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Motivation

Learn about field theory ———— Thibault’s talk

Fruitful dialogue
. uadil

Wavetorm # cross-section

@R / long distance properties?)




Outline

. Waveforms

. Large gauge transtformations and “frames”
. Single particle states

. Supertranslations

. Discussion
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Wavetorms

=3 Fei’s talk

waveform(t) =

1
~ distance /% T

5 point amplitude

Classical point particle approximation (corrections at order G')
Kosower, Maybee & DOC “KMOC”

Cristofoli, Gonzo, Kosower & DOC



Wavetorms

=3 Fei’s talk

waveform(t) =

Useful: transfer precision information to bound case

e —— T
distance / /&
k5 point amplitude

Classical point particle approximation (corrections at order G')
Kosower, Maybee & DOC “KMOC”

Cristofoli, Gonzo, Kosower & DOC




Wavetorms

Waveform: measuring metric change g, — 1, = 1,

QFT: observable is expectation of operator

hw(x) = (W|hy (z)]Y)
N

Graviton quantum field



Wavetorms

Waveform: measuring metric change g, — 1, = 1,

QFT: observable is expectation of operator

huv(x) = (Y| (2)]|0)

b, (z) = /gz(k)gg(k) 4 (R)e~ % 4 .

Integral over physical momenta
k* = 0 “on-shell”



Wavetorms

Waveform: measuring metric change g, — 1, = 1,

QFT: observable is expectation of operator

huv(x) = (Y| (2)]|0)

Graviton polar1zat10n tensor: helicity n

h,,(z) :/ C k)el( @ann e " 4 h.c.




Wavetorms

Waveform: measuring metric change g, — 1, = 1,

QFT: observable is expectation of operator

huv(x) = (Y| (2)]|0)

b, (z) = / 4 (k) €7 (k) (k) g (F)e ™ + h.c.

Graviton ladder
operator
helicity n



Wavetorms

Initial state in classical approximation:

@ Approximately localised

& Well-defined momentum

) = [ A1) Gp0)0(2) € pip) ~ [ N\ \ e o




Wavetorms

Initial state in classical approximation:

@ Approximately localised

& Well-defined momentum

) = [ A1) Gp0)0(2) € pip) ~ [ N\ \ e o

Note: no gravitons in initial state a,,(k) 1)) = 0



Wavetorms

Wavetorm: future expectation of metric operator

\——Time evolution operator: § matrix

waveform = <MSWIW(£U S|)

Final state
Amplitudes!

Dominant term at large distances ) ~ / /\ /\ e'P1|p1 po)

(integral of ¥,)
Sets classical initial conditions

Kosower, Maybee & DOC “KMOC”
Cristofoli, Gonzo, Kosower & DOC



Wavetorms

Wavetorm: future expectation of metric operator

waveform = /dCID(k) e e T ()] STay, (k)S) + c.c.]

=1 /dCI)(k) g™ e_ik'x@\am(k)ﬂ@ + c.c. @ L.O

5 point amplitude

b

— Fei’s talk



Wavetorms

One oddity: past expectation of metric vanishes

(Ol (@)16) = [ QD) e el (Blayy (k)|4) + cic. = 0

\

No gravitons in initial state

Should we be worried?



Large Gauge Transformations &
“Frames”



Frames

QFT creation operators

k,+4) = a’_, (k) |0) > Two states
k. __> _ CLT ( k) O> Propagating fluctuations

Formalism designed to compute radiative “angular” components



Frames

“Angular” components in gravity: Bondi shear

Angles 64 N Shear
ds? = gyudu? + 2g,,-dudr + 2g, 4du d6? + 12 (Q AB - @ d04deP
T

N/

_g'rA_O




Frames

“Angular” components in gravity: Bondi shear

Angles 64 N Shear
ds? = gyudu? + 2g,,-dudr + 2g, 4du d6? + 12 (Q AB - @ d04deP
T

N/

_g'rA_O

Always available

Does metric of boosted Schwarzschild have zero shear?



Frames

“Angular” components in gravity: Bondi shear

Angles 64 N Shear
ds? = gyudu? + 2g,,-dudr + 2g, 4du d6? + 12 (Q AB - @@) d04deP
T

N/

_g'rA:O

Always available Which Schwarzschild?

Does metric of boosted Schwarzschil@ have zero shear?




Frames

Boosted Schwarzschild
N
—— Q@ — v
7N il
Kerr Schild “frame” T=v-x
/R2<v-az>2x2
ds* = ds; 26 M d(T — R)?

R



Boosted Schwarzschild

|

Kerr Schild “frame” T=v-x

xt = uU" 4+ rn#(0, @)

ds® = dsg




Boosted Schwarzschild

|

Kerr Schild “frame” T=v-xz —r(v-n)

xt = uU" 4+ rn#(0, @)

ds® = dsg




Frames

Boosted Schwarzschild = uUk + (0, )
y
Kerr Schild “frame” T=v-xz —r(v-n)
R*=(v-2)* —2° = r*(v-n)
/ -
ds* = ds; 2GMd(T — R)? —ds§ (du® + O(1/r%))

r(v-n)3

R

Poisson & Bonga



Boosted Schwarzschild

N
R

Frames

Kerr Schild “frame”
g R
2G M
ds* = du” ( 1 G + 2dudr + r? QABJrQ dede’ + - -
5 r(v-n)3 r )

Automatically Bondi Poisson & Bonga



Frames

Boosted Schwarzschild
e
- — 0
7N il
Kerr Schild “frame”

No shear — persists for 2 BHs

2GM
ds® = du? (1 ) + 2du dr + r° (QAB +> dede’ + - -
r(v-n)3 r

Poisson & Bonga




Frames

Boosted Schwarzschild

N
-

AGM
R

(vuv,, — 177,u,)dx“ dz” + - - -

ds® = dsg
S S0 5




Frames

Boosted Schwarzschild

NN
e

AGM 1
GSQ — dsg ((n cvdr +rv-dn)? — §TQQABd¢9Ad6’B + - )

rn-v

Not Bondi!



Frames

Boosted Schwarzschild

N
-

De Donder — Kerr Schild coords:

T — T+ 2GMlog R



Frames

Boosted Schwarzschild

N\ 2
Z S

De Donder — Kerr Schild coords:

ou = Z 2GM; n - v;logn - v; + const

“Veneziano-Vilkovisky supertranslation”



Frames

So naive amplitudes approach: Kerr-Schild gauge choice

Kerr-Schild is canonical:
Canonical BMS frame (zero shear)

Canonical in QFT (simplest choice of ladder operators)



Frames

So naive amplitudes approach: Kerr-Schild gauge choice

1
Ap(u) = Tistance / % + -+ — F,(u), invariant
1
h/u/(u) — distance /% + e ‘}M’U), not invariant

u—u—+2Gmn-vlogn - v

—  Thibault’s talk

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo



Frames

So naive amplitudes approach: Kerr-Schild gauge choice

1
Ap(u) = Tistance / >< + -+ — F,(u), invariant
1
h/u/(u) — distance /% + e ‘}M’U), not invariant

u—u—+2Gmn-vlogn - v

No local gauge invariant observables: ——————> Thibault’s talk
tha(u) = Ya(u+ F(n))

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo



Frames

So naive amplitudes approach: Kerr-Schild gauge choice

L [N e,

A, (v
"7 1. How does this manifest at GW observatories?

2. What is the right “frame” = large gauge choice?

oy ( @ How can we adjust frame in QFT approacha ariant
/

u—u—+2Gmn-vlogn - v

No local gauge invariant observables: ——————> Thibault’s talk
ha(u) = Ya(u + F(n))

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo



Single-Particle States



Single-Particle States

Gapped theory: isolated pole in spectral density

p(s)
"\

e

> S

Massive pole well defined



Single-Particle States

No mass gap theory: no isolated pole

p(s)
A

_—

m2

> S

Massive pole not well defined



Single-Particle States

Definition of single particle state is ambiguous

Electromagnetic case
/\ Simpler
p) —{O(ay)|Ip)

Creates photon “cloud”



Single-Particle States

Definition of single particle state is ambiguous

Electromagnetic case
/\ Simpler

p) = O(af) [p)

Momentum of particle invariant

I
Piot IP) =Pt Ola ]|p
Cloud of infrared photons

I[dealisation: photon momenta zero



Single-Particle States

Related idealisation

waveform — / AD(k) " =% (]S T a, (k) S|eb) + c.c.

Radius r is very large: use stationary phase

waveform ~ — /dw el e_iw“<¢!STann(k)SW>

41r

k=wn

zt = rnt



Single-Particle States

waveform ~ 4_—2 dw e G_iwu<¢‘STann(k)SW>
r

Justified provided row > 1



Single-Particle States

waveform ~ 4_—2 dw e e ()| ST a,, (k) S| + c.c.
r

k=wn

Justified provided row > 1

But...
Ah = h(co) — h(—00) = —i/dw wd(w) h(w) # 0

“Memory”: waveform must include arbitrarily low frequencies

Idealisation: 1/r = 0



Single-Particle States

Consider dressing with classical meaning

p) — |p, ) = "=l |p)

Infrared photons
Q.1f] = / A0 (k)6(w))(f, (m)al (w,n) + h.c.)

kH = wn“/

Larger class of localised, classical particle

) = / 10(p) 6(p) Ip, f)

Defined by spin-weight =1 function



Single-Particle States

So what’s changed?

1. Initial EM field has expectation value

(WAL@I) = Au(@) = — 3 (eLf(n) + =7 ()

t

Spin-weight £1



Single-Particle States

So what’s changed?

1. Initial EM field has expectation value

(WAL@I) = Au(@) = — 3 (eLf(n) + =7 ()

C
Spin-weight £1

Observer velocity U¥, gauge choice ¢"(n) - U=0=0=¢"(n) -0

fo(n) = €™ - OF (n)



Single-Particle States

So what’s changed?

Assume F(n) is real

N

WAL (D)) = Ay(x) = = 3 (1™ - OF (n) + 1" - OF*(n))

1. Initial EM field has expectation value

Observer coordinates =" = uU" + rnt

A-dx=dn"0,F(n CFn]

Pure gauge
Large gauge transformation



Single-Particle States

So what’s changed?

2. Spectral density in Kéllén-Lehmann representation changes

iAp(p) = / as— ")

p? — s+ i€

p(s) = ps(s)



Single-Particle States

Gravitational case

Q.1f] = / 4 (k) 6(0) (fy (m)al, (w,m) + hoc.)

Spin-weight £2 <
fnn(n) = 5:M5;VV/LVVF(”)

Expectation value, real F

hdatdz” = (Y|h,, (z)|y) detdz”
— rd@AdeB@v AV —9 ABVQ)F(@

BMS supertranslation u — u + F'(n)



Single-Particle States

Coherent state IR dressings:
« If real, generate pure gauge field expectations

« If imaginary: dual gauge transform (magnetic)

Classically associated with u — u + F(n)

How does this emerge in the QFT approach?



Supertranslations



Supc:rtranslations

waveform ~ 4— dwe'e _“"“GMS Ta,, (k)S W] + c.c.
o k=wn
All the time Expectation value to compute

dependence Sensitive to dressing



Supertranslations

waveform ~ — [ dwe'e” _W“[}b\STam SW] + c.c.

4777“

All the time Expectation value to compute

k=wn

dependence Sensitive to dressing

Focus on expectation:
(018 an (1)S10) = [ (Ghrsle V1S ta,, ()52 pi )

Short story: interactions same up to phase ek (n)



Supertranslations

Dressed expectation value

<p,1p/2 ’STa(k)S’p1p2> — <P/1p’2 \e_iQSSTa(k)SeiQS p1D2)
ST

k
[S,Qs]: Pmp + PWWP/+

E&M: oo /SOft photon
= —[S,Qnum]  Qua~ Y QniAlA

<p/1p/2‘e_i(Qs‘FQh)STa(k)Sei(Qs‘FQh) p1p2)



Supertranslations

Dressed expectation value

<p,1p/2 ’STa(k)S’p1p2> — <P/1p’2 \e_iQSSTa(k)SeiQS p1D2)
ST

k
[S,Qs]: Pmp + PWWP/+

E&M: oo /SOft photon
= —[S,Qnum]  Qua~ Y QniAlA

(P ph|STe QTR g (k) @atCr) S p po)



Supertranslations

Dressed expectation value

(p1p5|STa(k)S|pip2) — (Pipsle "9 STa(k)Se?s

P1p2>

E&M:
e Qe (k)e'“s = a(k) + gauge

So dressed EM waveform = “canonical” waveform + large gauge

Al — AF

canonical

+ 0" F(n)



Supertranslations

Dressed expectation value
(p1p5]STa(k)S|pip2) — (Pipsle™ "9 STa(k)Se'? |p1p2)

In GR, dressing involves 0°F(n)

P P’
5005 &m.%g
Loop integrals
/ remove O!

Q= —/F(n) a' (wn)a(wn) + Qhn.i




Supertranslations

Dressed expectation value
(p1p5]STa(k)S|pip2) — (Pipsle™ "9 STa(k)Se'? |p1p2)

In GR, dressing involves 0°F(n)

Qn = —/F(n) aT(wn)a(wn) + Qn.i

<p/1p/2‘e—i(QerQh)STa(k)Sei(QerQh) p1p2)



Supertranslations

Dressed expectation value
(p1p5]STa(k)S|pip2) — (Pipsle™ "9 STa(k)Se'? |p1p2)

In GR, dressing involves 0°F(n)

Qn = —/F(n) aT(wn)a(wn) + Qn.i



Supertranslations

Dressed expectation value
(p1p5]STa(k)S|pip2) — (Pipsle™ "9 STa(k)Se'? |p1p2)

In GR, dressing involves 0°F(n)

Qn = —/F(n) aT(wn)a(wn) + Qn.i

<p’1p’2\ST€i(QSJFQh)a(k)ei(QS+Q95]p1p2>

= e~ W I (k) 4+ Schw




Supertranslations

Dressed expectation value
(p1p5]STa(k)S|pip2) — (Pipsle™ "9 STa(k)Se'? |p1p2)

In GR, dressing involves 0°F(n)

Qn = —/F(n) aT(wn)a(wn) + Qn.i

<p’1p’2\ST€i(QSJFQh)a(k)ei(QS+Q93]p1p2>

= e~ W I (k) 4+ Schw

— WU

Combines with e toget u — u+ F(n)



Conclusion

One-one correspondence :

BMS supertranslations of asymptotically flat spacetimes with N
compact objects

Real low-energy coherent dressings of states with N massive
particles

Amplitudes setup: Kerr-Schild frame

Dressing also leads to shift energy-dependent shift of impact
parameter



