@ ., 4/3
PNewt F

39

K-MOUFLAGE SCREENING

For cosmological applications

A* ~ HM,

L. Iorio 12



TWO-BODY PROBLEM

PERTURBATIVE EXPANSION BREAKS DOWN...

e et X1:X0] — “g[qg]eiS[Xsz,qo]

T 0
+(p but r<r*®(¢

S = [d4x — l(0g0)2 — L(0q0 H+— > 1
’ 47\ Mp A
. / . B e L >
Seff = | + i PN +... DIVERGES
- —> : - -

Screening mechanisms 40
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EP VIOLATION A Kuntz (PRD) 19
o~ ' E = p b(n) @y(r)

Ty = T =b@) V@)

Screening mechanisms 49



EP VIOLATION A Kuntz (PRD) 19
o~ ' E = p b(n) @y(r)

Ty = T =b@) V@)

4/3
Sty = 3% 10" | s <L) cm

I«

This gives a constraint :

L\ 43
NSE (_> S 1070

I

Since 7sg ~ 107°, the perihelion constraint is better:

. 4/3
o S 10—11
V'

Screening mechanisms 43



CONCLUSIONS PART 3

e Screening mechanisms naturally recover GR inside the solar system

e They lead to violations of the Equivalence Principle

There remains an important question:

HOW IS THE (TWO-BODY) MOTION OF BLACK HOLES MODIFIED IN
SCALAR-TENSOR THEORIES 7

Screening mechanisms A4



PLAN

1. THE TWO-BODY PROBLEM IN GR : AN EFT APPROACH
2. THE TWO-BODY PROBLEM IN SCALAR-TENSOR THEORIES
3. TWO-BODY PROBLEM AND SCREENING MECHANISMS

4. EXTREME MASS RATIO INSPIRALS AND SCALAR HAIR

A
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THE NO-HAIR THEOREM

In GR, BH are very simple objects!

VS

M, ], Q A ton of complicated physics
(composition, EoS...)

This can be generalised to modified gravity:

M2
L= TPR — (09)* — V()

\

@(r) =0

(also valid for more complicated Lagrangians)
EMRI & scalar hair 46



THE NO-HAIR THEOREM

However; it is easy to circumvent the assumptions of the theorem

I [I [11

Jacobson '99 Babichev Esposito-Farese '13 Sotiriou et al. '14
Hair type Environmental Environmental Secondary
o~ A
M2 1 1 L= Ll + a¢ (R,m/pﬂR'm/p
Lagrangian [ —LR- —(0p)? L=1L, - ﬁ(()(p)z @

2 2 —4R, R™ + R?)

: ) 1
AUERE (1) = gt + Peg o) @(t,7) = g1+ feg @o(r) 9N ==+0(

The GW signals would then be quite different than in GR!

EMRI & scalar hair 47



HAIR EXAMPLE |l: CUBIC GALILEON

/ P. Brax, L. Heisenberg, A. Kuntz (JCAP) 20

‘Y«l @ =qt+ p(r) + op
8 = 8 T 08,

QUADRATIC ACTION for fluctuations: 3
=5 ()
4 1 2 2 2 ﬁeff 4 "
S = | d'x=; [K(0,39) = K(0,60)" — KofOodp)’] +TopT  %=4(5)
P

Solve for the field using Green'’s function

—1 —3/2
AD ~3.5x%x 1077532 AN (m it @, \7"
- “t\ 10-12eV 50M, 106M, 10-3Hz

EMRI & scalar hair 48



A SYSTEMATIC APPROACH

\v«l @ = P(r) + ¢
8 = 8 T 08,

UNITARY GAUGE :  @(t,x) = @(r) ie 6p =0

EMRI & scalar hair 49



A SYSTEMATIC APPROACH

\v«l @ = p(r) + S
8 = 8 T 08,

UNITARY GAUGE :  @(t,x) = @(r) ie 6p =0

. -
EFFECTIVE ACTION : S = Jd“x1 [—g EMf(r)R — A(r) — f(Ng" — a(NK" K", | + S

G. Franciolini et al. 19

e A, fand a uniquely determined by the background §,,

e M;removable by a conformal transformation

g ) = gDM(r)

S,y = — [dt M \/ —g VY = — [dt u(r) \/ — gV

EMRI & scalar hair 50



THE METRIC

g,m/ — g/,w + 5g,uy

Background:
2
g, dxtdx? = — a*(r)dr* + 0 + ¢*(r)(d6* + sin* 0dg?)
r
E.g. for Gauss-Bonnet:
2 2
a*(r) =1 - 25}4 + AZ}% +00r™ b r)=1- » + erz + O(r~3) c*(r) = r* (gauge choice)

EMRI & scalar hair 51



THE METRIC

8w = & T 08
Background: SR o

2

g dxdx* = — a*(Ndr* + ——— + () (d6” + sin” 6dgp?)

A(r)

E.g. for Gauss-Bonnet:

2M  MO? 2M 2
a’(r)=1—-—"—+ % +0r™ b (r)=1-—+ % +0(r3)  c*(r)=r* (gauge choice)
r 613 r 212
Perturbations:

08, transforms under (i, j) = (6, ¢) diffs and under PARITY: (\

’/
.0
-
-
...
L] .
REET T T L LA

T = v

EMRI & scalar hair 59



THE ODD SECTOR

A. Kuntz, R. Penco, F. Piazza (JCAP) 20

GENERALIZED RW EQUATION

d*¥ , i
— + (" +VFAE))¥Y =S
di?
dF M M\?
— = 14+(... )7 +0 <7> GENERALIZED TORTOISE COORDINATE

) 1 oM M M\~°
V(F(r)) = — — <1 — —) (l(l + 1) — (...)7 + O <—> > GENERALIZED RW POTENTIAL

2 r r

EMRI & scalar hair 53



THE ODD SECTOR

A. Kuntz, R. Penco, F. Piazza (JCAP) 20

GENERALIZED RW EQUATION

d*¥ , i
— + (" +VFAE))¥Y =S
di?
dF M M\?
— = 14+(... )7 +0 <7> GENERALIZED TORTOISE COORDINATE

) 1 oM M M\~°
V(F(r)) = — — <1 — —) (l(l + 1) — (...)7 + O <—> > GENERALIZED RW POTENTIAL

2 r r

Solution to the RW equation: "0
asaki 94

P(r) = Po(r) + Mw)¥P () + (Mw)*P,(r) + ...

d¥
Poclz W

EMRI & scalar hair 54
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DISSIPATED POWER

A. Kuntz, R. Penco, F. Piazza (JCAP) 20

—Po +pv7+pvt +.

GR Quadrupole — Iy \ I/ \

W to 3.5PN !
ppE parameters =80 HP O

N. Yunes, F. Pretorius 09
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DISSIPATED POWER

A. Kuntz, R. Penco, F. Piazza (JCAP) 20

— =py+pv:+pyt+.

GR Quadrupole — Iy \ I/ \

W to 3.5PN !
ppE parameters =80 HP O
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Our approach bridges the gap between ppE and theory:

= GIVE ME YOUR METRIC, | WILL GIVE YOU YOUR WAVEFORM !

—) MODELED SEARCH WITH ADDITIONAL NON-GR COEFFICIENTS |

The even sector now needs to be done...
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OUTLOOK

e We have investigated on the TWO-BODY PROBLEM in several types of SCALAR-
TENSOR THEORIES, often adopting an EFFECTIVE FIELD THEORY viewpoint.

e GRAVITATIONAL WAVES astronomy still in infancy. Interesting physics ahead !

e EFFECTIVE FIELD THEORIES are fantastic tools to compare theory & experiment

THE OLDEST ACADEMIC PROBLEM OF PHYSICS IS STILL A SOURCE OF INSPIRATION!
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