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A MOTIVATION FROM COSTAS

Early on my phd period Costas made me familiar with the paper famous
Amati, Ciafaloni, Veneziano (ACV) papers in which classical gravity effects
emerge from the scattering of two strings strings at trans-planckian energies
in a flat Minkowski background. They analyzed how the effective spacetime
experienced by the two colliding strings is modified.

I left my phd without a satisfactory understanding of the consequences of
their results. Still this was a motivation behind futher work on the eikonal
resommation in classical and quantum gravity.

«To puakéd dev etvon €va doyelo mou mpénel vor Yeploel ohhd Lo PTLS ToU TEETEL
v’ avdery. IIholtapyoc
The mind is not a vessel to be filled but a fire to be lit. Plutarch

Actually switching from UV to IR question and looking at the long range
gravitational interactions between two massive bodies as led to interesting
reformulation of the S-matrix and the calculation of the scattering angle in
classical and quantum gravity.
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TWO-BODY GRAVITATIONAL INTERACTIONS

Black hole

Post-newtonian
approximation
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One can connect the scattering angle in the ultrarelativistic regime computed
by ACV to the ultra-high energy limit of classical post-Minkowskian
two-body scattering (amour; Heissenvera, di Vecehia, Veneziano; Bjerrun-Bonr, Dangaard, Planté, Vanhove]
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PosT-MINKOWSKIAN EXPANSION FOR THE BINARY SYSTEM
We want to compute gravitational interaction of two massive objects.

A relativistic Hamiltonian for the two body dynamics in centre-of-mass

Hpm(y, 1) \/P +mi+ \/P +m2+ZVL+1 V,7)

>0

L+1/.L+1
Gy /r

with a relativistic potential organised in a series of Newton’s constant Gy
which is the general relativity correction to Newton’s potential L = 0

GN m%m%(zy 2_ 1) _pip2_ 1

E E, r My ny

Vi(y,r)=
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PosT-MINKOWSKIAN EXPANSION FOR THE BINARY SYSTEM
We want to compute gravitational interaction of two massive objects.

(A5

S~ Pulsar

A directions of gravity waves

The L + 1PM potential has polynomial mass dependence

GL+lm2m2
_ N 17°2 .2
Vin(y,r) = FL+1 § Vrl,rz()/)ml m,

ri+rp=L

Consider its Fourier transform to momentum space

. G i
2 ~ig-7 3 o
M) [ STV tynd7oe NN i
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CLASSICAL PHYSICS FROM QUANTUM LOOPS

THE GENERATION OF GRAVITATIONAL WAVES.
IV. BREMSSTRAHLUNG *{

SANDOR J. KovAcs, JR.
AND
Kip S. THORNE
Rz;:;iwd 1977 October 21 :'n'ccepled 1978 February 28
g) The Feynman-Diagram Approach
Any classical problem can be solved quantum-mechanically; and sometimes the quantum solution is easier than

ere is an it on the F h 1 of gravita-
tional bremsstnhl\mg radiation (e.g., Feynman 1961, 1963 Barker, Gupta, and Kaskas 1969; Barker and Gupta

We seek quantum gravity formalism where the classical limit 71 — 0 gives the
general relativity potential

Pl 2

lim —>ML()/,Q2) = Vi(pr)

h—0 p pa
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PERTURBATIVE GRAVITY

p1, my, Si P, ma. Si

(00[01010/9[0]0/0]0)
OOQO%OOOO

D2, Mo, So Db, M. Sy

We will be considering the pure gravitational interaction between massive
and massless matter of various spin g, = 11, + VGn/1,,

2
) 1 uy
SEH:Jd4x \/_g[ 167‘(G EZ( ay(f’aavql)a_m%ql)az)]
a=1

Evaluating the quantum scattering S-matrix

My -p2rg,h)= ) Gy Mupy-p2rg,h)
L>0
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ONE GRAVITON EXCHANGE : TREE-LEVEL AMPLITUDE

2(py - p2)* —mim3 —[hq|*(py - p2)]
|hq |12

mo = —167TGNh

The % expansion of the tree-level amplitude

M)

+ h47ZGNp1 %)

The relativistic classical Newtonian potential is obtained by taking the
Fourier transform

g 2o Gymym32y2-1
-~ 1 (-1) iqr _ NHMht, 2y
Vily,r)= ==

(r) J(27z)3 5 E, M e E.E, 1

The higher order in g2 is the quantum contact interaction of order #
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CLASSICAL PHYSICS FROM LOOPS : THE ONE-LOOP

TRIANGLE
The Klein-Gordon equation reads

m2c2

(D—FW’:O

The triangle with a massive leg p} = p3 = m” reads

j 2d*e
(C+pr)?(2~ m;;Z)(€7p2)2 finite part
2

" h
~—1lo
m?2 &g

h 19°
This one-loop amplitude contains iasaci, tostein, bonoghue, Bierrun-sonr, Vannove]
> The classical 2nd post-Minkowskian correction G3,/7> to Newton’s
potential of order 1/
> An infrared quantum correction of order 7"
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CLASSICAL PHYSICS FROM LOOPS : 71 COUNTING

The classical limit ## — 0 fixed g < m1y, m, of the amplitude (sjerrun-sonr, vangaara,

Vanhove, Planté]

(-1)
(2 - M (y)

Me(y,q° h) = -
1 D) gL D)

O(h°)

hmlql“

» A classical contribution of order 1/# from all loop orders

» The dimensional regularisation scheme gives a control of the IR
divergences from radiation

» The computation is explicitly relativistic invariant
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CLASSICAL PHYSICS FROM LOOPS : 71 COUNTING

The connection between quantum scattering and classical gravitational
physics has forced to rethink the S matrix for dealing with the # expansion

[Damgaard, Planté, Vanhove]| N 1 . IN
S=1+_T=texp|—
h h

doing the Dyson expansion with the conservative and radiation part

1 . N N 1 5
T=Gy) GyTi+Gy) GRIPN=Gy) GiNL+Gi) GRNp
L>0 L>0 L>0 L>0

The higher powers of 1/7 are more singular than the classical contribution,

but are needed for the consistency of the full quantum amplitude and the
correct exponentiation of the amplitude

(=L-1) (-1)
My~ (y) M V()
mL(V/ﬂth): L 4 4+t L )4

L(4-D) L(4-D)
WLt =2 hlgl>

+O(H%)
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CLASSICAL OBSERVABLES

The change in an observable O is given by the (.ot 0'coner) €xpression
(AO) := (out|O|out) — (in|Olin)

) dP (hq ! o .
(AOY(p1,parr) = J amp 222 -q—=12q*)5(2hp,-q+17q%)e p, p3|Olpy, p2)

which can be expanded using the N-operator

(AO) = (in|STOS - Olin) = Z (_’Z” (n|[N,[N,...,[N,0],...,]]lin)

n times

The 1 — 0 limit gives directly the classical answer ugura, prante, vanoves

%%<AO> _ Aoclassical(pllpz’ r) + O(h)

with the exponential representation all superclassical pieces cancel
automatically
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CLASSICAL OBSERVABLES
There is a direct equivalence with the word-line formalism

X K

The completeness relation induces velocity cuts delta-functions on the
massive line

d k1 2_ dez 2 2

dD 151 1 ab-le, 1

s lki, kas€1,ee s €L sk Kol

“2nh)D1 2, (2mh)P1 2E,
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TaE N OPERATOR UPTO 1PM AND 2PM
R iN S
§= eXP(g), N(y,4%) = (p1,p2INIp}, p5)

) D-2 N(y,q%) )4 21
N(y,J):= J (jﬂ)D?z V-4 : (P = mymy Ay
dmymy /y* -1 \/mf+m§+2m1m2y

with the result evaluated at tree-level and one-loop using dimensional
regularisation D = 4 —2¢

2 _
NlPM(%]):Glemz(ZV 1)1—~(_€)]2€

Wi

B 371Gi,m%m%(m1 + mz)(Sy2 -1)1

4y(p1+p2)? J
The 1PM (tree-level) and 2PM (one-loop) contributions are the same as for a
test mass in the Schwarzschild black hole of mass M = m; + m,.

NZPM(V,])
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THE N OPERATOR AT 3PM

. Gymim - s(64y° -120y%* + 6092 - 5)
N3PM(y, gy = SN 2V? X[ 4 y*+60y

sJ? 3(y?-1)?
4mym,(14y? + 25) N 4mymy(3 +12y2 — 4y*)arccosh(y)
3 /)/2,1

N 2mymy(2y% —1)2 ( 8 -5y N y(2y? —1)arccosh(y)
y2-1 3(y2-1) ()/2—1)%

At 3PM (two-loop) new phenomena arise

» The conservative part deviates from Schwarzschild as we have

contributions which depends (linearly) on the relative mass v = —"2

(my+my)?

> And the important Radiation-reaction terms for the correct high-energy
behaviour [Bjerrum-Bohr et al., Para-martinez et al.; Damour; Veneziano et al.]
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THE RADIAL ACTION

Applying the previous formalism to the momentum kick O¥ = 151’4 gives in the

conservative SeCtor (sjcrrun-sohr, dangaard, Planté, Vanhove]
IN(7.])
+p2L*|cos EAvAZEA I
dJ

p p B
M2YPL =P . M2 T

i o™ . [ IN(,))
APIH(’)/lr)'COHS = _p|r| Sln( {’);/

with the angular momentum

myyph —maopy )
- mme()/z—l), - mlm%()/z—l)' P

=
=
Il
<
N
Il

this shows that in the conservative sector the N(y,]) is the radial action used
BY (tandau, Litsnit; nanur) fOr computing the scattering angle in classical GR

E)N
X= )/ J) ZG,H—l Xcons
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THE MOMENTUM KICK DISSIPATION

OO

which has two pieces contributing to radiation at 4PM order:

0) 4 1) 2
Lons s 0) (2)
Poo( - (Xuﬁb) + (szm) *Xcons)(cons)

_115,(3)
VAPM 4 noopk 0) 14 M2 o @ P (3
/\I’l = ('N (”l uy o ) I’oo( ()(c(znis) _ ()(cuzns) ’X(COLSXEOLS)’ 1,12 + él)l,% (3)

0 1 » . (0) sup,(2) ~b,(3)
((xio’nsﬁx‘m’ns - 2 Exeons P P b
Poo 7 Xcons ] * 2 2 t671,2

Recycling of lower-order terms a feature that generalizes to higher orders.
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OuUTLOOK: BEYOND EINSTEIN GRAVITY

> Quantum gravity correction to the star light bending isccun sone, vonoanue,

Holstein, Vanhove, Planté]

» Quantum gravity corrections effects to the metric of black hole solutions

» Quantum contributions to the causal cone (sciia /i, tsaeiia, miva; Hadaicena, znivocdo;

Caron-Huot, Para-Martinez, |
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OUTLOOK: BEYOND EINSTEIN GRAVITY

This provides way of constraining possible corrections to Einstein’s gravity

energy

(c) Brando Bellazzini

» How does the quantum corrections affect the classical picture from
Einstein’s gravity in particular the nature of Black holes?

> Causality constraint on possible extensions of Einstein gravity : what are
the physically acceptable corrections from high energy completion?

P1ErRRE VANHOVE (IPHT) GRAVITY S-MATRIX



