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Particle Physics: Paradigmatic experiment is Scattering in Colliders

Theory: Relativistic Quantum Field Theory
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Perturbative QFT: S-matrix Lattice Field Thy: Bound system
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Gravity: Gravitational wave emission in Black Hole and Neutron Star
encounters now routinely measured in LIGO-Virgo-Karga GW detectors

e

LIGO Hanford Data (shifted)

Classical radiative field theory
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Theory: Needs perturbative Solution of classical gravitational two-body
problem: Apply perturbative QFT techniques!



GRAVITATIONAL WAVES: A NEW OBSERVATIONAL ERA
Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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Following GW150914: To date 90 binary mergers detected by LIGO-Virgo-Karga
Collaboration




GRAVITATIONAL WAVES: A NEW OBSERVATIONAL ERA

Binary mergers of black
holes (BHs) and
neutron stars (NS)

Inspiral Merger Ring-
down
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PHYSICS CASES
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*3rd generation of GW observatories (Einstein Telescope; Advanced
LIGO, LISA) to start in 2030’s.

* Highly increased sensitivity expected: Need for high precision theory
predictions

Astrophysics: * Black hole formation & evolution

* Neutron star properties: Equation of state, strong
interacting matter

* Multi-messenger astronomy

* New astrophysical sources of GW

Fundamental physics: e Precision tests of (strong field) GR

* New physics signals? Modifications of GR,

Higher curvature terms, Dark Matter...



THE GENERAL RELATIVISTIC 2-BODY PROBLEM

As in Newtonian case has either bound or unbound orbits.

: V1 .
< Inspiral of 2 BHs or NSs:
N &/\ . v,

Virial-thm:

.
K / “a ) ) )) /) post-Newtonian (PN) expansion:

Weak field expansion: Guv = Nuv + K hyw K = \/32ka

Newton’s constant

<,
. (‘%’ " - —>-, Scattering of 2 BHs or NSs:
' X

Weak field (G), exactinv

U, J))
) /) post-Newtonian (PM) expansion



THE POST NEWTONIAN EXPANSION

Effective (conservative) action known up to 5PN order:
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Partial results at 6PN...



POST-NEWTONIAN VS POST-MINKOWSKIAN EXPANSIONS
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Integration
complexity

~ tree-level

~ 1-loop

~ 2-loop

~ 3-loop

PN state-of-the-art




THE POST-MINKOWSKIAN EXPANSION
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THE GENERAL REALTIVISTIC TWO BODY PROBLEM IN PM
TRADITIONAL APPROACH
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S=—3" [ driy/guitt(ri)i¥ () - d*zy/=gR + Se:
— 167G
1=
Point particle Bulk gravity & gauge
. . . 1 KJ2 ..'u 19 p
1) Equations of motion: R, — 5 G = gTw/ P4 TH, il El =
Einstein’s egs. Geodesic
2) Solve iteratively in k=V32rG
o0
p g p p p(n)
= Nuv =+ Z /inh(n) Ly (T) o bz + v, T + Z "inzi (T)
emltted radlatlon straight line: ,,in“ state n=1 deflections

3) Construct observables

f V( o 790) 1
Far field waveform: ~ lim hu, = =—— +0(3)
T=-+00
,Impulse“ (change in momentum): Apy = m;xy = /dT Ty (7)




USE OF QUANTUM FIELD THEORY TECHNIQUES FOR CLASSICAL 2-BODY PROBLEM
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1) EﬁeCt|Ve World_“ne f|e|d theory [Killin,Porto,Dlapa][Mougiakos,Riva, Vernizzi]
I " iSe 7 (8 S
Construct effective action: en el — /[th]eh( ppT56)
0Sefr|T;
Solve e.oms for zi(7) : Sgﬁ[ J =0
L

2) SC atte r| ng amp | |t u d @S [Bern,Cheung,Roiban,Solon,Parra-Martinex,Ruf,Zeng] [Bjerrum-Bohr,Damgaard, Vanhove,Cristc
. = ) [DiVecchia,Heissenberg,Russo,Venneziano] [Kosower,Maybee,O’Connell,Vines]

Scalar fields as avatars of BHs & NSs: JA= < Mwﬂe R QJ/\M% ol

(Pis | 2P
. &
+ Modern on-shell technigues: - ::I:
- Non-trivial classical limit

- Opaque relation to observables TGE :Z . ﬁ y jg

3) World line quantum field theory: Best of 1) & 2)  Dakobsen Mogull JBSteinhoff]

Philosophy: Focus on observables (here one-point functions @ tree-level

Use 1) but also path integrate over xi(7)! .
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Worldline Interaction S
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MOMENTUM DEFLECTION (IMPULSE) @ 3PM ORDER:

[Jakobsen,Mogull,JB,Sauer]
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A 2-loop
Integral family (with retarded propagators!) computation!
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RESULT IMPULSE @ 3PM ORDER: oo ol Sase
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PUTTING SPIN ON THE WORLD-LINE

1 Traditional approach: r (Nawern"7
. KCt)
Spin tensor S;" (7) & co-moving frame A7 *(7)

_ DpY 1 » DS#¥ Ty
Eoms: Dt T §SMPRMPWJ$ =0 DT T 227[”]? = [Matthisson-Papapetrou-Dixon]
Freedom of imposing a
e puSM =0 & Qoo =0
in-Supplementary Condition:
P PP Y Susy = SSC:
& Our approach: Spinning super-particle [Howe, Penati,Pernici, Townsend]

. - 7 a 4
O Woldly Jofblse X' v P aslob In flat space-time

LRTAS I
g gopa—vctwf&t’ Qu = rP (L{)K .‘[‘: —> éax, &ﬁim, R S"ﬁ H

] . 2
Hewilbonwn s H= 3 R oo Rep = W Uy

Describes free spin N/2 particle.  Spin: SH =YL, 3




N=2 SUPERPARTICLE IN CURVED SPACE = KERR-BLACK HOLE
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Scattering scenario /Cg? L vy =1 + iy
| ;- S
~ &' -
TR ~ o=
TS~ \N_ -~ A,
v M M M — -~ — - = = ‘
xVee) = by o+ vz o+ 2. (o) A
o yd .
Y W« e BN g‘ff’.; _9: EE"“ (i‘ﬁ Initial spins
t ‘T ' of BHs/NSs

la /./a : :
Integrate out z: , W%, ;% perturbatively! [Jakobsen,Mogull,JRSteinhoff]
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POST-MINKOWSKIAN SCATTERING PRECISSION RACE

WQEFT \W4=al Worldline effective theory A Scattering amplitudes 3338 Heavy BH effective theory
[us] [Killin,Porto,Dlapa,Cho,Liu,..] [Be.er n,Roil-)an,Sher‘l,P arr a-Mar tinez,Ruf,..] [Aoude,Haddad,Helset]
[Riva,Vernizzi,Mougiakakos..] [Di Vecchia,Veneziano,Heissenberg,Russo] [Brandhuber, Travaglini,Chen]

[Solon,Cheung,..][Huang,..][Guevera,Ochirov, Vines,... ]
[Bjerrum-Bohr,Damgaard,Vanhove,..][Johansson,Pichini,...]
[Kosower,O’Connell,Maybee, Cristofoli,Gonzo...]

deflection & spin kick waveform
plain spin2 spin>2 tidal plain spin2 tidal
|
1PM X trivial trivial trivial

mmm

.................................................................................................................................................................................................................
.................................................................................................................................................................................................................

r-r Amps

.................................................................................................................................................................................................................

r-r: Radiation-reaction (---) : partial results

Integration
complexity

~ tree-level

~ 1-loop

~ 2-loop

~ 2-loop

~ 3-loop
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