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Consider an explosion in space
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A bound system at rest breaks apart into fragments
carrying four momenta pq, p2, - - - with

p§+m§:0, a=12..., png(pg)szﬁg

This process emits gravitational waves
Detector D placed far away detects h,, = (9, — 7..)/2

Physical components: h{T (transverse, traceless)



We shall be interested in the late time tail of the radiation —
the radiation at a large time u after the passage of the peak

It has the form
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n=(1, A), A: unit vector towards the detector

R: distance to detector, G: Newton’s constant
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hij = AjT + — BTT7 for large u
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Note: The result is given completely in terms of the
momenta of final state particles without knowing what
caused the explosion or how the particles moved during
the explosion

— consequence of soft graviton theorem (a result for
quantum S-matrix)



1
hij = AfT + GBP, for large u

Ajj: memory term

— a permanent change in the state of the detector after the
passage of gravitational waves

Zeldovich, Polnarev; Braginsky, Grishchuk; Braginsky, Thorne; - - -
— connected to leading soft theorem Strominger; - - -
Bj;: tail term
— connected to logarithmic terms in the subleading soft

theorem Laddha, A.S.
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A similar result exists for a general scattering process

— gives the gravitational wave-form ﬁij at low frequency in terms
of momenta of incoming and outgoing particles.

Ay (X,w) = CIT(w)
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g {(Pb-Pa)pb o Zm2}3/2 {2(pb-pa)® — 3mimj } + finite .

k=—w(1,X/|X|), na:+1ifaisincoming, —1 if a is outgoing.

— Matches explicit results in special cases

Peters; Ciafaloni, Colferai, Veneziano; Addazi, Bianchi, Veneziano



In the rest of the talk we shall try to explain the origin of
this result from soft graviton theorem

— combination of logic + guesswork + test

Units: h=¢c=87G =1

Some earlier references:

Weinberg; . . .

White; Cachazo, Strominger; Bern, Davies, Di Vecchia, Nohle; Elvang, Jones, Naculich; . . .
Klose, McLoughlin, Nandan, Plefka, Travaglini; Saha

Bianchi, Guerrieri; Di Vecchia, Marotta, Mojaza; . . .

Strominger; He, Lysov, Mitra, Strominger; Strominger, Zhiboedov; Campiglia, Laddha; . . .

Bern, Davies, Nohle; Cachazo, Yuan; He, Kapec, Raclariu, Strominger



What is soft graviton theorem?

Take a general coordinate invariant quantum theory of
gravity coupled to matter fields

Consider an S-matrix element involving

— arbitrary number N of external particles of finite
momentum pq, - - - PN

— M external gravitons carrying small momentum kq, - - - ky.

Soft graviton theorem: Expansion of this amplitude in
power series in Ky, - - - ky in terms of the amplitude without
the soft gravitons.



Under some assumptions one can give a completely
general derivation of soft graviton theorem

A.S.; Laddha, A.S.; Chakrabarti, Kashyap, Sahoo, A.S., Verma
— generic theory (including string theory)
— generic humber of dimensions

— arbitrary mass and spin of elementary / composite finite
momentum external states

e.g. gravitons, photons, electrons, massive string states,
nuclei, molecules, planets, stars, black holes

Main ingredient: Graviton coupling with zero or one
derivative is fixed completely by general coordinate
invariance. 10



Assumptions

1. The scattering is described by a general coordinate
invariant one particle irreducible (1Pl) effective action

— tree amplitudes computed from this give the full quantum
results

2. The vertices do not contribute powers of soft
momentum in the denominator

— breaks down in D=4
Work in D > 4 for now

— to be rectified at the end



Result:

Let I be the scattering amplitude of any set of finite energy
(hard) particles.

Scattering amplitude of the same set of states with M
additional soft gravitons of polarization {<} and
momentum {k,} (1 <r < M) takes the form

S({er}, {ke}) T

up to subleading order in expansion in powers of soft
momentum.

S({er}, {kr}): Known, universal operator, involving
derivatives with respect to momenta of hard particles and
matrices acting on the polarization of the hard particles.



Classical limit Laddha, A.S.

We take the limit in which

1. Energy of each hard particle becomes large (compared

—represented by wave-packets with sharply peaked
distribution of position, momentum, spin etc.

2. The total energy carried by the soft particles should be
small compared to the energies of the hard particles

— a hecessary criterion for how small the momenta should
be so as to be declared soft.



In this limit the multiple soft theorem takes the form

M
{Hsgr(é‘nkr)} r, Sgr =S +8M 4 ...
r=1
N
SO (e, k) = Z (Pa-K) £ PLPY
=1

N
SM(e, k) =i (pa-K) e Phk,J5”
a=1
J.”: classical angular momentum of the a-th hard particle
All (angular) momenta are counted positive if ingoing.

If in the far past / future the object has trajectory
X4 =ch +m; phr
then

Ji” = (Xaps — XzPa) + spin = (cap; — ¢;p4) + spin

Sqr is large in the classical limit since p, and J,” are large.
[*]



Amplitude: son = {Hp":1 Sqr(er, k,)} r

Probability of producing M soft gravitons of
e polarisation ¢,
e energy between w and w(1 + 9)

e within a small solid angle 2 around a unit vector h

1 1 1 o M
M |rsoft|2 X {(27r)°‘1 ZWD 2(W5)Q} :‘HZAM/M!a

1 1

A = |Sgr(57k)\2Wﬂ

WP 2w Q, k=—-w(1,h)

Note: A is large in the classical limit



112 AM /M
is maximised at

aaM'" {\F\ZAM/M!} ~-0

Assuming that M is large,

0
:>8—M(MInA—MInM+M)_0
==M=A

In the classical limit M is large since A is large
Probability distribution of M is sharply peaked

Note: the value of M does not change if we allow soft
radiation in other bins. 16



1
no. of gravitons = A = W|Sgr(g7 k)|2wP2Q6

Total energy radiated in this bin

1

Aw = o557 Sar(s, k)22 1Q6

This can be related to the radiative part of the metric field

= gives a prediction for the low frequency radiative part of the
metric field during classical scattering (up to overall phase and
gauge transformation)

N
) oo Z Pa - n)_1 [pgp; —iwn, Jg(ypg)}n

a=1

()™= oL (5o

n=(1,x/|x]), R=IX|

- tested in many explicit examples involving classical scattering
17



D=4
The S-matrix suffers from IR divergence, making soft
factor ill-defined.

However we can still use the radiative part of the
gravitational field during classical scattering to define soft
factor.

Naive guess: Soft factor defined this way is still given by
the same formulee:

N
SO =" (pa-k) "¢, Ph Py

a=1
N
S(1) —j Z (pa . k)—1 Epw pg kp J/a)u
a=1



Problem: Due to long range force on the initial / final
trajectories due to other particles, the trajectory of the a-th
particle takes the form:

X4 =ck+m; phr+bYin|r|

for some constants bj.
Ja’ = (XaP3 — XaPa) = (CaPa — CaPa) + (bap; — bapa) In|7|

Due to the In |7| term, the soft factors do not have well
defined |7| — oo limit



Next guess: The soft expansion has a Inw~' term at the
subleading order, given by S(') with In |7| replaced by Inw?

w =Ko

N
S(1) —i Z (pa . k)*'l € pg kp ng

N
=i (pa-k) e phk, (bsps — bsps)Inw
i=1

+ finite

This has been tested by studying explicit examples of
gravitational radiation during scattering in D=4

— perfect agreement with all the cases studied.
20



Assuming the validity of the In |7| = Inw™" rule, we can
write down the metric deformation up to gauge
transformation:

R = Z pap; {1+2|Gln Cal NS kpb}

b,np=—1

2—Inw“z > ”pa (P4'pg — PiPA)

a b#i

nanp=1
g {(pb-pa)flip:'lgm%}3/2 {z(pb'pa)z - 3m§m§} + finite .

na: +1 if a is incoming, —1 if a is outgoing.

k=—w(1,X/|X]) Sahoo, AS.

21



In the special case when there is only one object in the
initial state, Fourier transform of this gives us back the
result described at the beginning of the talk.

For a core collapse supernova explosion in our galaxy, the
maghnitudes of these terms are near the edge of LIGO
detection limits.

22



Summary

1. Up to subleading order we have universal soft graviton
theorem in all dimensions > 4, for all mass and spin of
external states.

2. Classical limit of soft theorem determines the low
frequency radiative part of the gravitational field during
classical scattering

3. The ‘classical soft theorem’ is valid also in D=4, but at
the subleading order there is a term  the log of the soft
energy, determined from soft theorem

— produces a tail term to the memory effect
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