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Motivation to use worldline quantum field theory (WQFT)
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Driesse, Jakobsen, Mogull, Nega, Plefka, Sauer, Usovitsch
] [2601.16256]

By quantizing worldlines: Recent 5PM 2SF computation of the
» Systematic expansionin G interms of Feynman diagrams conservative potential with WQFT

* Solve Feynman-like integrals with QFT tools

* Tree-level captures exactly classically relevant information



WQFT of a single black hole
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l [2010.02865]
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D

k% = 321G (4me" L?) ¢
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Feynman rules for “in-in” prescription:
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k — k2 + 10t (W ) k) %?ﬁ H Shah, Wilson-Gerow [2406.14770]



Black-hole response theory

* Partition Function for single black hole

Z[T) = / Dih, 7] ek SonlXal=[ d°s T hu)| ok WIT]
tree
* Black hole response effective action
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Black-hole response theory

* Partition Function for single black hole

Z|T] = / Dlh, Z] en (SeulXogl=[ d7a T hy)

tree

* Black hole response effective action

* Coupling to a secondary black hole
TH () = % /dT (5D(a: —x(7))z?(T)z" (1)

» each interaction with the secondary gives an extra power of m
» n - point response function contributes to (n — 1) self-force (SF) order observable

» See Jitze Hoogeveen’s talk
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One-point response function
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Two-point response function
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» Generalized effective action to include a source for the deflection Z# (1)
enWIT Il = Z[T, f] = f D[h, 7] et SenlX.gl=[ P T @)hy (@)= [ d7 fu(r) 2" (7))

tree

* De Witt notation

(Da)s = { (@) .y > (ZH () 7.0y b Ja={T"(x), fu(r) },

(Pa)sda = /dDSUT“”(w)(huu(ﬂ?)){T,f}+/deu(T)(Z“(T)>{T,f}
* Schwinger-Dyson like equation Response Function
A
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Feynmanrules in presence of a source

= —5 AC Bautista, Driesse, Haddad, Jakobsen
J=0 [2602.06125]




Two-point response function
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» Generalized effective action to include a source for the deflection Z# (1)
WIT,fl _ T f /D h Z eh(SBH[Xg — APz TH (2)huy (x)— [ dT fu(T)ZH (7))

tree

 De Witt notation

(Pa)s = { (huw (@) g5y 5 (ZH(T))ir83y }s = {T" (), fu(T) },

(Pa)sJa = /dDwTW(xNhW(fE)){T,f} 'I_/dT fu(T)(Z“(T»{T,f}
* Schwinger-Dyson like equation Response Function

]
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= —5 Bautista, Driesse, Haddad, Jakobsen
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Feynmanrules in presence of a source




Two-point response function
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» Generalized effective action to include a source for the deflection Z# (1)
enWIT I = Z[T, f] = f D[h, 7] et SenlX.gl=[ P T @)hy (@)= [ d7 fu(r) 2" (7))

* De Witt notation

(pa)s = { (@) (.03 (2" (T {753}

(6a) s Ta = / APz T (2) (b (2)) 7. g1 + / dr £ (T 2" () 1y

Ja={T" (), fulr) },

* Schwinger-Dyson like equation Response Function

[

1

0°Spul{¢)s] S*WI[J]

d(pa)s6(¢B)s 0JBIJC

J=0

= —d4c

| J

I
Feynmanrules in presence of a source

tree

Bautista, Driesse, Haddad, Jakobsen
[2602.06125]
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Three-point response function (and higher)

* Resumming Feynman rules in presence of a source

0"iSpu ()]
0Py (1)) 70 (Ppgun (2)) 7+ - Py, (T0))

J=0

* Apply functional derivative to Schwinger-Dyson equation

0 [52831{[(@.]] 0> W 1[J]
0Jp | 0(pa)s0{¢B)s 0JBdJC

-
J=0

* Obtainrecursion relation for higher-point response functions

% + (two permutations)
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Three-point response function (and higher)

* Resumming Feynman rules in presence of a source
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Application of black-hole response theory
to the shockwave background



Massless WQFT

Brink-Di Vecchia-Howe form (formerly known as Polyakov form) for massless limit

1 _ S M—=0,e ' FE o
5=-3 / dr (e L (X)X1X +eM2) e f d7 g, (X)X X

Infinitely boosted black hole with energy F
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Massless WQFT

Brink-Di Vecchia-Howe form for massless limit
1 _1 Ry 5 M—0,e'—»E  E by
S = -5 dr (e G (X)X X" +eM ) gy dr g, (X)X"X

Infinitely boosted black hole with energy F

PH
S(P-x)  XMr)=B'+—r+ZMr), PP=0
ZPr (wn) ZPr (wn,)
.......... sz(W2) — e sz(w2) ”,LL V”” _ —1?7/“/
27 (wn) 291 (wn) o E(w +107)2
Py () fop (K) AV4M1EJDH/E
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One-point response: The shockwave metric

T S kD a8k P)
<hW($)>1PM —fke é = 7PMP,,/ke k 12

e 2PM contribution:

NP,[LPU
) . . H1 pvr D2 DU2 y v-vfg
:/ 3(P El)ﬁ(P EQ)P P ‘QPQ P Qﬂl 1H2V2; 1L ( Ls 2) NP2,P'€1,P'€2 — 0
44 6162
Light-cone decomposition
(et 4 0—e!
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Non-regularised divergence
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Regularizing massless WQFT

7’
S(Pra) XM= Bl pr 20, PP=0



Regularizing massless WQFT

PH
I — RBH T 1% 2 _
Ao, (P - x)
A . A?
Choose pa(0) = 5 exp(—Alo]) with Fourier transformation pa(w) = RN




One-point response: The shockwave metric

(s @ess = |

k

ke T . 5 k- P
e k % — K_DPMPV/Q—lk‘-:U ( 5 )
2 . k

e 2PM contribution:

Lo
IIIIIIIIIIIIIIII 4 . H1 pvi Pz pra .
f AN*S(P - 41)0(P ES)P P Pz P QN1V1N2V2:HV(€17€2) ~ Pz,P-fl,P-fz =0
0 (07 + A2) (657 + A2) 0243
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T ol —eM
i _ (Telt +/0"€ +£li
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Regularised!
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One-point response: The shockwave metric

* Higher-point contributions vanish

5 (P - £;)Pripyi
% :/E 4 (H 4 €)2 )QulVl"'HnVnENV(£17"'7677/) ~ PQa P-t;=0

1=1

...... —

* Truncation at 1PM:

(@)} = [ e ? = [ A (v B P)

hyw (F) v ()

* 4D limitrecovers Aichelburg-Sexl shockwave background

2

ds® = dz~ dat — da? + 4GS(P - z) log( T )(P . dz)?

2
4L Aichelburg, Sexl, 1971
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Two-point shockwave response

Shockwave self-energy

21



Two-point shockwave response

Shockwave self-energy
vertices truncate:

q::%ﬁf:' = 0 forn>3
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Two-point shockwave response

(1PM)
3PM exact
+ mirror (2PM) remainder
S (K ko)
(3PM)

[+ ) [Méml } —> Resumto S/ (k. ko) (2 4PM)
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Computing XHY*P

SuIm

e Evaluate numerator
* Compute generic n - loop integral
e Resummation

24



Computing =“*f: Numerator

(A lno1 Ly

rrrrri@irrnnni | I I A O | rrrrni [ zn
Egyaﬁ — e — H_D(P kl)Qn/ Qﬁyaﬁ(klkaapaglf o 7£n—1)-’z‘.n—17
hyw (k1) \) hags(k2) t
231 terms

Simplification at 4PM and beyond!
(using de Donder gauge)

ngz(zﬁ(kla k2, P) — _iHMVH:)\(kl)HKAa’B(’@)

- Independent of loop momentum

Only scalarintegrals

1 v
With the TT-projector TIMV*P(k;) = ﬂf(pﬂf)ﬂ — mwf’ P

k2PrpY — 2(P - k) k" PY)
(P - k;)?

. 174
and the transverse metric ﬂf =" +



Computing TF¥*F: Integrals

El 62 gn—l En

SuIm

L
i e ST ef om0t 0 a2t (o -2 A2 T (nt 1)

ﬁ [/ 5(P - £;) A? | 5(P - q) A? .
: n ’ q = o
31 e Bl + S )2 A 0H (P k)] £ A2 (0= i ) (aF = X )7 + A7 C

Perform light-cone decomposition and integrate + component via residues

TR >y

1

Integrate spatial components in method of region where &y ~ ks ~ AY relevant for the on-shell limit

- 1
I, =(=1)"*! [ / } Iy
=1 2P kl 1;[ (qr — €1 — - —4£,1)?
(a) External scaling: £;1 ~ A°, (b) Hard scaling: £;; ~ AY2
Iexternal — 1" 6_(P ] Q) 1 F(_E)n+1r(n€ + 1)

(n+ 1! (2P - k)™ (g% )17 (4m)"(A=T(—(n + 1)e)
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Computing X#*%P: Resummation

Momentum space

in (P . k,l)n—l—l
2211 (47T)(n—1)(1—6) (qi)l—k(n—l)e

['(—e)"T'((n —1)e+ 1)
['(—ne)

L4 = 235(P - q) (IT, - 1)

Position space

D—2 —iq, @ pvaf 21" n+1 CE%_ K
:3(P-q)/d x| e 9L J_[Hl .H2] 22nn[(P'k1) + {SGF(—E) <4e7EL2) ]

Resumming all ladders beyond 4PM:

suimm

o0
Z‘waﬁ(kl, ko) = Z ﬁﬁvaﬁ ~ exponential
n=4

\_'_I

What do the low orders contribute?
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Two-point shockwave response

(1PM)
3PM exact
+ mirror (2PM) remainder
S (K ko)
(3PM)

[+ ) [Méml } —> Resumto S/ (k. ko) (2 4PM)
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Two-point shockwave response

h,ul/(k'l) h,OU(kQ)

* All-order expansion in PM

-+ mirror

+ mirror

—> Resumto ZHY%P(ky ko)

(1PM)

(2PM)

(3PM)

(> 4PM)

S—

3PM exact
remainder

SHVOB (o) o)

remm
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The remainder £“%P at 3PM

 3PM and below, ladders do not follow the pattern observed at higher orders ...

2n Pk 2n
+ mirror — —iK/D ( 1) (Hl . HQ)‘MV&B In—l
l omn n:Sl
||

/——— Same pattern as high-orders!

A
[ 1
\ J

2n 2n
y kD' (P - k1) v
dielny 3PM EMV@B‘SPM - <_ i—= on (I - o) I, . = 0.
n—
1
Full 3PM response 30

* 3PMremainder evalutes to 0!

rem




The full remainder £-2P

e Similar structure at 1PM and 2PM, but with a remainder

2 2n 2n
vaf _ .Rp (P ) kl) vaf vaf
by 1PM+4+2PM Z {_1 on (ITy - T )% Ty g | + X500

n=1| ]\ J
Y Y
Follows high-PM pattern Remainder
O(P- K2 pv o
2 (ky, k) = LD (BB [ po ps(apfig) — ) 1 Plig Plagh) — (popy )L T2
4 q D —2
(ki +k3)PHPY ([ @*POPP 5 g o (Tl + 74¥) (x7” + 757
_ _ P-k ]
5 2Py T+ 7y |+ (Pk) 1
ik 9 e e AkT , 4
+ %(/{Il-P)ﬂ'l PeP [2 log 2 ) 3l — 1} + (uv, k1 < aB, —ka) | + O(e, A7)
1
* Vanishing on-shell
(h1) _(P1)gpra =(h2) =(h2) _
glﬂl 511/1 E#emﬁ(klﬂ k2)82a2 8262 on-shell ~ 0




Resumming ladder pattern for all PM orders

* Extend pattern observed beyond 4PMto all orders and sumup ...

>0 _HJQH P k)2
gy k) = 3 [ 1B R

n:1‘

(Hl . Hg)‘m/aﬁ In_1:| = 25[P(k’1 — ]‘CQ)] (P . ]‘6‘1) [Hl . HQ] uyaﬁf((ﬂ_; 6) ,

1
High-order ladder pattern
* ...into an expanded form

Fqise) = dm o i (—e)" T(1+4 (n—1)e) Weinberg factor
q1; - qi —1 n! qJ_eﬁfEL2) F(—TLE) ) W — QG(P . kl)

e ...INnto aresummed form!

D_o i [ AWD(= e)(%ﬂy Same structure as calculationin
- _1 ' . . .
]:(QL;G) — /d x) e T [e — 1] eikonal approximation

Raj, Venugopalan [2406.10483]
e ...with the 4-dimensional limit

LW 11 —iw)
lim e"V/€F(q,;€) = 4miWV : ,
e—0 g T WIT(1+i1W) ‘t Hooft, 1987
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Magnus, 1954

The on-shell limit and the MagnUSian Damgaard, Planté, Vanhove [2107.12891]

* On-shell response function (Compton amplitude)
(P . Fl(hl)' F2(h2). P)Q

= 20|P-(k1 — k2)] (P )

(o, haliT ke, hn) = e, ey mrveley e Flasse),

‘on-shell

i) bV _ Qk[ugghi)u] Double copy

(

with the linearised field-strength tensor Fi(h

* Mangusianis 1PMexact and ¢ - finite! S* =1 + iT — oV
<k2’h2|iN|k17h1> = <k27h2|iT|klah1>|1PM - ’\I\I\E\/\I\' ’
B PP AR W St
~ (4merEL2)e Lo (P ky)
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Now what?

* We need to resum the vertices for the probe
- Come back tomorrow for Jitze Hoogeveen'’s talk
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Summary and Outlook

In this talk

» Novel way of treating SF expansion with WQFT!

» Importance of function as propagator

» Proof of concept by applying the formalism to the shockwave t
.

» Obtained the first exact in G two-point response function

Outlook

» Compute for the shockwave metric

» Study the shockwave in for comparison

» Connection to high-energy limit of massive particle?
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Summary and Outlook

In this talk

» Novel way of treating SF expansion with WQFT!

» Importance of two-point response function as propagator

» Proof of concept by applying the formalism to the shockwave ‘
»

» Obtained the first exact in G two-point response function

Outlook

» Compute for the shockwave metric

» Study the shockwave in for comparison “5
» Connection to high-energy limit of massive particle? "\\6‘(\

36



W

" 202

>
: 14-18 DEC

w5y
b4

-

ACD MEETS GRA
BERLIN

Local organising committee:
Alessandra Buonanno, Olaf Hohm, Gustav Uhre

Jakobsen, Peter Marquard, Gustav Mogull, Jan Plefka,
Jan Steinhoff, Johann Usovitsch

o

4

‘e
......
,,,,,,

'''''



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37

