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

Upcoming 3@ generation of gravitational wave / \
observatories with 102 SenSitiVity Increase High_precision predictions necessary

- basis to study fundamental questions in
Need for accurate waveform predictions well ohysics:

beyond state-of-the art

Is Einstein’s theory correct?

Black hole formation & population?
Neutron star properties?

Physics beyond the standard model?
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GRAVITATIONAL WAVES: A NEW OBSERVATIONAL ERA

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




GRAVITATIONAL TW0-BODY PROBLEM

. A Black Hole/Neutron Star Binaries:
Black Hole
| |
_ o
| : / u U U
V|
mass, spin ~— al
\_ Y, , ,
Bound state inspiral merger
a )

Neutron Star
During inspiral: weak gravitational fields Juv = Nuv T VG h,uu

Quantum field theory formalism for classical two-body problem:
mass, spin, radius, WORLDLINE QUANTUM FIELD THEORY

tidal deformabillit
_ 9




THE GENERAL RELATIVISTIC 2-BODY PROBLEM

As in Newtonian case has either bound or unbound orbits.

U1

/_\ Inspiral of 2 black holes or neutron stars:
S
2 . M
\ Virial-theorem: CM 2 (c=1)
7 'Ma )))) r
post-Newtonian (PN) expansion in G & v°
Weak field expansion: Guv = Nuv + K hy o \/327TG\
’ Newton’s constant
\Y;
“ @% = — L —>- - Scattering of 2 black holes or neutron stars:
b (’g‘ X
LY ,-,.-/@* - - o Weak field (G), but exact in v

b,
J )) }) post-Minkowskian (PM) expansion
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RELATIVISTIC TWO BODY PROBLEM IN PM: TRADITIONAL APPROACH

S,
Point-particle approximation for BHs (or NSs) ‘*~ @Ib )
y \
S = —Z/dwg (1) () + /d‘LfEF—gms . @
— S ’ 167G 5 )))
1=
Point particle approximation Bulk gravity & gauge fixing
1) Equations of motion: 1 2 u W ovep
[y — oIy = gTuV + 1 iy =0

, . Geodesic eqgs.
Einstein’s eqs.

2) Solve iteratively in G

G = N + VG L G R (x () = b ot Y G ()

emltted radiation straight line: ,,in“ state =1 deflections

3) Construct observables

fuy(t—r,é’,gp) | 1
Far field waveform: rlggo oy = r | O(ﬁ)

T=-4+00 B | g »
= mz/ TE (T) -

T—=—00

,<Impulse” (change in momentum): Apt — i
b = mydt

1




WORLDLINE QUANTUM FIELD THEQRY  viogun.se. sccnnotriee o2 oz oss

Model Black Holes/Neutron Stars as a point particles

v (7)

SBH/NS = —5 drg,, 2"(1)2¥ (1) + [spin & tidal effects]

1
They interact through Einstein’s gravity: S = S;gH/NS | T s /d4wv —g R(Q)
Scattering scenario:  xt (1) = b%' + vi'T + 2H(7) Guv = Nuv + VG hyw

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

h — 0 a )
S[z.h] Tree-level one-point functions (h..) and (2*)
O)waqrr = | D[h - » - . .

solve classical equations of motion
. J

C:> Advanced quantum field theory technology for classical gravitational wave physics ]




WORLDLINE QUANTUM FIELD THEORY: PROPAGATORS

m . 1
SWQFT = /dTgW th (1) " (1) - /d4x\/—g R(g)
167 G
Scattering scenario: x4 (1) = bt + vi'T + ¥ (1) Guv = Nuv + VG hyy
. _LU) V! 1 _ l 77,u1/
Worldline propagators: e v (W) (—w)) = —— o+ i0)?
Perturbative (quantum) gravity:
2 3
\/ g R q p~YHrseodp 4+ VG[OPRP + VG [0%hY] + VG [0%h°] + . ]
Guv = Nuv + VG hyy |
BPuvipe = NMu(pMoyw — 577W77P0
a )
Uy —s po | P oo N.B. need to take
(:> graviton propagator: ) \\VVWPe 0 5 retarded propagator
— Lk + (]C + ZO) — k . .
(in-in formalism) 5
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PUTTING SPIN ON THE WORLD-LINE

Hidden supersymmetry of spinning-black holes!

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

[Jakobsen,Mogull,JB, Steinhoff]

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

SBH/NS — —m/dT

%g,ul/jj'u ¥ + ”MEDM@ T %Rabcd&awbﬁcwd T CERa,ubl/jj'ujjylzawb 77; ' lb

spin degrees of freedom neutron star term

Scattering scenario: | s Sab w w A
~ ~  Spin tensor of BHs/NSs —21m

vy (1) =07 +vp 7+ 2 (7) . )

i (1) = U +¢;(7)
\_ /

. L la J.la 1% 1% a b _Znab
Quantize Z=; , (D 1F e (W (W)Y’ (—w)) =




TIDAL INTERACTIONS

First layer of tidal & finite size effects:

Stida,l — m/dT [CEQEMVE'LU/ + CBQBMVBW/]

Electric and magnetic curvature:

E,uu e = RMOWBx.aj;ﬂ B,uv $ R,Zauﬁjjajjﬁ

Wilson coefficients (or ,Love numbers®): c¢r» & cp2 (vanish for black holes)

11



WORLDLINE QUANTUM FIELD THEORY: VERTICES

Wm

; o n m polynomial 1N Wi, kj
W1 — mvV G ezb-zg’ k’j5 (2} - Z kj -+ Z wi) X of degree 2n +m
1=1 1=1

depending on v*, SH”
k1 kn \ + C}., 1, Cyo fOr neutron stars

Energy conservation on worldline

;@Z“ﬁkz @N\E“ka..

L Four-momentum conservation in bulk 5%( Zp)

,BUlk™ graviton vertices:

o K

12



WQFT OBSERVABLES
" g' :

\) Ap ZG Ap{™H
i, J)))j

/
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n—=1



OBSERVABLES OF WQFT: ONE POINT FUNCTIONS

/

Spin-less BH/NS scattering:

v, )
1) Impulse (change of momentum) ) /)
T=-400 d2
Apt = m(24) — mi/dT@f(T)} — /dT—< (1)) = —muw? (2 (w)
T——00 dT w—>0

T

Needs SUIT] Of all graphs Wlth OUthing Z'line: Jakobsen, Mogull, PRL 128 (2022) 14; Jakobsen, Mogull, JP, Sauer, JHEP 10 (2022) 128

Fourier trans.

- - _ _ +

(Ap™)




OBSERVABLES OF WQFT: ONE POINT FUNCTIONS

2) Emitted Waveform (Gravitational Bremsstr ahlung) Jakobsen, Mogull, JP, Steinhoff, PRL 126 (2021) 20, PRL 128 (2022) 1

3)Trajectory!

zh (1) = bV

15



WORKFLOW WITH RETARDED INTEGRALS

& A
Generate graphs

o
4 )

Insert Feynman rules
_ Y
rTensor reduction to h
. scalar integrals )

l i€
~

qBPs: Basis of Master
. Integral )

Berends-Giele recursion

(tree-level!)

o - r 5@ f%

Form script
(4PM: 5g vertex)

/Hle [ o
; Z HiD(li)

Fire/Kira
Reduced symmetries

due to retarded prop.

[ — —] € — —¢

.
\_/

1€

[Jakobsen,Mogull,JB Sauer]

e

\_

Fix boundary conditions
in static limit (PN) ~ —1

™\ Method of regions

(potential & radiation

gravitons)

|

~
Solve masters by Diff.
Eq. technique

~

J

Find same set of Master integrals for spin and tidal effects

Single scale
integrals

r=7y—y"?2 -1

16



/

Tensor reduction o | STRUCTURE OF WQFT INTEGRALS: IMPULSE & SPIN KICK

Scal ar inte gr al S J [Jakobsen,Mogull,JP Sauer]

Order N-PM : Single scale (N-1)-loop integral
num |/,

Ipv = /6_q'b5(q - 01)0(q - Ug)/ O(l1 - ve)0(lo - Vy) ... O(lyu1 - V4)
q ll,lz...ln_l D]-D]

Vs € {U1, 09}

Retarded propagators D.(L;, g, v+) are linear ([ - vi) = 10 or quadratic (/; + q)°

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

1PM: Trivial - pure Fourier transform ("
% ~ Gm1m2
oPM: 1-loop
Dl—l°01::26, [l]
11Ul
Dy =17, DDDg(l.U*)
D3 — (l — q)2 [ 1472473

17



WORKFLOW WITH RETARDED INTEGRALS

& A
Generate graphs

o
4 )

Insert Feynman rules
_ Y
rTensor reduction to h
. scalar integrals )

l i€
~

qBPs: Basis of Master
. Integral )

Berends-Giele recursion

(tree-level!)

o - r 5@ f%

Form script
(4PM: 5g vertex)

/Hle [ o
; Z HiD(li)

Fire/Kira
Reduced symmetries

due to retarded prop.

[ — —] € — —¢

.
\_/

1€

[Jakobsen,Mogull,JB Sauer]

e

\_

Fix boundary conditions
in static limit (PN) ~ —1

™\ Method of regions

(potential & radiation

gravitons)

|

~
Solve masters by Diff.
Eq. technique

~

J

Find same set of Master integrals for spin and tidal effects

Single scale
integrals

r=7y—y"?2 -1

13



RESULT IMPULSE @ 3PM PRECISION: e s

Tz
Apy = Poo sin 6 b -(cos 9_1)m172n2 (yma1 + ma)vy —(yma + ma)vy] — V2 - Baqwy | wl = Wg _ 71]5
/y —_
Y = U1 V2

Scattering angle:

g _ GM 2(2v* — 1) | GM\~* 3m(5v% — 1) . <G_M>3 <264W6 — 1207 4 6072 — 5F2 - Suy(14y® +25) 8y(4v4 — 12+* — 3) arccosh~y
I} bl A2—1 \ bl ) 4(y*—1) b 3(72 — 1)? 3(12 — 1) 2-1) J2_1
IPM 2PM 3PM conservative D= B/M = JTT 20 = 1)
— — vy —
GM\"4v(2y* =12/ 8 1 (3v?—1) _ mams
R i
3PM radiation-reaction
Radiated 4-momentum: P, = —Ap] — Aph Dissipation! Need for retarded propagators
- - 21075 — 55275 4+ 339~* — 912+3 4 3148~? — 3336~y + 1151
Ggm%m%ﬂ- UijJ _|_ Ug Y -+ 1 aICCOShV €1 = 48( 9 1)3/2
P'ud: 61—|—€210g -+ €3 g
ra b3 v+ 1 2 VY =1 1 359" 460y 1509 + 76y — 5
2 8\/72 — 1 )

v(27% — 3) (359* — 30+* + 11)
16(~2 — 1)3/2 | 19
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4PM IMPULSE:

[Jakobsen,Mogull,JB Sauer]

Two integral families;

[M(ULUQ .... 08) _ / 5([1 . 01)5(l2 . ’Ul)ﬁ(lg . ’UZ') J(Ul’JQ ..... 05) - / 5(61 . ”01)5(62 . 2}1)5(63 . ’02)
2T Lisds D1t Dg?...Diy? T 01,0205 D' Dy?...Dyy?

Dj=1{;-v;+i07 0,

Dy = —(l; —¥43)* —i0Touv - ({1 — £3)

Ds = —(ly — £3)* —i0T 050 - (by — £3)

Dg = —(6y —€2)*, Dgyj=—L;, Doij=—(l;+q)°

(
D5 — —(ll l2 T q)2 — i0+05v ¥ (ll -+ lg)
(

—(lp +13)* =0T ogpv - (I +13)
P
] ,

D5 g

IVEWES Dioyr = —(lk + 61)2-

Number of master integrals: |-type 23+23, J-type 64+66

Function space:

'y | anccosh), arccoshin]log | 5~ log | 5 log | 5| log? | 5
5 | »arceos |, arccosh|v| log 5 | 108 | 5| log | o log™ | o1,

F{" (7) = {1,arccosh[], log[1], log |

Lis |[£2= |, Lig | /= K2 | = B2 | 2| K| =B | =)
T+ VT e N Y+ 1 0 LT+
Elliptic functions appear! Y = U1 - U2 (V£ =7 £ 1)




RESULT SPINNING IMPULSE @ 4PM PRECISION: CONSERVATIVE SECTOR ...

Scattering angle:

16 . ; -
Héﬁ@:ZW(SM&“(sthgw) FO)(y) _21my (3377 — 307" +5) (1354 — 305 )
a=1 32 (72 — 1)5/2

A

S+ — —(CL1 ::CLQ) - L

Spin-orbit coupling:

b T+ V- 2 -+
Function basis: F'® (~) = {1, arccosh[v], log[y], log [7] , log {7] , arccosh”|vy|, arccosh|v| log o
Vi V- o T+ v =1 «. [ = +. | /=] wol7=] p2|7=
g [ 2] og [ 2=] tog? [22] iz [22] i [-2=] i [ 2] 2 [22] 2 22
o T+ T+ LV T A T+
Coefficients:
(+) 3w (v + 1)%(122598 + 122547 — 187575 — 1875v° + 795y + 303573 — 36012 + 1775y — 448) 1 o
hy ' = — 3 5 572 22050y
192(~ + 1)3/42 — 1 19298 (v + 1)(v* — 1)
+ 33075+18 — 71725417 — 123397~16 + 186555v1° + 67503~ — 8988513 — 190167~12 + 181103~ + 13704210 — 506830~°
%—40700478——3367177——3367176—F850175—F850174——188573——188572—F3157—F315)
(=)  3m2(—1225+% — 12257 4 18759° + 18757° — 795v* — 111572 4 40192 — 111 + 64)(y + 1)* 1 1o
hy = = 3 > 572 22050~
192(y + 1)3y/~2 — 1 19298 (y + 1)(v* — 1)

+ 33075+18 — 71725417 — 115333~16 + 96699+1° + 140871~v1% — 5626113 — 73191~12 — 6593~ 4+ 27498~10 — 3718~

—F9OO478——149177——1491v6—k31375—k31374—k9573—k9572——1057——105)

, K

o
LY+

, arccosh|v] log [%} ,

D

MENE

21



STATS FOR 4PM:

High Performance Computing Needed:

o[
1i[
2[
3[
a[
50
6[
70
8[
9l
10[
11(
12(
13[
14[
15[
16[
17(
18[
19([
20[
21[
22[
23
24(
25[
26[
271
28[
29[
30(
31(
32(
33(
34[
35([
36(
37(
38(
39([
40[
41[
42[
43
a4[
45[
46[
47(
Mem[
Swpl

PID
8822

A e A

USER VIRT RES SHR S CPUS-MEMS
mogu Ll 9561M 8592M 63372 R 100. 0.6
mogull 9572M B6O5M 63544 R 99.4 0.6
mogull 9554M 8589M 63632 R 100. 0.6
mogull 9574M B6Q7M 63492 R 100. 0.6

0.6

mogull 4 9559M 8592M 62852 R 100.

umber of diagrams: 201 Non-spinning, 529 spin-orbit
ome 10.000 integrals need to be reduced to master inte

umber of master integrals: I-type 23+23, J-type 64+66

TIME+ Command

9h51:10 /users/local/mathematica-12.3.0/SystemFiles/Kernel/Binaries/Linux-x86-64/WolframKernel
1h51:51 /users/local/mathematica-12.3.0/SystemFiles/Kernel/Binaries/Linux~-x86-64/WolframKernel
1h52:20 /users/local/mathematica-12.3.0/SystemFiles/Kernel/Binaries/Linux~-x86-64/WolframKernel
1h52:07 /users/local/mathematica-12.3.0/SystemFiles/Kernel/Binaries/Linux-x86-64/WolframKernel
1h51:34 /users/local/mathematica-12.3.0/SystemFiles/Kernel/Binaries/Linux~x86-64/WolframKernel

-noinit
-noinit
-noinit
-noinit
-noinit

-subkernel
-subkernel
-subkernel
-subkernel

48[
49[ ||
50[] ||
51[] |
52[] ||
53[1] )|
54|
55[] |
56[] ||
57(1 )|
58[1 ||
59[] |
60[]| ||
61[] ||
62[] ||
63[| |
64[ |||
65[] ||
66[| ||
67[]|
68[ ||
69[] ||
700 ||
71[ ||
72[] |
73[] | |
741 | |
75[] |
76[] ||
7701 | |
7811 ||
79[| |
8o[| ||
81[] ||
82[] ||
83[] |
84[| ||
85[| ||
86[| ||
87[||
88[1 ||
89[| ||
9o[| ||
91[||
92[] )|
93[] ||
94[| ||
SSCIIIIENINEL) I (HERY
Tasks: 141, 1173 thr; 96 running
Load average: 96.96 96.98 97.00
Uptime: 45 days, 23:43:08

protocol SharedMemo
-pacletreadonly -wstp ~linkprotocol SharedMemory
-pacletreadonly -wstp ~linkprotocol SharedMemory
-pacletreadonly -wstp ~linkprotocol SharedMemory
-pacletreadonly -wstp ~linkprotocol SharedMemory

~Llinkconnect -Llinkname
~linkconnect -linkname
~linkconnect -linkname
~linkconnect -linkname
~linkconnect -linkname

nalytic! Using Mathematica, FORM, Fire & KIRA

s63bc_shm
hgfjj_shm
fpkxs_shm
rv7py_shm

CLCLEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE L EEEEEEE LT

grals

[Jakobsen,Mogull,JB Sauer]



FAR FIELD WAVEFORM @ NLO

[Jakobsen,Mogull,JP,Steinhoff]

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

_iQ(t—r) v where unit vector X
/dﬂ e " " 6'i7>< <hw/(l{7 — Q(l, X)> points towards the

observer

f—l—,X(t_Tv}A() _ ﬁ
r B r

The waveform has two polarizations

t—r, 0,00, b
f—l—,X(, r, 7¢7U7‘ ‘7m17m2) (- P

uw X

retarded time

23



Visualization: Plus-Polarization

(2)
_|_

[HU/AEI BSc thesis Babayemi]



Memory effect

Afg:)() 427 — De-v1(2b-€p-v1 —b-pe-vy)

mima b2/72 = 1(p-v1)?




Visualization: Plus-Polarization curvature

v=04

More visualisations at: https://www.youtube.com/channel/UC5UVcydoMoG7ILk]Jo9bik I w




PM STATE-OF-THE-ART eawy B effctive theory M Scecering amplicudes e
[Aoude,Haddad,Helset,Damgaard] [Bern,Roiban,Shen,Parra-Martinez,Ruf,Zeng..]

00000000000000000000000000000000000000000000000 . . F * _
[Brandhuber, Travaglini,Chen] _BJ.errum .Bohr,Damgaard,?lante,Vanhove,..]
Worldline effective theory 'Di Vecchia,Veneziano,Heissenberg,Russo]
[Killin,Porto,Dlapa,Cho,Liu,..] Solon,Cheung,..|[Huang,..]

Guevera,Ochirov,Vines,...]
Johansson,Pichini[Kosower,O’Connell,Maybee,
Cristofoli, Gonzo...]

[Riva,Vernizzi,Mougiakakos..]

order deflection & spin kick waveform
A L . . . spin-orbit  _. Integration
| - 5 - 5 >2 5 5
plain | spln orblt. spln spln spin tidal plain  spin-spin | tidal complexity
1PM X trivial trivial trivial — tree-level
o~ - o = O O - :
~ 1-loop
~ 2-loop

4PM ~ 3-loop

r-r. Radiétion-reactién ( . ) : i)artial results | | 27



SUMMARY

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

e ,Quantize“ world-line degrees of freedom

* One-point functions = observables

* Classical theory = tree-level diagrams

* IN-IN Formalism: All propagators retarded.

* Include spin degrees of freedom through world-line supersymmetry

238



OUTLOOK

WQFT still needs to be extended:
WE ARE HIRING!

*Higher precision (complete 4PM,

*Fall 23: Long Term Postdoc (5y), 2-Phb
5PM)

*Fall 24: Postdoc (4y), 1 PhD

*Higher spin (beyond Spin-Spin)

e Bound orbits? Relation to Effective-
one-body Formalism

European Research Council

*Relation to self force expansion

Thank you for your attention!

29



BACKUP




EXTRACT GRAVITATIONAL POTENTIAL IN PM EXPANSION I

eqgs.

Can make contact to bound problem

31



BINDING ENERGY: COMPARISON TO NUMERICAL RELATIVITY

GW cycles before merger

Use 2-body Hamiltonian to
compute binding energy

40 20

10

& = Eo M for circular orbits ? _0.03: my/me =2, x1 = 0871, x2 = —0.85
"o . © .04
and and aligned spins to =% ;
compare to numerical relativity  © l
C
5 —0.05¢
E: l'_‘CPV] V}S_}?C,/%;> - —0.06: ~. .

 cmsmn’NR
e I ~007F ——opM 2
‘ w7, 2 > W79 ) 085 — 3PM S°
% I 3PM 5% + 4PM S°
QL3S ) = Y /3 0.02 0.03 0.04 0.05

’
- L

orbital frequency

GMS

32



-

\_

Solve masters by Diff.

~

Single scale integrals: x = y — \/yz — 1. Group master integrals in vector

Eq. technique 7( )
l _)( ) ( ) ( )
I(x.e) = M(x, € £z, €
) ) )

Canonical DE. Straightforward solution for masters:

Finding 1(e, x) is a major challenge. 4PM Diff. eq. matrices A(x) have poles in

—

I(x,¢€)

similarity transform

{x,1 +x,1 —x,1 4+ x?}: Symbol alphabet

= T'(e,

) I (x, ¢

—

I'(x

[Gehrmann Remiddi; Henn]

—

@I’(az e) =cA(x) I'(x,¢)

9= Peole | dA@)];

[Jakobsen,Mogull,JBSauer]

Integration yields Logs & Dilogs, Elliptic functions K & E appear in transformation matrix

T(e, x). Resulting function space:

F"(~) = {1, arccosh[v], log[+], log [%

Lis

) ’Y_—_
T+

y L12

W—_

T+

K2

i

ME

E2

_7_—_
ME

, K

_’Y_—_
e

1D

} ,arccosh®[v], arccosh[y] log {

-
e

Wz } 108 Pz }bg Pz } log” P;} ’

33



O)wqQrT = /D

h — 0

ol

~

\_

Tree-level one-point functions (fu.) and (2*)
solve classical equations of motion

~




CLASSICAL DYNAMICS FROM ONE-POINT FUNCTIONS —

Action: S[®D 4| with fields @ ,(x,) = {hﬂy(x), z#(7)} and coordinates x, = {x¥, 7}

Partition function in the Z[J 4] = /D[<I>A] exp v (S[¢A] + Z/dxAJA($A) @A@A)>
presence of sources RC " _

h counting:

Ak “. | E.Q:

Scalings of connected n-point functions:

a )

(@y,..- Py )conn ™~ Z A~ 1+ L (L-loop connected n-point diagrams)

\_ L _

Well defined classical limit only for n=1 and L=0: Tree-level one-point functions

= Loops are quantum effects!




CLASSICAL DYNAMICS FROM ONE-POINT FUNCTIONS _—

Factorization im <(I)A1 (I)AQ o (I)An>discon __ <(I)A1>tree <(I)A2>tree o <(I)An>tree

COI1l

Conseqguence for Schwinger-Dyson equations: < Ehrenfest theorem in QM

53[(13 ] o i =0 5S[<(I) >tree]
R v

W

. A

Tree-level one-point functions solve classical equations of motion

\_ /

Importantly $S|® ,] must be independent of 72 (not the case in amplitudes approach -
massive field!) -> Key advantage of WQFT approach (no ,super classical” terms)

Need non-trivial background field configurations for non-vanishing one-point functions



THE IN-IN (SCHWINGER-KELDYSH)
FORMALISM FOR WQFT

IS

+

-'

OR WHY RETARDED PROPAGATORS?

[Jakobsen,Mogull, JBSauer ]



STANDARD PATH INTEGRAL: IN-OUT FORMALISM I

Hamiltonian formalism: Time evolution operator H = ﬁo + ﬁint Background
U;(T, T") =T exp / dt /d3 { int |00 (X,1), Q(x,t)] + J(x) ¢0(X,t)}

Path integral representation: \Free fields

00 (00, ~)10) = [Delexp |1 (516,01 + [ e s0)6(a) )| = exp | zw17)

Heisenberg picture: ¢H (Xa t) — UO(_OO7 t) ¢O (Xa t)UO(_ta OO)
One-point function: — U (t, —00) g1 (x, 1) Up(—00, 1)
o Do = L 010 t) i) ot o) 0}

H\X, in-out — 5J(X,t) 1—0 — 0\ O, 0\ X, o\t, —OC

K — <O| U()(OO, _OO) ¢H(X7 t) ‘O>in-out — out <O‘¢H(X7 t)‘0>1n
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IN-IN (SCHWINGER-KELDYSH) FORMALISM I

Standard path integral yields (P (Z))in—out = out{0|®a(2)|0)in  but want

(811(@)in-in = 10 01611 (2) 0 = (01U (=00, 1) do(t, x) U(t, ~o0) 10}

= need two evolution operators: Double the fields! L Epl A&

Z|J1, ol = (0| Uy, (—o0,00) Uy, (00, —00) |0) T

K

- /D[qb1,¢2] exp _;1( 1] — Slo2] + /:BJl(ﬁ) P1(2) = o) @(z)):

Boundary conditions:
4 B

$1(t = +00,X) =@ (t = +00, X) 1 6Z|J1, Jo]

b1(t = —00,x) =a(t = —00,%x) = 0 2000 0 i@)




KELDYSH BASIS: b1 = 5(¢1 + ¢2) O = O1 — P2
...... Th,sy,e|ds
g y N
Z1Js] = [ Dlg.6-] exs %(S[m 501 = Sl — 51+ [ dalio +T6)
\_ ‘ y
Propagator matrix from free part:
Yy JEx y) D (x_y) fﬁf@t(k) N (kOHB;—kQ ’\
ula) () = fp 20 Poml0)) ~ !
Daavlw,y) 0/ = Panlb) = 5772 =0 —j0p 12
irrelevant @ tree-level \ J
Vertices from:
. | 1 Q. 1 o 5Sint[¢] 3
Smt[¢+ | 2¢—] Smt[¢+ 2¢—] — ¢— ( 5¢ ) s, + O(¢—)

= only odd number of ¢_ legs! 40



ONE POINT FUNCTIONS @ TREE-LEVEL:

-

&

Only retarded propagators contribute!

_J
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CONSERVATIVE SECTOR: NO DISSIPATION

For application of scattering results to the bound case scenario necessary to separate
conservative dynamics from disspative one.

Goal: Construct effective (one-body) Hamiltonian applicable to bound case scenarios by matching

Useful definition of conservative sector: Take graviton fields in-out, worldline fluctuations in-in

n% po Do Lo oy —inhY n = 2 for 2!,
‘VVVVkVVVV” k2 1+ 0t @ W, N @ m;(w —+10T)" | n =1 for %/;M .
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POST-NEWTONIAN VS POST-MINKOWSKIAN EXPANSIONS

Conservative non-spinning,2-body dynamics: .

Integration
complexity

OPN 1PN 2PN 3PN 4PN 5PN

OPM 1 w2 yA e y8 Lyt 2
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2PM G2/ G2V GRvM GRve? GRvE? L. - 1oop
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3PM OGP G GRS GRvee L ~ 21o0p
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Bohr,Vanhove,Damgaard][Brandhuber,Chen, Travaglini,Wen] [Jakobsen,Mogull,JP,Sauer]

(4PM) ., G G GV S oop
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PM state-of-the-art
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[Bern,Parra-Martinez,Roiban,Ruf,Shen,Solon,Zeng][Dlapa,Kaillin,Liu,Porto] T

G21/rd
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