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Abstract: Predicting the outcome of scattering processes of elementary particles in colliders is the central achievement of relativistic quantum field
theory applied to the fundamental (non-gravitational) interactions of nature. While the gravitational interactions are too minuscule to be observed in
the microcosm, they dominate the interactions at large scales. As such the inspiral and merger of black holes and neutron stars in our universe are
now routinely observed by gravitational wave detectors. The need for high precision theory predictions of the emitted gravitational waveforms has
opened a new window for the application of perturbative quantum field theory techniques to the domain of gravity. In this talk | will show how
observables in the classical scattering of black holes and neutron stars can be efficiently computed in a perturbative expansion using a world-line
guantum field theory; thereby combining state-of-the-art Feynman integration technology with perturbative quantum gravity. Here, the black holes
or neutron stars are modelled as point particles in an effective field theory sense. Fascinatingly, the intrinsic spin of the black holes may be captured
by a supersymmetric extension of the world-line theory, enabling the computation of the far field wave-form including spin and tidal effects to
highest precision. | will review our most recent results at the fifth order in the post-Minkowskian expansion amounting to the computations of
hundreds of thousands of four loop Feynman integrals.

Zoom link
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ERA OF GRAVITATIONAL WAVE PHYSICS: NEED FOR HIGH-PRECISION PREDICTIONS

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

Upcoming 3@ generation of gravitational wave
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ERA OF GRAVITATIONAL WAVE PHYSICS: NEED FOR HIGH-PRECISION PREDICTIONS

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

Upcoming 3rd generation of gravitational wave r w
observatories with 102 SenSitiVity increase High_precision predictions necessary

basis to study fundamental questions in
physics:

Need for accurate waveform predictions well
beyond state-of-the art

» |s Einstein’s theory correct?

» Black hole formation & population?

» Neutron star properties?

» Physics beyond the standard model?

= j

Cosmic Explorer
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GRAVITATIONAL TW0-BODY PROBLEM

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

/ \ . . ,
Black Hole Black Hole/Neutron Star Binaries:
hy x
o 0
\ b ) t
mass, spin S~
) . .
Bound state inspiral merger

Neutron Star
During inspiral: weak gravitational fields Juv = Nuv + VG hw/

Quantum field theory formalism for classical two-body problem:

mass, spin, radius, WORLDLINE QUANTUM FIELD THEORY

tidal deformability)

\
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THE GENERAL RELATIVISTIC 2-BODY PROBLEM

R ;
I /—\\3 Inspiral of 2 black holes or neutron stars:
™ &) 2 5 iy GM
OC Virial-theorem: ~ v? (c=1)

/‘ .'\’\ m )) rt
\’Uz/ / ) /) post-Newtonian (PN) expansion in G & v?

Weak field expansion: Juv = Nuv T K h,uu B = \/327TGK

Newton’s constant

Scattering of 2 black holes or neutron stars:

Weak field (G), but exact in v?

post-Minkowskian (PM) expansion
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POST-NEWTONIAN VS POST-MINKOWSKIAN EXPANSIONS

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

Conservative non-spinning 2-body dynamics: Form of potential

V(G,v,r)

OPN

[Newton]

1PN

[Einstein,Infeld,

2PN

[Ohta,Okamura,Hiidai
Kimura (1974)]

3PN

[Damour,
’Jaranowski,Schaefer;

4PN

[Bini,Damour,Ge]

PN state-of-the-art

v
(5PN)

alico] [Foffa;Porto,

Rothstein, Sturani]

1PM

[Westpfahl, 1979]

G/r

Hofmann, 1938]

G v2/r

G v¥/r

Blarchret, Bote; Faye]

G vé/r

[Blimlein,Marquardt,Maier]

G ve/r

G v1o/r

2PM

[Damour, 2017]

G2 1/r2

G2v2/r2

G2v4/r2

G2 v6/r2

G2vé/r2

3PM

G31/r8

[Bern,Cheung,Roiban,Shen, Solon,Zeng][Kilin, Liu, Porto][Di Vecchia, Heissenberg, Russo,Veneziano]

[Bjerrum-Bohr, Vanhove, Damgaar:

4PM

[Bern,Parra-Martinez,Roiban,Ruf,Shen,Solon,Zeng] [Dlapa,Killin,Liu,Porto] [Vanhove, Damgaard,Plante] [Jakobsen,Mogull JBSauer]

(5PM)

—

[Driesse,Jakobsen,Mogull,JB.Sau
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er,Usovitsch]

PM state-of-the-art

G3v2/re

G3v4/r8

G3vé/r3

d][Brandhuber,Chen, Travaglini, Wen][Jakobsen,Mogull,JB Sauer]

L3

G41/r4

G4 v2/rs

G4 v/r4

G51/r5

G5v2/r5

Integration
complexity

~ tree-level

~ 1-loop

~ 2-loop

~ 3-loop

~ 4-loop

Page 8/59



RELATIVISTIC TWO BODY PROBLEM IN PM: TRADITIONAL APPROACH

<
Point-particle approximation for BHs (or NSs) |b| > Gm. b (%’
2
S=- ;/dﬁ\/guvx?(fi)m%’(ﬁ) t T6-C d*z/—gR+ Sgt. ™ J))}
Point particle approximation Bulk gravity & gauge fixing
1) Equations of motion: 1 12

..I_L I-L 'V'p_
Z, +17,,z;c; =0

Geodesic egs.

Buw = 59m = gl
Einstein’s egs.

2) Solve iteratively in G

oo
Guw = N + VG Z G"h{ (= () = b o+ Y Gra™MH(r)
n=0 emltted radiation straight line: ,,in“ state m=1 deflections
3) Construct observables \
: lim h,, = _ Jw(t=r6,9) + (’)(i)
Far field waveform: Rsee r 2
~lImpulse“ (change in momentum): Apt = myi T=Sies il [ drit(r) g
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WORLDLINE QUANTUM FIELD THEORY
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WORLDLINE QUANTUM FIELD THEORY  ssogun.se. sicimmotze o2 oz oss

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

Model Black Holes/Neutron Stars as point particles

z#(7)
- ) /%\O/

SBH/NS = — drgu., " (7)£"(T) + [spin & tidal effects] el

1
They interact through Einstein’s gravity: S = Spu/Ns + 6-C d*z/—g R(g)
Scattering scenario:  z' (7) = b’ + vi'T + 2H(7) Guv = Muw + VG hy,

Path integral quantisation perturbative in Newton’s constant G but exact in velocity

i 8ah el Tree-level one-point functions (hu..) and (2*)
(O)warr = f Dlh,z]Oe” > » solve classical equations of motion

[:' Advanced quantum field theory technology for classical gravitational wave physics j

10
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WORLDLINE QUANTUM FIELD THEORY: PROPAGATORS

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

m , » 1
SWQFT = ) drgu, 27 (1) ¥ (1) + 1620 d*zv/—g R(g)
Scattering scenario:  z% (1) = b + vi'T + 2#(7) uv = Nuv + VG hyy
; _w) 7 v “ Nuv
Worldline propagators: oM Gt Y (##(w)z"(—w)) = —— :

Perturbative (quantum) gravity (in the bulk):

v—g9 R(g) : [—%hw(P‘l)”";p"Dhm +VG[Bh®] + VG [92hY] + VG [9%R5] + . j

= 1
Guv = My + VG oy Puyipe = Nu(pNo)yy — inuunpor
| Uv —s po . . N.B. need to take
= Graviton propagator: e = (KO +i0)2 — k2 retarded propagator

(in-in formalism)

11
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PUTTING SPIN ON THE WORLD-LINE ST

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

Hidden supersymmetry of spinning-black holes!

Add anti-commuting fields ¥“: Captures (Spin)N interactions

Spin-orbit & spin-spin interactions via N = 2 superparticle action

SBH/NS = —m / dr [%g,mvjﬂu il o Z";DT@b . %Rabcdqﬁawa@cwd + CERa”ij:p,x-u,@awb IE ’ ¢]

spin degrees of freedom neutron star term

Scattering scenario:
i (1) = b + vl + 2 (7)
¥ (1) = U7 + ;% (7)

Spin tensor of BHs/NSs { Sab Qme[aw }

- _ab

Quantize 2, ;% ¥ I'L_(:,_z (" (@h* (—w)) = m(_wm—li— i0)

12
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W

: . n m polynomial in w;, k;

“I ' — mvVG et kjd(v-ij—|—Zwi) X of degree 2n +m
j=1 i=1

depending on v*, S*¥

K + Cy, Cp2, Co for neutron stars

Energy conservation on worldline

14
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TIDAL INTERACTIONS

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

First layer of tidal & finite size effects:

Stidal = m/dT [CEQE;U/EHV + CB2B,U,VB“V]

Electric and magnetic curvature:
— Ko B . D% N BNo]
E,, = Ruapt™z B, =Rzt

Wilson coefficients (or ,,Love numbers®): cg2 & cg2 (vanish for black holes)

Pirsa: 24050061
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BULK GRAVITON VERTICES

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

\“?r“’sz }{V—#:}%ﬁifﬁﬁﬁkz

Four—momentum conservation in bulk 84( Z P)
Highly involved structures! Emerge from Einstein-Hilbert action.

E.g. three-point vertices: @ v,

quﬁ = iVG sym|

Py - 1P3(k1 - katluathgtpy) — 3 Pe(kivkignuatipy) + 3 P3(k1 - k2 Naptipy)
+ Ps(k1 - kanuativenpy) + 2P3(kiy kiyfuatipp) — P3(kigkaumavilpy)

+ P3(kipkoyNuviiap) + Pe(kipkiyMunmep) — 2Ps(k1y koyngunap)

+ 2P3(kiykopnppnya) — 2P3(k1 + kalvaTlpgTuy)]

15
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WQFT OBSERVABLES
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OBSERVABLES OF WQFT: ONE POINT FUNCTIONS

1) Impulse (change of momentum)

—mi [ dr@t (o) = mi [

Needs sum of all graphs with outgoing z-line:

T=-400
7!
3

)

T=—00

Fourier trans.

. TTTT AT IR ATTA A A ~f
_ +g£+é§%ﬁﬁﬁﬁrﬁﬁ

LA LA b0 T N b0 BT
gG:{ A XTIV Y

e
R N

S
4

(Apf)

G

+0(G?)

(4
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OBSERVABLES OF WQFT: ONE POINT FUNCTIONS

2) Emitted Waveform (Gravitational Bremsstrahlung)

G
mr= [ pw=F1, [

3) Spin-kick: Change in spin-tensor from (A1)

S = iyt = ASH = —2i(ADFPY + ¥ AYY + A AL

__ b 1
<A7vbilli> — Spin-vector: Sf’ — 5 Vpoplspa

18
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW

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

Berends-Giele recursion

e [ B

Generate graphs &

Insert Feynman rules

|

Reduction to

(5PM: 6g vertex)

l“l l”n

o
fHd “TL D)

scalar integral family

l736

Integration by parts:
Master Integrals

Kira
Reduced symmetries

l—> -l €— —¢

due to retarded prop.

[Driesse,Jakobsen,Mogull,JP,Sauer,Usovitsch]

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

1€

Method of regions
Fix boundary conditions (potential & radiation

in static limit (PN) v —1 gravitons)

T

Solve masters by Diff.

Single scale

integrals

Eq. technique 5
T=9—+7—-1

Y= U1 U2

Find same set of Master integrals for spin and tidal effects

Pirsa: 24050061
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Generate graphs &
[Jakobsen,Mogull,JB,Sauer]
Insert Feynman rules

d &) 1 1
@—): ------- §>+ @F‘Fg +... —|—§ --------- ‘|‘§ + ...
@0 (:§ é;) ; ; 5
s (e 1) BN L L TR D 1 @
By = (z + Oy + @ Faie ;s*% + I + )
Y ? ® NG
+1 +1 +1 @ o
2 3! 4 5 T Causality flow implemented
()

Insertion of Feynman rules with FORM - fast on tensor algebra & convenient for anti-commuting
variables.

20
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW

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

Berends-Giele recursion

Generate graphs & |, - 5 . Ny
® ®

Insert Feynman rules

l

Reduction to fH i’ b
scalar integral family

"TI, D(L)
i N
1€ Kira
Reduced symmetries

(5PM: 6g vertex)

Integration by parts:

Master Integrals
- -l e€e— —¢

[Driesse,Jakobsen,Mogull,JP.Sauer,Usovitsch]

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

1€

due to retarded prop.

Method of regions
Fix boundary conditions (potential & radiation

in static limit (PN) ~—1 gravitons)

T Single scale
Solve masters by Diff. integrals

Eq. technique 5
R A VG |

Find same set of Master integrals for spin and tidal effects

Pirsa: 24050061
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[ Reduction o } STRUCTURE OF WQFT INTEGRALS: IMPULSE & SPIN KICK

scalar integral famlly ............................................................................................................................

Order N-PM : Single scale (N-1)-loop integrals:
Inpm = /B_q'b5(q - v1)0(q - v2)
q

num ;]
» Dlal. B D?j(s(ll . ’U*)5(l2 ? ’U*) 5. 5(ln_1 ' U*)

b, bl
Propagators D,(, g, v«) are linear or quadratic v« € {v1,va} (*'s determined by self-force order)

(19 +140)% — l? <—For conservative sector use Feynman

D’i(l’i)(b ’U*) — {

Depend on single dimensionful scale g —> left with single parameter integral y = v; - v,

8
Passarino-Veltman tensor reduction yields scalar integrals (spin-less case)

li-q .
1 .. J— ..
7 4 Vi - U5 = 0iy

Ef’—)&vlﬁi‘—i—ﬁzvgi}g-l—

22
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WQFT LOOP INTEGRALS: IMPULSE & SPIN KICK

(Memory Effect)

. (S(E . ’02)
® = /dpeﬁ(q —0)20 - vy

5(€ " ’Uz)

d p b
LN 1
AW =
(ko + i€)? — k*
Lo
- kv +ie
kM
vt = 8(K - ;)
\_ S
’e )

A

External Kinematics:
V1 - :’1)2-?)2:1
v1:q=v2-q=0

1

V1 -V =7y =
R A
P

:/dDE . 2 : .
((€o + i€)2 — £€°) ((qo — Lo + i€) — (g — £)2) (£ - vy + i€)

(Regulator: Dimensional Regularization)

irsa: 24050061
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...............................
......................................................
.................................
....................................

1PM

tree-level

2PM

1-loop

3PM
2-loop

4PM

3-loop

oPM

4-loop

Pirsa:

00000000



SCATTERING OF SPINNING BLACK-HOLES UP T0 5PM ACCURACY

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

4 i .

=2 Physical PM counting for Kerr black holes!
tree level
1 loop CL? — szxff ) |XZ| <1
2 loops

Vines [1709:06016]

3 loops Chen, Chung, Huang, Kim [2111.13639]
4 loopS Damgaard, Hoogeveen, Luna, Vines [2208.11028]

Jakobsen, Mogull [2201.07778] Cons

Jakobsen, Mogull [2210:06451] Diss .

Jakobsen, Mogull, JP, Sauer, Xu [2306:01714]:  ({Gons)

Jakobsen, Mogull,JP, Sauer [2308.11514]; | Diss

Driesse, Jakobsen, Mogull, JP, Sauer, Usovitsch [2403.07781]: -
Preparations for-: Klemm, Nega, Sauer, JP: [2401.07899]

Work on spinless 3 loops: Bern, Parra-Martinez, Robin, Ruf, Shen [2112:10750]
Dlapa, Kalin, Neef, Porto [2210:05541]
UNKNOWN Damgaard, Hansen, Planté, Vanhove [2307.04746]

4 loops

* Cons=Conservative, Diss=Dissipative 25
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PLANARIZATION AT FIRST SELF-FORCE ORDER

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

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

All loop 1SF integral family: Reachable via planarization:
£1-v1 £a-vy £1-v1 l12-v1 Li2-v1 £o-11
( I \ e st e d
Iy = f 6(£y - v1) [1,250(4; - v2) % % § = § 55; + ;é %
nay -~ n
£1...£L HA DAA 1 1 1

. . = ; - + - ;
(El'vl+20+)(€2'?)1 —|—ZO+) (El'?)1+?,0+)(612"01 +7,0+) (EQ'Ul -|-’I,0+)(€12"U1+?,0+)

A € {iv,ij,iq,i0}

D El V2 1=1
;-v1 1=23,...,L
D;; = (4; — £;)?
Diq = (4; — q)°
Dy = £2
e, Y,

At L-loop order have L lirear and L(L+3)/2 quadratic propagators & L delta-functions.
26
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1PM AND 2PM: IMPULSE

1PM: Trivial - pure Fourier transform g_
~ Gm1m2

2PM: 1-loop: 8 graphs, 3 propagators

27
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3PM: 2 LOOPS kobsen, Mogal

~ G3m1 mg USF

(f)
14 comparable mass diagrams (i0 prescription relevant for red propagators):

(a) (b) () (d)

~ G3m2 m? 1SF
1 active graviton
propagator
Integral family: 7 propagators + 2 delta functions
/ 6(l1 . ’U{l)ﬁ(lg . ’U§2) Dl = ll Vi T 0110 ) D2 — l2 » P, - 0210 y D3 = (ko = 0'3?:0)2 — k2
7 n; D4:l%7 D5:lg:
. D
i HJ:l J Dg = (l +q)°, D; = (la+4q)* . 28
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l|,PM MUMENTUM |MPULSE 201 non-spinning diagrams, 529 linear in spin diagrams

[Jakobsen,Mogull,JBSauer]

Integral family: 3 linear and 9 quadratic propagators

]e—@'q-bé(q - v1)d(g - v2) / e 6(£1 - viy )0(L2 - v, )0(€5 - vs,)
q £1,42,43 Dy Dy

29
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|

Reduction to

scalar integral family

Pirsa: 24050061

oPM MOMENTUM IMPULSE

[Driesse,Jakobsen,Mogull,JP.Sauer,Usovitsch]

Focus on conservative sector: Ap, = 1SF: 363 diagrams
-
5 5
Ap\PH = mimy  0SF
- 3
ur 2. 4
calculation: tiey g 1SF )
3,..3
mymy 1Sk
4 2 1
U 1SF
5,1 poee
M1z 0SF
Integral family: 4 linear and 14 quadratic propagators + 4 delta functions

30
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW [Dricse Jakobsen Mogull JRSauer Usovtsch]

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

Generate graphs (tree-level!) A py f Qv (U, T )
® g W
_ . L L9 n
1 o I AS!

Form script

[ Berends-Giele recursion

[Insert Feynman rules j

(5PM: 6g vertex) ’]:E
Method of regions
H un i 1ti : -
Rediictionto H dPl. lnl il FIX botmc.lar Y conditions (potential -& radiation
: : IL D ) in static limit (PN) ~—>1 gravitons)
scalar integral family
l 1€ kon ‘ T Single scale
Integration by parts: iRk, ST ERES Solve masters by Diff. integrals
due to retarded prop. ;
Master Integrals Eq. technique
b—¢ = B xT=v—+7—-1

Find same set of Master integrals for spin and tidal effects
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Integration by parts: J 9PM-1SF: INTEGRATION-BY-PARTS (IBP) IDENTITIES

Master Integrals

[Driesse,Jakobsen,Mogull,JBSauer,Usovitsch]
Reduce integral family to basis of Master Integrals:

Reduced 10° conservative scalar integrals to basis of 470 Master Integrals

Used KIRA 3.0 (pre-release) in Finite-Field mode (300k core hours on HPC clusters)
Reconstructed rational functions from finite-field samples with FireFly

Key improvement: generate fewer equations (Laporta algorithm) by tlghtly controlllng powers of

propagators

L . = —
@2 & - V) & V)

--—.-_-n-"'.or..-".--

Maximum of 8 allowed powers on worldline
propagators (7 dots)

LT H

Maximum of 9 scalar products overall Johann Usovitsch

32
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW

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

Berends-Giele recursion

Generate graphs & |, . = L éﬁ
®

Insert Feynman rules

l

(5PM: 6g vertex)

Reduction to fHle o
scalar integral family IL, D)
l 1€ Kira

Integration by parts: Reduced symmetries

Master Integrals
- -l e— —¢

due to retarded prop.

[Driesse,Jakobsen,Mogull,JB.Sauer,Usovitsch]

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

1€

Method of regions
Fix boundary conditions (potential & radiation

in static limit (PN) ~—1 gravitons)

T Single scale
Solve masters by Diff. integrals

Eq. technique 5
T=9—+7—-1

Find same set of Master integrals for spin and tidal effects

Pirsa: 24050061
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Solve masters by Dift. | - FFERENTIAL EQS @ 5PM-1SF

qu technique [Driesse,Jakobsen,Mogull,JBSauer,Usovitsch]

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

After IBP reduction: Basis of Master Integrals 1 (x, €) for 5PM-1SF planar family

d

%sz(x,e)f z=y-vAE—1 Y= @+

Total of 236 even & 234 odd Master Integrals (Mls)

1 50 100 150 200 236 1 50 100 150 200 232
1lx!\.‘ I : ! —‘1 T T T
50~-: -ll - 50
_ Heat plots of matrix
100 - [t
- M(x, €)
b |
150 ! 4150
200-1 200

i 1 = .
236—.““‘—“"—\— i‘ T 236

34
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[Driesse,Jakobsen,Mogull,JBSauer, Usovitsch]

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

Sevemursty DI | DIFFERENTIAL EQS @ 5PM-1SF

Eq. technique

Canonical form of Diff. eq. through rotation to new basis:
[Gehrmann Remiddi][Henn]

— -

= = I(z,e) =T(e,z) I'(z, € d - "
I(z,e) = M(z,¢) I(x,¢€) e =Tho2) (k )> %I(CE,E):EA(CL')I(ZE,G)

a
dx

boundary integrals

Straightforward solution for masters: I (x, 6) =P eXp[E f dA($)] 1:(7)(5190 U o L p=

C

Tools to find canonical form:
Good choice of Master Integrals: Simple pole structure of A(x)
Most useful algorithms for finding 7(x, €): CANONICA, INITIAL, FiniteFlow

Resulting function basis up to 5PM (dissipative): Multiple polylogarithms,
Complete Elliptic Integrals, Calabi-Yau periods (K3 & new CY 3-fold)

Benjamin Sauer
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW

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

Berends-Giele recursion

Generate graphs & |, - 5 ) f o
®

Insert Feynman rules

l

Reduction to ]Hle b
scalar integral family 1L D)

l 1€
Integration by parts:
Master Integrals

(5PM: 6g vertex)

Kira

Reduced symmetries

l—> -l e€— —¢

[Driesse,Jakobsen,Mogull,JB.Sauer,Usovitsch]

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

1€

Method of regions

Fix boundary conditions (potential & radiation

in static limit (PN) ~—>1 gravitons)

due to retarded prop.

T Single scale
Solve masters by Diff. integrals

Eq. technique 5
T=9—+v7—-1

Find same set of Master integrals for spin and tidal effects

Pirsa: 24050061
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Fix boundary conditions Compute boundary integrals [’ (x, ¢) by Method of Regions  senctesmimov]
in static limit (PN) in static limit v — 0

Regions determined by scalings graviton 0 = (02,8;) ~ (v,1), 0 = (69, £;) ~ (v,v).

momenta: potential (P) radiation (R)

Active: Propagator can go on-shell, ie prescription matters:
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HIGH PRECISION WQFT COMPUTATIONS: WORKFLOW [Dricse Jakobsen Mogull JPSauer Usovtsch]

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

Berends-Giele recursion " fﬂy (u, r )

Generate graphs & ) . o b
grap o I f ; éﬁ ASH

Insert Feynman rules
(5PM: 6g vertex)

l ie
Reduction to Pl Method of regions
: . f H d~l; DL, Fix boundary conditions (potential & radiation
scalar integral family H ( )
in static limit (PN) ~—1 gravitons)

l Z € Kira T

Single scale
Reduced symmetries

Solve masters by Diff. integrals

Integration by parts:

due to retarded '
Master Integrals I

Eq. technique
b— —l &3 —% 3 d x=v—+7 -1

Find same set of Master integrals for spin and tidal effects

: 38
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RESULTS: SCATTERING ANGLE@ 1PM, 2PM & 3PM PRECISION:

Scattering angle in center of mass frame: P} = (E1,p) py = (E2,—p)
cosé?zp.(p_l_Ap) Includi il: Ap=Ap+E1Pq/FE
|p’ |p + Ap' ncluding recoil: P = Ap; 1L rad
0 GM229*-1) (GM)237T(5’)/2—1) N =) - Vg I'=E/M=/1+2v(y—1)
r B -1 Id (v -1) _ mymg
V= M2
1PM 2PM

GM\° (26476 — 120v* + 602 — 5I‘2 | 8vy(149* +25) Sy (49* — 122 — 3) arccoshry
0] afgs — 1) 3(v* - 1) (7?-1) /-1

, [Bern,Cheung,Roiban,Shen, Solon,Zeng][Kilin, Liu, Porto][Di Vecchia, Heissenberg, Russo,Veneziano]
3PM conservative [Bjerrum-Bohr,Vanhove,Damgaard] [Brandhuber,Chen, Travaglini,Wen] [Jakobsen,Mogull,]P,Sauer]

s (GM)34V(2’72—1)2(_§+ L, (302 — 1)

ol /| (2 —1)%2 v?

arccosh ) 1SF piece
3 2? v3 i

3PM radiation-reaction

39
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RESULT: SCATTERING ANGLE@ 4PM PRECISION: CONSERVATIVE + DISSIPATIVE

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

9 N (GM>4 (10571' (33y* — 1842 +1)

5 D) 4PM conservative [Bern,Roiban,Shen,Parra-Martinez,Ruf,Zeng..]
64 (’Y - ]-) [Dlapa, Kilin, Liu, Neef,Porto]

[0 () , B GA)K(R) | wone  ahortos () holon(351) | 3l () s ()
32 (72 — 1) 32 (42 — 1) 16(1 — =) 4(1—~2) 32 (42 —1)2 16 (v* —1)

_ haglog (L) _ haglog(y) | 3hggarccosh®(y) | hgsarccosh(y)  3higlog (231) arccosh(v) _ 3haslog (741) arccosh(v)
2

32(v2— 1% 4(42-1) 64 (2 — 1)* 32(v2—1)7% 32 (y2 — 1)%/2 32 (42 — 1)/2
/ 1
_ h62 _ 21h E2 (’y+1) 3 7 - h7L12 (\/ ’y+1) n h29L12 (7+1) i 3\/’}’2 = 1h7 4 3h30 Li (")’ — 1) ]
38497 (2 —1)°  64(y —1)2(v+1) 2y -1)2(y+1)? 8(1—~2) 8(y—12(y+1)3 161692 ] "2 \y+1
GM\* 4PM radiation-reaction hs = 1200v“ + 20957y + 834
+ |b‘ ( +v [ ] ) [Dlapa, Kilin, Liu, Neef,Porto] hy = 120073 als 266072 + 2929 + 1183
[Damgaard,Plante,yanhove] hs = _25,7,6 + 30,),4 e 6073 _ 12972 + 76y — 12

kobsen,Mogull,JBS
ikaisssogal Jsaner] he = 21078 — 55275 + 3399% — 91243 + 314842 — 3336+ + 1151

Function space: Logs, Dilogs & Elliptic hr = —v (24 - 3) (157 — 157 + 4)
Integrals of 1st & 2nd kind: E(x) & K(x)

40
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[Driesse,Jakobsen,Mogull,JPSauer,

OUR RESULT: SCATTERING ANGLE@ 5PM-1S5F PRECISION: CONSERVATIVE ~ ress

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

31
— 57607° + 67207° — 33607* + 630> —21) |, 3" k() 1)
5(v2 —1)° k=1

OSF

0 GM\° /2 (1792710
...+(|—b|) (

—|—I/295’2 1SF

5PM-1SF function space: Multiple polylogarithms up to weight 3!

Y
G(a’la"'7a’n;y)=/ tiitalG(a’Za"'aa’n;t) y=1—$=1—’)’+V72—1€{0,1,2,1i'&}
0

c(y) polynomials:

() :1880064719 + 1880064+ + 4265408677 + 20978054+ — 3057526264° — 236079666+'* + 5976834067% + 5163982862 — 4031786757*!
7560(y% — 1)4y7(y + 1)
—3625361157"0 + 778569127° + 702364327° + 16701489~ + 169555057° — 536235+° — 536235+* + 3931207° + 393120~ + 10395~ + 10395
7560(y2 — 1)*y7(y + 1)

ea() = — 651264~%° — 7809042v'® — 23185512¢'° + 169295016~ — 3154605422 + 27736917070 — 134264214+® + 6510035+° — 9880157 + 240905v* — 18585
252078 (72 — 1)°/2
61448 — 587336+ + 4034092v1% — 417302+'° — 5560073~% — 142640+° + 35710~* — 8250v2 + 1575
sl = 360(12 — 1377
v (32768v® — 90112+° + 15646727* — 1872978~ — 7817455)
caly) = - 336(12 — 1)2
es(7) = — 491520772 — 24821767%° + 106550644'% — 32742084y'¢ + 17085516781;0—2- 621205;6277‘2 — 59068870v*" — 5433687+ + 1352120~° — 3308904 + 724502
Yo L2y

11025

[
2 T 8IpE - ey

Page 42/59
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RESULT: SCATTERING ANGLE@ 5PM-1SF PRECISION: CONSERVATIVE

[Driesse,Jakobsen,Mogull,JB,Sauer, Usovitsch]

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

5PM-1SF function space: Multiple polylogarithms up to weight 3!

dt

t—a1

Yy
G(ala“'aan;y) :f
0

f(y) Basis functions:

fily) =1

f2(7) =G(1;y)

f3(7) =2(G(0;9) — G(L;9) + G(2;9) + log(2))

fa(y) =n*

f5(7) =G(1;9)?

fe(7) =2G(1;y)(G(0;y) — G(Ly) + G(2;y) + log(2))

fr(0) =56(19)* + (~G(1;9) + G(1 — i) + G +5y)G (L) - G(L, 1~ §y) — G(1, 1+1;)
fs(v) =— %G(l; y)* +G(29)G(Ly) + G(0,1;y) — G(1,2;y)

fo(v) == G(Ly)G(2;y) + G(0, 1;y) + G(1,2;y)
fro(y) =r*G(L;y)

fu(y) == G(Ly) (-G(1y)* — 2G(0;9)G(1;y) + G(2y)G(L;y) — log(4)G (L) — G(0,1;9) + 4G(1,1 — i y) +4G(1, 1 + i;y) — G(1,2;y))

Gil@zy s 5 05 0m%T) y=l—x=1—v++/1v2-1€{0,1,2,1 %4}
L3

31
Os1=vY cx(7) fr(y)
k=1

5PM-1SF Angle

No elliptic or CYs!

fi2(7) = — G(L;9)* + 2G(2,9)G(L;9)° + (G(L;)G(2;w) — G(0,1;y) — G(1,2;9))G(1;y) + 4 (—%G(l;y)3 +G(1,1,1-iy) + G(1,1,1 +i; y))
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LOOKING AHEAD: FUTURE 5PM CALCULATIONS

Our next step will be to calculate the complete momentum impulse, including
dissipative (radiation) effects.

Will yield full 1SF angle, radiated energy flux.

Means upgrading to retarded graviton propagators, and including the (PPR) & (RRR)
regions (odd-in-v)

Klemm, Nega, Sauer, JP 24

(CY3)

Will we see a Calabi-Yau 3-Fold? They appear in the DEs...

Then, 2SF! More difficult integrals, including genuine nonplanars:
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RADIATION REACTED IMPULSE (CHANGE OF MOMENTUM) @ 4PM & LINEAR IN SPIN

.................................................................................................................................. Uakobsen,MoguHJP,Sauer]
H__ QU .
al’ =S8 /m;

2 2 2
Al = T2 § () [(@cw + L) () by ab s
P1 |b|4 oy Upl my l (’Y) M l (7) pl(b)“ — {b‘u, |b| b,u, |b| L,u} :
_() (v)p,_ p,ati,'ﬁ ua,z"'Ui-AH
—I—ZF (mgd (7) + mg d (7))] pp = {’Uj, 7] 5, 7] L }
Basis of 19 functions of weight-0,1,2 functions: Rational functions: ¢9(y), d“(y)
l * Ta,l
log|z] 2
Fl ..... 14(7) = {1’ \/’727_ ]'Og[’Y] ]'Og [ 9 :| ]'Og [:I:} F15,16 — {L12 [—(E’z] — 4L12 [—33'] + 10g[4] log[a:] — ﬂ/:l y
2 [7+] logla]log[y] log[z]log [ ] Liz[—ﬂ Lip [—2] — log[4] log]z]
log [ ] ) : ’ / 2 1 }’
T+ - o = purely dissipative
log |—|lo Li —1,
S [ 2 ] = [ 2 ] 2 { y +]
s l= | oAt B 2 | V= % | = U= -
Ltz [‘H] 4L, [ ’Y+] ! ek 1 Fir.1a() = K [’YJ . lny s [’YJ . [’Y+] }
4 ,.),2 -1 ! TE =5
mixed r=vy—+72—-1 purely conservative 44
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SCATTERING SPINNING BLACK HOLES: STATE-OF-THE-ART

Higher orders in spin are suppressed by physical PM counting:
a; = Gm;x; x| <1

S 5 52 S

(Spin-1/2) (Spin-1) (Spin-3/2) (Spin-5/2)

1PM :
2PM &
G3

3PM
(2 loops)

Jakobsen, Jakobsen,
Mogull 22 Mogull 22

4PM Jakobsen, Mogull, JB
(3 loops) G* Sauer, Xugg3 G* G7 G8

5PM Driesse, Jakobsen,

Mogull, JP, Sauer,
(4 loops) Usovitsch ‘24

G7 G8 G? Glo

Nearing completion of full ¢* perturbative order!
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COMPARISON TO NUMERICAL RELATIVITY

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

Buonanno, GUJ, Mogull: [2402.12342]
Damour, Rettegno: [2211.01399]

¥ T, 400
3501' 5 B ~04 e ] o B~04 === 1PM
1 ; mp=ms=m 350_‘ mi=ms=m - 2PM
J :... S _ S _ - 3PM i > o 3PM
300 Sil =182l =0 ___ oy I Sil=18] ___ pm
J : ] L ]
] 1. § NR 300 - b~ 21.4mGy § NR
: %
2501
0. 250 - -
¥o1+ T B "
2. 2007 - o, -
1 *
I~ <
150 '_~\i\\\ i 150 == = e N - -
-""E“-.\“" ~ - "'-_""‘"-——::::::::::::'_' __________
i : ~—a -....:-.:..:_._..~ L3 -—-——--.--e———sa—_--u———————_—:::::::::
1009 i i 5 Y 100
e L R L e
504 ¢+  TTTTTmo——as 50
2(]: 22 24 26 28 30 32 34 —0.2 0.0 0.2 0.4 0.6 0.8
Cap'ture bmG ] S| [szN ]

Pirsa: 24050061

NR data:

Damour, Guercilena, Hinder, Hopper, Nagar, Rezzolla: [1402.7307]
Rettegno, Pratten, Thomas, Schmidt, Damour: [2307.06999]
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EFFECTIVE ONE BODY FORMALISM: RESUMPTION TECHNIQUE eonammo akabeen Mogall

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

From PM data

oo L - o0, L 5 oy L 4 o L
V(T,poo,L) — GN Cl(p . ) 4+ GN C2(p ) ) + GN 03(p ) ) + GN 64(p 9 )
r r2 r3 r

1 1 IML 2 L2 L2a? \
G [ (EKerr — @ ) — (HZ + — + BKerr —a ) ]

T (1 + BIII(Ifzrr) AKerr 7"3 + aZ(T e 2M) 7.2 npa 7.2
:pgo o V(’I‘,poo,L) u:GM/T AKerr - 1 _2u’+x2u2
xu = S/r 14+ x?u?(2u+1)
BII;(;” — X2u2 — 2u
From geodesic limit (effective-one-body formalism) pxerr _ _ 1+ 2u
k npa ,,.2 + a2(1 + QM)J
47
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COMPARISON TO NUMERICAL RELATIVITY USING RESUMMATION omenmo ke ol

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

: 400
5 B8~ 0.4 —— SEOB-1PM B8~ 04 —— SEOB-1PM
y B . —_— = — SEOB-3PM
] 500} — SEOB-4PM
——= 1PM b% 214mGN -== 1PM
250 —-== 2PM 1 - == 92PM
- i SPM '—250_. - == 3PM
5 ]
=, 200 -—- 4PM g -—- 4PM
== NR, < 200 NR
I'~
~
150 1 s\:\\‘.\ 150 = ___
100 1 RNl e 100 T e i e it
50{ DLl PPy 50
20 22 24 26 28 30 32 34 —-0.2 0.0 0.2 04 0.6 0.8
HmGa Sl[m2Gi]

* See also the wgp model in [2211.01399] by Damour and Rettegno 48
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THE FARFIELD GRAVITATIONAL WAVEFORM

[Jakobsen,Mogull, JPSauer 1



FAR FIELD WAVEFORM @ NLO SR

For time-domain waveform needs to integrate over outgoing energy : )

Qt—r) _pv where unit vector X
/dﬂ e~ BT 6i,>< (hm,(k = Q(l, X)) points towards the

observer

f_|_,x(t — T, )AC) . 4G

i i

The waveform has two polarizations

t—r,0,0;v,|bl,m,m
frx({t—r1,0,0;v,|b,m1, my)

(s X

retarded time

50
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Visualization: Plus-Polarization f)

Plus strain
0.1 -0.068 -0.037 -0.605 0.605 0‘0!37 0.068 0.1
v=04 [HU/AEI BSc thesis Kleinmond]
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Memory effect

f? u=-143b f.? u=-25.0b

Af§2=)0 _ 4(27% —1)e-v1(2b-€p-vy —b-pe-vy)
M1 b]24/72 — 1(p - v1)? Y =1 U2
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Memory effect

f? u=+14.3D f.? u=+25.0b

Afgz)o _ 4272 —1)e-v1(2b-€ep-vy —b-pe-vy)
m1mM2 1b]24/72 — 1(p - v1)? V=1 U2
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SPINNING WAVEFORM @ NLO

1 1, 1 1
¢ d @ ol
2 2 - 9. Qs
(b)
The spinning wave memory:
Af® =1+
Afz) = f(z)(u = +00) — f(2)(u = —0) f (

Using Pauli-Lubanski vector:

Radiated angular momentum in COM:

Pirsa: 24050061

2v|az| las|?

Jrad +3 Jrad

b1 +0%) | [bP?

mimsa

[Jakobsen,Mogull,JBSteinhoff]

)

=1

nY _ _uv pc
8] = e 505 af

_ 4G2m1m2 (2")/2 —

Jmlt |S 0

LR

CPIL+?) b

y (1 2ivaz-1  (az-1)?

=)
i=1

= Z |b|23+1

b

wo_
af = af +ah

D7)

6]

2
%(ai . 1)2)

Ao |2
—CE’zlazl )Afé?—)o
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PM STATE_ 0 F_TH E_ ART Heavy BH effective theory N Seteiigamplimdes
[Aoude,Haddad,Helset,Damgaard] [Bern,Roiban,Shen,Parra-Martinez,Ruf,Zeng..]

[Bjerrum-Bohr,Damgaard,Plante,Vanhove,..]

............................................... [Brandhuber, Travaglini,Chen]
WOFT Worldline effective theory [Di Vecchia,Veneziano,Heissenberg,Russo]
[Killin,Porto,Dlapa,Cho,Liu,..] [Solon,Cheung,..][Huang,..]
L [Riva, Vernizzi,Mougiakakos..] [Guevera,Ochirov, Vines,...]
Uohansson,Pichini[Kosower,O’Connell,Maybee
order deflection & spin kick waveform
plain  spin-orbit spin-spin  spin2  tidal plain spl_n-_ort_ut tidal Integration
sparapn complexity
(WQFT | werT | » N
1PM X trivial trivial trivial o

2PM | = = Amps =5 imos Il et Ao = 1doop
3PM WoFT
cons | S Amps | (2E) [ Amps [l HEFT [l Amps |

~ 21o0p

W3pM s
diss Amps

4PM WQFT [ vorr

cons e

n ........................... — —_~ 3-100p
WOFT | WEFT WQFT :

spv | NEEIEE] S

diss Arps: :
SPM-1SF S : : ~ 4-loop

cons : : . - : .

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

WQFT: Highly efficient quantum field theory technology for
classical scattering in GR

¢ ,Quantize” world-line degrees of freedom

* One-point functions = observables

* Classical theory = tree-level diagrams ~
e IN-IN Formalism: All propagators retarded.

* Include spin degrees of freedom through world-line supersymmetry
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OUTLOOK

WQFT still needs to be extended:

*Higher precision (4PM Spin-Spin, 5PM)
*Higher spin (beyond Spin-Spin)
*Bound orbits? Innovate Effective-one-body Formalism

*Innovate self force expansion

3
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THANKS T0 MY COLLABORATORS!

Gustav Mogull Jan Steinhoff
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