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The detection of gravitational waves (GW150914) has opened a new
window on the physics of our universe:

* For the first time detection and test of GR in the “strong” gravity
coupling regime

* For the first time dynamics of BH/NS
(not just static object curving space-time)

Gravitational Wave Era has began!

What can we learn from the gravitational
wave signals?
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A lot of work has already been done in the analytical solution in perturbative GR.
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Can the particle physics community contribute to this problem?
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UV Completion of Gravity Quantum Gravity as an EFT

= Main candidate: Superstring Theory John F. Donoghue; arXiv : gr-qc/9512024
= Exciting field of research with many We can isolate the classical from the quantum

guestions left to be answered contributions

| will not talk about it... l
PNEFT

W. D. Goldberger, I.Z. Rothstein; arXiv : hep-th/0409156

Very efficient for classical contributions due
to good control of power counting
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EFT of Post-Newtonian Gravity

W.D Goldberger, I. Rothstein,R. Porto,
M. Levi et al

Classical computation

Takes advantage of QFT toolbox
Non relativistic computation

Can deal effectively with spin effects
State of the art (conservative):

4-PN without spins
4,5-PN(S"3)

\

Scattering Amplitudes and Post-Minkowskian

Z. Bern, N. Arkani-Hamed, P. Vanhove, N.E.J. Bjerrum-
Bohr, J. Donoghue, D. Kosower et al.

= Quantum computation

= Takes advantage of modern methods for on-shell
scattering amplitudes (BCJ relations/double copy)

= Fully relativistic computation

= Active work for inclusion of spin effects
arXiv:1709.04891, arXiv:1812.08752

= State of the art (conservative): 3-PM without spins




John F. Donoghue; arXiv : gr-qc/9512024v1
* Non-renormalizability can be handled order by order

* Long-range contributions can be calculated in this framework since
they depend only on the structure of the low-energy fields and the
classical background

2
Ly = Vi{ SR+ R + R, R + O(R)|
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When we have massless+massive particles, the powercountinggives us above.
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WHICH TOPOLOGIES ARE WE LOOKING FOR?




P

P2

In general:

M

1]

P

P4

Gmymy
T

Pa

M n 7] m
» m
e 1
G?m? im2 G Zmy m.% G3 mimz G3 mf mg G3my m%
2 ’ o )
r r

hG')‘m] mo

. T

hG3mi3ma hG3mym3

m 2}
m
e
wm+l R
G"'mymy mkmn—k
il 177%2

k=0

n-1
hG"+l'm|m2

: k. n=l-=k
rn+2 Zmlm?

k=0

r:G™t mlmz

n-2-k
.rn+3 Z l m

h"G’H’l-mlmg
r2n+1




Classical terms

* Tree-level:
ko
¢ 1-loop: e b {kzx M
(m1) 1 (m2)  (my) | (m2)
’u, ‘\k? /(kl ks



Quantum contrlbutlons
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*2-loops:

(both classical
and quantum
contributions)




We know which diagrams we are looking for and what contributions they give.
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We know which diagrams we are looking for and what contributions they give.

BUT graviton amplitudes are really hard!!

1

DOUBLE COPY!!
gravity ~ (gauge theory) x (gauge theory).

KLT relation of string amplitudes N BCJ relations/ double copy

spinor helicity formalism

Generalized Unitarity
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State of the art computation (Conservative Sector)

= Spin-less: 3 PM (2 loops) arXiv:1908.01493v1.
= Spin effects: 2 PM (1 loop) arXiv:1812.08752v3
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Hierarchy of scales:

scale of internal structure: 7°¢ ~~ Gm

2
scale of orbital separation: T~ ™ 7'3/’0

scale of radiation wavelength: )\rad ™~ T/U
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Proven useful to make a Kaluza-Klein reduction over the time dimensionto decompose the
metric, since we are workingin the NR limitand the orbital modes are instantaneous at leading
order:

ds* = gy, datda’ = e*?(dt — Ayda")? — e >y da' da?



M. Levi, S. Mougiakakos and M. Vieira; arXiv : 1912.06276

MOTIVATION 1

" TINOLO | NOLO | N2LO | N3LO | N4LO (i Par1ty(.l)/2
l () PN correction
SO 1 0 3 0 25
Sl 2 7 32
S2 2 2 18
93 4 24
q4 3

The number of n-loop graphs that enter at each order=measure for loop computational scale




M. Levi, S. Mougiakakos and M. Vieira; arXiv : 1912.06276
MOTIVATION 2

The Tulczyjew gauge for the rotational degrees of freedom, which involvesthe linear momentum,
can no longer be approximated by the 4-velocity: ut | 2
- O(S?)

p'=m
1/u2

MOTIVATION 3

We can compare with results coming from scattering amplitudes for s>1, specifically s=3/2
arXiv:1709.04891, arXiv:1812.08752



Degrees of Freedom

= Gravitational field: metrict+tetrad fields
et (x)é” (x) = g (x)

= Particle Coordinate

» Particle Worldline Rotating DOFs: We then disentangle the worldline tetrad from
worldline tetrad nAB@AM(g)eBV(g) = the tetrad field such that we are left with the
/ local worldline DOFs:
DeAv oL AB b b
M _ a G

Sab(a)
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State of the art computation (Conservative Sector)

= Spin-less:4 PN arXiv:1607.04252.

= Spin-less:5 PN- static piece arXiv:1902.11180

= Spin-Orbitat NNLO (3.5 PN) arXiv:1506.05794

= Spin-Orbitat NNLO (4 PN) arXiv:1506.05794

* Cubicin Spininteractionsat NLO (4.5 PN)-M. Levi, S.M. et all arXiv : 1912.06276




By utilizingthe powerfull on-shell techniques (spinor-helicity formalism, generalized unitarity,
BCJ relations etc), we can calculate both classical and quantum corrections:

Scattering Amplitudes and Post-Minkowskian expansion

Higher order calculation of Post-Minkowskian expansion (needed for GW detectors)

Inclusion of spin effects
Inclusion of finite size effects
Long-range quantum effects
Modified gravity

Supplementary computation to the Post-Newtonian expansion

Thank you for your attention



EFT of Post-Newtonian Gravity

By extending the computation to higher PN orders and spins:

* Tidal effects entering at 5 PN. Information about microphysics of internal structure
* Extension to radiation modes and non conservative sector

* Quantum corrections

* Modified gravity

* Supplementary computation to the Post-Minkowskian expansion




