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post-Newtonian formalism

Numerical relativity

THE COMPLETE WAVEFORM

Black hole perturbation
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PoOST-NEWTONIAN FORMALISM

my

PosST-NEWTONIAN SOURCE

—  Slow moving, weakly-stressed compact source
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MASSLESS SCALAR-TENSOR THEORIES

> First introduced by Jordan, Fierz, Brans and Dicke more than 50 years ago,
> Only one additional massless scalar field, minimally coupled to gravity.

> It is the simplest, well motivated and most studied alternative theory of
gravity,

> Binary BHs gravitational radiation indistinguishable from GR (Hawking,
1972),

v

But strong deviations from GR are expected for neutron stars
(scalarization).
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SCALAR-TENSOR THEORIES

THE ACTION

3
. / dizy/ =g [aﬁR - %g‘*‘*mw 4 Sy (1, gas)

Sst =

e Metric g..,

Scalar field ¢ and scalar function w(¢),

Matter fields m, minimally coupled to the physical metric,

e No potential or mass for the scalar field.

No direct coupling between the matter and scalar fields,
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CONFORMAL VS PHYSICAL FRAME

METRIC (JORDAN) FRAME

> Physical metric gog : Scalar field only coupled to the gravitational sector,

> Frame for physical results and observations.
CONFORMAL (EINSTEIN) FRAME

gl“’ =Yg, Y= % with ¢0 = (]3(00) = cst

e Scalar field only coupled to the matter sector.
e Scalar field and metric decoupling = BHs are the same as in GR.

e Simpler to do calculations.

LAURA BERNARD COMPACT BINARY SYSTEMS IN ST THEORIES



THE MATTER ACTION : EARDLEY’S APPROACH

In ST theories : violation of the Strong Equivalence Principle,

Self-gravitating bodies : M (¢)

2 vivi
Sm = —;/dtMA(cﬁ)c —9aB~ 3
> Sensitivities : 54 = %ﬂf;w) . and all higher order derivatives,
0

e Neutron stars : s4 ~ 0.2,
o Black holes : s4 =1/2,

e related to the scalar charge avq x 1 — 2s4.
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STATE OF THE ART IN ST THEORIES

e Equations of motion at 2.5PN [Mirshekari & Will, 2013],
e Tensor gravitational waveform to 2PN [Lang, 2013],

e Scalar waveform to 1.5PN [Lang, 2014] : starts at —0.5PN,

Energy flux to 1PN [Lang, 2014] : starts at —1PN,

dEgipole  4mv? (@am)s (s2 — s1)?

dt  3red r a(4 + 2wo)
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STATE OF THE ART IN ST THEORIES

e Equations of motion at 2.5PN [Mirshekari & Will, 2013],
e Tensor gravitational waveform to 2PN [Lang, 2013],

e Scalar waveform to 1.5PN [Lang, 2014] : starts at —0.5PN,

Energy flux to 1PN [Lang, 2014] : starts at —1PN,

dEgipole  4mv? (@am)s (s2 — s1)?

dt  3red r a(4 + 2wo)

WHAT’S NEXT

e Flux and gravitational waveform at 2PN : on-going (A. Heffernan, C.
Will),

> We need the EoM at 3PN .
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THE MULTIPOLAR POST-NEWTONIAN FORMALISM

e In the near zone : post-Newtonian expansion

oo

_ 1 - -
B = ST R, with DR = 167G 7Y
m=2
b= L, with Ofp = —82G 78
CVVI
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THE MULTIPOLAR POST-NEWTONIAN FORMALISM

e In the near zone : post-Newtonian expansion

oo

_ 1 - _
R =3 C—mhﬁ’7 with  ORY = 167G 74,
m=2
P=> L b, with Ofp = 8767
CHI
m=2

e In the wave zone : multipolar expansion

M) =>"G P, with  ORS) = A [hays - hn1y3 9]
n=1

M(w) = Z an(n) ) with D1/1(71) - A*E)S) [11(1)7 SRR 1/)(71,71); h} ’
n=1
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THE MULTIPOLAR POST-NEWTONIAN FORMALISM

e In the near zone : post-Newtonian expansion

oo

_ 1 - _
B =" by ith  OR™ = 167G 7
m:2 Cm m WI m 7T Tm 9
b= L Y, with Oy = 871G 7

cm
m=2

e In the wave zone : multipolar expansion

M) =>"G P, with  ORS) = A [hays - hn1y3 9]
n=1

M@) =Gy, with Oy =AY [y, )i h]
n=1

o Buffer zone = matching between the near zone and far zone solutions :
M(h) =M (h) everywhere,
=M

() (¢)  everywhere.
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FOKKER ACTION

WHAT 1S THE FOKKER LAGRANGIAN ?

> Replace the gravitational degrees of freedom by their solution

SFokker [YA,VA, - .] = S[gsol (YB, VB, ... ), Psol (UB,VB,...); va]
> Generalized Lagrangian : dependent on the accelerations.

> Same dynamics as the original action.
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FOKKER ACTION

WHAT 1S THE FOKKER LAGRANGIAN ?

> Replace the gravitational degrees of freedom by their solution

SFokker [YA, VA, ...] = S [gsol (YUB,VB,s...), Psol (YB,VB,...); V4]
> Generalized Lagrangian : dependent on the accelerations.

> Same dynamics as the original action.

WHY A FOKKER LAGRANGIAN 7

e The “n + 2" method : we need to know the metric at only half the order
we would have expected,

O(n +2) instead of O(2n).
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SCALAR-TENSOR THEORIES

THE GRAVITATIONAL PART
e Conformal gothic metric g"¥ = /gg"",

oo 1/. . 1. . ~ - N
SsT = onC d*z| — B (Ewgw - 5gwgpa) 305" 0437
N 3 + 2w .
+ G (05§71 0p57" ) — - §*P 00 pdp e
> gauge-fixing term — harmonic coordinates 9, h*" =0
THE MATTER PART
o, B

VHv
-3 / At Ma(6) || ~gap A4
C
A
e Solve flat space-time wave equations for the PN potentials.
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DIMENSIONAL REGULARISATION

UV DIVERGENCES
o At the position of the particles
> simple pole 1/&

> vanishes through a redefinition of the trajectory of the particles : ok

IR DIVERGENCES
e Divergence of the PN solution at infinity
> simple pole 1/¢

> does not vanish through a redefinition of the trajectory of the
particles !

> New effect in ST theories
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A SCALAR TAIL EFFECT

(t,%)

Interaction masse — dipole

source

past light cone

e Non-local tail terms in the conservative dynamics at 3PN :

2

2G°M +oo 1
Luat = o (34 zwo)ff”(t)/ at [m (l) - —] -7
C 0

T0 2e

> Exactly compensate the pole 1/e from the IR divergences.

e New effect in ST theories
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3PN EQUATIONS OF MOTION

LAURA BERNARD

dvi Gegg Mo Aipn | Ai1spn |, Aopn | AospN
—_— = - ) 12 + 5 T 3 + 1 + =
dt L & & c c?

N—— N—— N——

rad. reac. cons. terms rad. reac.

conservative terms

inst tail
+ ASPN ASPN
6 6
SN—— N——

cons. & local

GR limit : ok
2-black-hole limit : ok

Lorentz invariance : ok

cons. & nonlocal

Confirmation of the previous 2PN result by Mirshekari & Will (2013).

Renormalisation of the trajectories <= the poles disappear : ok
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CONCLUSION

EQUATIONS OF MOTION AT 3PN IN SCALAR-TENSOR THEORIES

ON-GOING CALCULATIONS

o Lorentz-Poincaré symmetry — 10 conserved quantities

e to be used in the scalar waveform and the scalar flux at 2PN,

PROSPECTS

> Incorporate the tidal effects for neutron stars — start at 3PN.

e Construct a full IMR waveform,

e Comparison with numerical relativity or self-force results in ST theories.
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