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Gravitational Waves

@ Experiments from LIGO-Virgo-KAGRA Collaboration
@ Binary mergers of Black Holes and Neutron Stars

@ To date, more than 200 binary mergers detected by LVK Collaboration

Masses in the Stellar Graveyard
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Gravitational Waves

@ 3rd generation of GW observatories to start in the 2030s: Einstein Telescope,
LISA, Advanced LIGO, Cosmic Explorer

@ Highly increased sensitivity and larger frequency range; need for
high-precision theory predictions

Einstein Telescope
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From GR to EFTs
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From GR to EFTs

GR | EFT

Black holes/neutron stars are effectively point particles (EFT)

Use many advanced amplitudes techniques in the perturbative regime
Post-Minkowskian (PM) expansion; weak field, all-orders in velocity
nPM — G™ — (n — 1) loops
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___ CeslPhssiombooes
Classical Physics from Loops

lwasaki; Holstein, Donoghue

@ Classical physics vs quantum physics: &

@ Feynman diagram, vertex gets 711 from expanding

exp( /E;(qﬁ;)d a:)

[0(2), 7(5)] = ih 8°(& — §)

Field commutators

@ so each propagator gets A

ihetk(z—y)

01T (@l)o) 10 = [

szﬁ‘i’lg
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___ CeslPhssiombooes
Classical Physics from Loops

Each vertex V gets A~!

Each propagator | gets AT!

Diagram with V vertices and | internal lines, the number of loops is
L=I1-V+1

Diagrams get factor of A/=V+1 = pl

So, if we want classical physics, we can just stay at tree level!

Not quite...
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___ CeslPhssiombooes
Classical Physics from Loops

@ There is also h hidden in the kinematics of massless particles:

p* = hkH

So a loop contribution is not just:
loop ~ A.
@ It can be:

loop ~ A x f(h, k,m),

@ and the function f(k, k, m) may itself contain hidden inverse powers of f.

@ So, we need to watch out for interplay between massive and massless particles
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___ CeslPhssiombooes
Classical Physics from Loops: Example

@ Example: one-loop QED calculation of the matrix element of the energy-
momentum tensor

(p2| T, (0)|p1) = [2P.P,Fi(67) + (4ua0 — v d®) Fa(g?)] -

1
VAELE,

@ One-loop corrections:

; e ¢ (3 mn? 8 —q2 4 A
F](q2>:1+ g 7+210gm7qz——]0g% + .

16m2m2 \4./—2 3

q2 _ h2k2, 62 N
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Classical Physics from Loops

@ One-loop corrections:

2 2 3 2 8 2 4 A
Fi(®) =1+ ¢ 4 ( mr —7+210gn;] glog + -

T 1emm2\4 /2 3 2 m

@ Restore factors of h:
2

2 272 2 €
= hk —.
q s e’ — 3
ez k% (3 mn? 8 —R’k? 4 A
Fi(k*) =1 = —~+4+2log—— ——log =) +---
1K) =14 5037 2 (4,ﬁh2k2 3208 e ?,Ogm>Jr
=1+ By O U s Lol ST B
B 1672m?2 3 S m?2 3 gm
°

@ Loop-counting by itself misses the hidden A-dependence in nonanalytic
momentum terms
@ Massless propagators can generate classical long-range pieces from.loops
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_ (CescalObseablesfmQFT
Classical Observables from QFT: KMOC

Kosower, Maybee, O'Connell; Brown's Thesis

@ Model our massive objects using localised scalar wavepackets,

|w:/m@ww@m (1)

@ We need to construct two-particle states: take the product of two different
copies of the above equation:

[W)in = [11) @ |¢h2) := /dq)(Pl)d@(Pz)ei(pl'b1+p2'b2)¢(291)¢(172)|P1,p2> (2)

@ The variance in the momentum of the wavepacket is proportional to &:
'spread’ of wavepacket
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_ ChsicalObservablesfomQFT
Classical Observables from QFT

For this product to describe two localised classical particles, we require that:
@ The wavepackets be well separated compared to their spatial spread
@ The wavepackets are well localised in momentum space; that they do not
spread out too quickly with time
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Figure: from Graham Brown's Thesis
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_ ChsicalObservablesfomQFT
Classical Observables from QFT

These can both be expressed as the 'Goldilocks’ conditions:

I,

1
= < Ly, < b 3)

@ Quantum effects are suppressed by making the wavelength of the particle
much smaller than the width of the wavepacket

@ Wavepackets are well separated from each other, and we can treat the
particles as point-like and independent
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Classical Limit

le.

7

1
= — <y, < b
m;

@ Reintroduce factors of h:

l,  h
Vé="= :

lwi milwi
so the & — 0 can be written as either
°
@ heavy-mass limit , HEFT expansion

(4)

(5)
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S Gesloeaslaiem @I
Binary Dynamics from Amplitudes

@ Given these states, we can compute classical observables
e Example: impulse (change in momentum)
@ Incoming momentum:
Pl 1) = in(V[PY[¥)in (6)
@ Outgoing momentum:
<pgut,1> = out (Y|P 1Y) out (7)
= in(Y|STPYS|9))in (8)
o Impulse:
(ApF) = in(¥|STPYS — PY[4))in (9)
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Binary Dynamics from Amplitudes

@ In the conservative regime, bending angle  from 4-point amplitudes

/
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L Gevitonal Compton Saattering fom HEFT
Gravitational Compton Scattering from HEFT

Brandhuber, Brown, Chen, De Angelis, Gowdy, Travaglini

Tree-Level Compton Scattering

l l2
Ny f
p—»—( Ay —»—7p

which evaluates as

ik2 ( N2, N2 Nj,
Ay = 212 4 2721 [12] 10
17 16 (DU”LDQIJr D )’ (10)

and can be rewritten as

E (D12Nay 4+ Dy Ni2)? Lir? (p-Fy-Fy-p)?

A, = _ g2 172 D) 11
Y7 16 D19D12D DysDyyD (11)
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Kinematics and Propagator Expansion

Damgaard, Haddad, Helset; Brandhuber, Chen, Travaglini, Wen

l l2
Ny f
p—»—( Ay —»—7p

@ Use kinematics

; p/:p_%a q:£1+€27 ]3(]:0
@ to rewrite massive propagators
D12 = -2 +’i€, D21 =-2 + e
@ in terms of barred variables
1 1 q>
—_— = - — + = —5 T
Dis =2(p-ly)+ic  2(—2p- 41 +ic)
1 1 q>

D21 2(]5 . 61) + 1€ 2(2]5 . 61 =+ 25)2
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__ Grevistional ComptonScatteringfomWEFT
Propagator Expansion

o (p1- F1-Fa-pp)?

Ay =43 1
4= Dy2D2 D (15)
L L (1, 1y "
D12D91 D (¢ +ie)?\ D12 Doy
RN S S
D12 D21 B —2(]3[]) + i€ 2(]3[1)+I6
¢ ¢
. 17
T v T v (17)
@ Writing denominators as
1 imd(x) + PV ! (18)
= Tind(z —
x +ie + x)’

then
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__ Grevistional ComptonScatteringfomWEFT
Amplitude after Propagator Expansion

1 1 ( 1 n 1 ) 1 [i 5(p- 1) }-ﬁ-
= — — — = ——— ”7— 1 . —_——_—_—
DlnglD (q2 +i8)2 D12 D21 (q2 + i5)2 : p ! 4(]3 . 61)2

to see that A, splits into two terms

N N

(21)
Hyperclassical O(m?) Classical O(m?)

@ Hyperclassical contributions — oo in the classical limit m — oo; unphysical

@ Amplitudes have hyperclassical contributions, but cancel in anything
observable (e.g. impulse)
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. (Comsn
Conclusion & Outlook

@ Massless propagators can generate classical long-range physics from loop
diagrams

@ Classical observables can be found from QFT in the classical limit: & — 0 or
m — 00

o HEFT distinguishes hyperclassical, classical, quantum contributions at an
earlier stage

@ Future work will focus on different theories, different diagrams, to better
understand the Magnus expansion (see Pablo’s talk)
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Thank you!
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