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General Relativity

Einstein’s theory presents us with a _
beautiful theory of gravity and leave pEEas
us with several exciting questions: Ko~

Quantum extensions

Geometrical description <-> QFT
(flat space / curved space)
formulations

Cosmology
Test of classical gravity principles
Test of extra dimensions / SUSY

Signs of string theory gravity...




New observations



New data - new window

First direct observation of
a binary merger of black
holes

 LIGO Hanford
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Direct access to .
gravitational interactions in S

. Time (sec)
the most extreme regimes

w
N

Amplitude methods facilitate refined computation and
heightened precision, complementing traditional
Need for theory to match analysis.

observational progress &

precision. A potential opportunity to advance new discoveries In
the field of gravity.



Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown
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Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown

< o

© 6

1LY

| & e

Post — Newtonian Numerical Perturbation
Relativity Theory



Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown
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Post — Newtonian Numerical Perturbation
Relativity Theory

Accessible using perturbation theory



Precision Tests of Einstein’s theory

Using numerical relativity, we can examine
behavior during merger and ringdown phases

Numerical methods validate general relativity
during inspiral but become costly In some
regimes due to error accumulation



Precision Tests of Einstein’s theory

A particle physics approach to gravity enables a
particle physics methodology for studying quantum
gravitational effects using on-shell S-matrix techniques

The validation of general relativity using quantum
particle physics also offers new insights into the

applicability of quantum physics concepts as an

extension of the classical theory



Gravity as a
particle theory?




Quantization of gravity?

Known since the 1960ties that a particle version of General Relativity
can be derived from the Einstein-Hilbert Lagrangian (Feynman, DeWitt)

Expand the Einstein-Hilbert Lagrangian:

8 =M, +khy,

Derive vertices as In a particle theory - compute amplitudes as
Feynman diagrams! (GW Kovacs and Thorne 1977)



Quantum gravity as a particle theory

Gravity as a theory with self-interactions
3pt, 4pt, ... n-pt self-interactions

Non-renormalizable theory! ('t Hooft and Veltman)
Dimensionful coupling: Gn=1/M2,3nck
No known symmetry removes all UV divergences

String theory can, through the
introduction of new length scales.



Quantum gravity? An effective field theory

A modern viewpoint (Weinberg) to view the quantization of
general relativity from the viewpoint of effective field theory

R
gEH — V —8 [ 1672'GN T gmatter:|
EFT -gravity EFT -matter
2R , ,
geffGR:\/_g 1671-GN+R +Rﬂy++gmatter+

Consistent quantum gravity at low energies long-distance (Donoghue;
NEJBB, Donoghue, Holstein)



Effective field theory gravity

At low energies, we assume the graviton is the
only light particle in the gravitational theory

Next, we order the Lagrangians in an energy
expansion in derivatives of the light graviton fields.



Effective field theory gravity

Pure gravity

Lgravitation N Lgo + ng + £g4 T 004 Ly =0,
2
Lmalter — Lmo + Lmz + £m4 x i ng = K—zR,

£g4 = 61R2 + CQR”,,R‘“V .
Scalar matter

I
Luo = 5 18" 0,0, — m” ¢’ |
Lo = diR” 3,00, + R (d20,006 + dym’?) .



Scalar vertex rules and propagator "

l’/ / \
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RAARARN Ty (P,p,m)=—5[pﬂpv+pvpy—nuv[(p-p)—m]] /
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LN pD @) ] [Uayﬂﬂd T NasMBy D_zﬂaﬁﬂyé]
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Gravity as EFT Quantum Gravity

General relativity as an effective field theory is a natural
bottom-up generalization of Einstein’s theory

Provides an ideal low-energy setup for testing quantum
gravity effects

What we discover must align with predictions from a
fundamental quantum theory



New computational
capacity



Concrete computation in gravity

Featuring a number of unpleasant features
Complicated Feynman rules (infinitely many vertices)
Numerous double contractions
Factorial growth in the number of legs
Feynman diagram topologies: no ordering!

Loop order. complicated tensor integrals



Example:

Scalar field theory: constant vertex (~1 term)
Gluons: momentum-dependent vertex (~3 terms)
Gravitons: momentum-dependent vertex (~100 terms)

Naive basic 4pt diagram count (graviton exchange) :
100 x 100 ~ 104 terms + index contractions (~ 36 pr diagram)

Number of diagrams:
4-point: (~4!) ~10°terms ~ 106 index contractions

N-point: (~n!) ~more atoms in your brain!

Too much off-shell (gauge-dependent) clutter.....



Tree amplitude revolution in QCD!

Rich hidden
structure

Factorial growth ~ billions of terms!!

Inspiration
String Theory across fields

W 4




Key: on-shell states formalism

Spinor products : .. Wi o~ - inyi 5
P P (i j) = Gmn)hifn)wbé [i j]= émn)\';hkﬁ
Different representations of "
the Lorentz group Paa = O44Pwu

p'up,u = Paa — )\aj\d

Momentum parts of amplitudes:

~
~

Qua=Mafle Pac = Nara 2(0-q) = sij = =\, w)[A, fi]

Spin-2 polarisation tensors in terms of helicities,
(squares of those of YM):

B Nafbe ) e e (Xu, Zhang,
= PaZa Chang)

Tad T “ad T N +
<:u7 > E &

RPN



Yang-Mills MHV-amplitudes

(n) same helicities vanishes

Atree(‘] +,2+,3+,4+,__) =0
(n-1) same helicities vanishes

Atree(1+ 2+ i )

(n-2) same helicities:

Atree(1+ 2+ _i- k- )

0

ee MHV Given by the formula
(Parke and Taylor) and proven
by (Berends and Giele)

S

First non-trivial example,
(M)aximally

(H)elicity (V)iolating
(MHV) amplitudes

One single term!!

(j k)*

12)23) - (n 1)




Simplifications from Spinor-Helicity

S = —Ou )[R i Huge simplifications
(3) | | I :
1 )
+ §P3(k1 - ko 77“}/77&[37707) -+ P()-(/Cl - ko nuanl/gnﬁ’y> + 2P3(k1uk1777ua7750) + Sym

_ PS(klﬂkQ;an/naw) + P3(k10k2'y77/w77a[3> + P()'(kloklyn/u/naﬁ>

+ 2P(i<']{11/k2777/3/1,77(10) + QRi(kluk2/1,n/30U7(y> _ 2P3(A1 ) k? 77(){1/77/30777/1,)-‘ 3
- \ 4

o | | Gravity:  As(17,27,3%)
Polarisations in Yang-Mills theory

E E .
)
‘/i[pref,ipi] é"‘l‘ §+ ¢ <2 3> <3 1>

p f,ih’ ;] _ -[p f,i|7 pi)
e (E)uPis Pret) = ———F
V2 Pret.ipi)

(8?);1(171', Pref,i) =



String theory inspiration

Different form for amplitude

String theory
adds
channels up..

\Y
M

Si

AN

Feynman
diagrams
SUMSs
separate
Kinematic
poles
1
2\] >123
a

3

7
4



Squaring relation for gravity

Gravity from (Yang-Mills)2 (Kawai, Lewellen, Tye)

Natural from the
decomposition of

closed strings >> & >> . M&J

Into open.

Gives a smart way

to recycle Yang-Mills [(=/\<)uu'vv’ﬁ6’] — '(,\,{)L pv3 ] Q
results into gravity results. -

(Bern et. al.)

R 7]



Gravity amplitudes from Yang-Mills

A practical way to compute gravity amplitudes (without having
to use vertex rules) from amplitudes in Yang-Mills theory

free

M3 (p1, p2, p3) = —iA(p1, P2, P3)AST(P1, P2, P3)
M (p1, P2, p3, Pa) = —i(p1 - P2)AL(P1, P2, P3, PAAL (D1, P2, Pas P3)
M1, p2, P3, P4, Ps) = U(p1- P2)(P1 - P2) AS*°(P1, P2, P3, Pa, P5)AS (2, 1,4,3,5)
+ i(p1 - p3)(P2 - p4) AS*°(P1, P3, P2, P4, P5)AS (D3, P1, P4, P2, P5) 5
Mg (p1, P2, P3, P4, D5, Ps) = — i(p1 - P2)(P4 - Ps) Ag (D1, P2, D3, P4» Ps5» Pe)(P3 - P5)Ag (P2, P1, P5» P35 P4s Po)

+ ((p3 - (pa + ps)) AL°°(P2, P15 Ps» P4, P3, P6) + P(2,3,4),

iM™(1,2,...,n) = Z S[t2, -+ ,n=2)It2,--- ,n—=2)]lp, XA, (1,72, - ,n-2),n—1,WA;*(n,n—1,02,--- ,n—2),1)

T,YES ;-3

S[i19-°-9ir|j19" '9jr]|p — l_[(pplr + Zg(lr’ iS)pir .pis)‘ S kernel
=1

s>t



Gravity MHV amplitudes

Can be generated from KLT via YM MHV amplitudes.

12— Anti holomorphic
<3 4> N(4) Contributions

Mgree(l—’ 27,37, 47 5 =i (1 2>8 5(1]7\72553)7 4)/ — feature in gravity

(Berends-Giele-Kuijf) recursion formula

Miree(17,27, 3T, 47) = (12)°

Mee(17,27,3%, .. nT)
n—3 n—1 —3

. i(12) x '[15]71[7@__1271—1 (H 1T ) H | Kip1n-1]1)

1=1 =142

+P(2,3,,n— 2)




Gravity amplitudes from Yang-Mills

Can also build scalar graviton amplitudes from KLT via
YM MHV amplitudes.

2 T
Koy 1 m* [p1 p2]’ &y 1 <(pipilpal* (p1lp}Ip2]

iMy*(p1, P}, P1 > P3) = iMy*(p1, P}> P1> P3) =

16 (p1-p2) (p1-p1)(P1-P))° 16 (p1-p2)  (p1-pP1)(p1-P})

(87Gy) > m} 3 (i - p)P; - PO+ [px p1, P p,-])
(p1 P2 (P1 P3Y° (P2 P3)° | s (p1 - Pe)(P] - i) '

iMy(p1, P1> PL» D3> D3) = (



lesting general
relativity




Tests of general relativity

* Post-Minkowskian expansion of Einstein’s general theory
of relativity is useful for connecting with scattering
amplitudes

* Results valid for all energy regimes ideal for precision
predictions - both quantum and classical results are
iImportant for physical consistency

* We work with heavy fields: Black holes as point particles
IN quantum field theory



Current ‘classical gravity’ applications

The particle physics approach to gravity Is an
ideal perturbative setup for analyzing black
hole binary mergers

Such methods complement solving Einstein's
fleld equations - and can even be more
efficient!!



Example: Spinless gravity from
quantum field theory

For analysis of the merger we
consider a 2 -> 2 process
from the path integral (taking
black holes as scalars)

0O
- Z ML(phvap,lap,Q) —
L=0

@1(p1, my) + @(pr, My) = (P, My) + P2(Ps, M,)



Gravity from quantum field theory

We start with the leading effective Lagrangian term

R
S = |d* \/— + oM'T
J' * g[l6ﬂG 5 W]

where the minimal ‘energy-momentum’ tensor for spinless fields is

— 7]/’”/ o 2. 2
1,,=0,p0,up — 5 [0 PO p —m @ ]

Gives vertices, propagators -> Feynman rules (general setup for any
type of external matter) or use on-shell techniques



Tree level — two ‘heavy’-masses

- }/2 factor resum velocity
and generate covariant

exXPressiC
2
2
Mo(7, ¢, A G) + O(KY)

/ 4|7

Newton’s law through Fourier transform

- but does not give
Gml m2 higher G correction

V( 7') — - “ effects

I



Classical gravity from particle scattering

o Surprise: Non-linear (classical) corrections from loop diagrams!

» Can consider the various exchanges
Normally we work

with expressions
where factors of /1 are
hidden (2 = ¢ =1)

* Define transfer momentum, CM energy

‘ P1 P2
/\2 _
(P — 1) T = M1 Mo

q2

gé;\.f - (pl T P2)2 = (p'l == p;)2 — 7TL:12 + TTL% + QTTLITYLQ’Y



Classical gravitational scattering
from quantum field theory

Reinstating 7
p,1> mri, Sl

there Is a
difference
between
massive and
massless
propagation

/
Do, Mo, 59

Classical limit: we keep wave number fixed and take Planck’s constant to
zero, leads to the following Laurant expansion (quantum / classical /
superclassical terms)

2
ML(7> q2>h) L(4.—D) 9 teee L(4—D) :; I, i O(ho) l/h




Important simplification

Important point: Long range behaviour can be captured
from unitarity cuts 1-loop

Using on-shell
amplitude techniques

(Nelill, Rothstein;
NEJBB, Donoghue,
Vanhove)




Example: One-loop amplitude potential

- Reduce to scalar integral basis
- |solate coefficients
(NEJB, Donoghue, Vanhove)

(See also Cachazo and Guevara;
Bern, Cheung Roiban, Shen, Solon,
Zeng)

Ml(%gzaﬁ) = M "’MT ‘|’M? + Mj

Provide long-range behaviour



Example: One-loop amplitude potential

The amplitude has a

Laurent expansion
1 (Mﬁ%, ) M ()

M1(77Q27h) q|+P 72 | h =
M2 (v, ¢%) = M7V (v, 6%,
MV, ) = MV (, %) + MV (y, @) + MV (y, ¢,

Organise order by order in Planck’s constant



PM potential one-loop amplitude

11672 G3
o5 sl ((' 1 Coalpa + Coly + ColLg + - - )
al~b

M l—loop __

dd+1[ 1
v . : . : .
/ 2m )4t ((€+ p1)? — m2 +ig)((€ — p3)? — mj +ig)(€2 +ie)((£ + q)? + i)

dd+1[ 1
Lo / 2m) L (0 + p1)?2 — m?2 +ie)((€ + pa)? — mi + i) (2 +i)((€ + q)? + ig)

dd“[ 1
L = / 2m)4tL ((£+ q)2 + i) (02 + i) ((£ + p1)%2 — m2 + ig)

)
dd-H( 1
L,= / (27r)d+1 (([ q)? + ic)(£? + 25)(([ — p3)? — "m.g + i)




Putting It all together

phase
11672 G
Ml_loop = ol e - Coalpa + Ly + Cilg + - )
at=b
" i 1 mag(me —m i 2 10
o= 1672|q |2 ( Moy 3m2m; (3 —d log 41 ) "
B i 1 mg(mg, —my) , 2)
Toa = 1672|q |2 (mamb 3m2ms og|71" ) +
(T 9\ 2)\2
) 1 €O = Coq = 16m‘%m3(1 e 230 ) ,
ID — — 4 . (D —2)
32m, |q | _ 4mim3 (D — 7+ (D(4D — 17) + 19)°)
i1 : (D -2)? '
Ly = =T T dmims (D — 7+ (D(4D — 17) + 19)0?
32m.b Iq ‘ Cq = =

(D —2)°



Link to Einstein’s theory

* Problem In scattering * In post-Newtonian
theory to relate a scattering computations, we consider
loop amplitude M to an non-relativistic guantum
Interaction potential V. mechanics, and this can be

generalized to the
relativistic case.



Classical potential from a Lippmann-
Schwinger equation

e Non-relativistic limit, the tree

classical potential is simply equal to ol
the amplitude after a Fourier /
transform: @ |
e
dliq iq-r dliq QT A
V(T:p) o / (271,)38 V(p> Q) o / (27‘_)38 M(pa Q) m

* Extension is given by Lippmann
Schwinger eq. (involves iterations/

subtractions) 3 , , d’k V(p,k)M(k,p’)
M(p)p) :V(pap)+/(27r)d Ep_Ek+ZE




One-loop

Subtraction important to make contact with classical physics potential

imG%; 4c? (log ]° 33(1) 2m* Gy

Mlterated _ '
>S5 |P] Uik ES¢2|q]
Ml—loop _ 7I-QCTVN Co | Cq 2
E2¢ [2|q| \ma 1w

n2G% [ e ¢ 2 (-1 -
=Gy Co Cq 1 f )
1-1 [terated — — | | deypr

'pg (1‘ L

(NEJBB, Cristofoli, Damgaard, Vanhove)

Thus follows from the Lippmann-Schwinger subtraction




Classical gravitational scattering:
Generic loop level

Extraction of integrand similar to QCD
Spinor-helicity and D-dimension
covariant tree
amplitudes can be used in cuts




Einstein gravity at two-loop order

New Integrals
M5~ (0,q%) = My~ + M3~ + My” + M3* + M3 + M5 + M;3°

We use unitarity cut to fix coefficients in front of
master-integrals. The full result can be written

Ms(v,¢%) = M5 (v, ¢%) + M5°(7, ¢%)
Where the SE contribution is

v P/

MG (y, ¢%) = —4(167GN)* Y (Jgp + Jop) + (M1 <> my)

5

P2

] ﬂ A
P1 \fz




Einstein gravity at two-loop order

Needed master integrals at two-loops for the conservative part of the
amplitude - determined by LiteRed/FIRE6/KIRA etc.



Gravity amplitude in powers of hbar

1
Ig‘%

My(o,|g]) = Tz (MS (0, lg]) + M§ (@, ]a]) + MS ™ (0, |g]) + O(R))

Laurent expansion in Planck’s constant imaginary  (Di Vecchia, Heissenberg,
contribution cancelled by radiative contributions Russo, Veneziano)



Interesting exponentiation in b-space

—~ 1 dD_Q(j e Aqain iterati
2(9,0) AE, ., P /RD_Q (2m)P—2 M (P1, P2, P1, Pa) structure like
e Py 0 £ e one-loop, part
Ma(0,b) = —2 (Mo (0, b)) +1iMy (0,b) (Ml (0,0) + My (o, b)) of a bigger
M- (0. b) + O(RY). scheme..
C0(-3) i :
My""(0,b) = ( 0 (9 b)) ’ Seen after
M52 (6.8) = iMS ™ (0, b)) MT Y (0, b), Fourier
M5 (0,) + My (0,8) = iMG " (0,0) (M (0,b) + M V(0,1)) transform to b
MY (0,b) = iMS (0, )M (0,8) + M5 (a,b), SPanes
MEID (. ) + MV (0,) = iM™ (0, b) (Mf“’)(a, b) + MO (o, b))

N,

Mvgj Cl.(o.’ b) MQ Cl.(o.’ b),
M5V (0,b) = iMg " (a,b) M7 (0, b) + M5° (0, b),




Scattering angle from QFT computation

1+ iz ]\—/le(a, b) = (1 + 2iA(o,b)) exp (QTZ Z(SL(U, b))

L>0 L=0

Gravity eikonal

Gnmima(20° — 1)

IevVo? — 1
BWG?\r(ml + mg)ﬂlﬂng(502 — 1)
8bv/o? — 1

0o(0,b) = - (mb* e E)E + O(€),

51 (07 b) =

(,”bQB'yE)Qe



Scattering angle from QFT computation

1+ iz MVL(U, b) = (1+ 2iA(0, b)) exp (% ZJL(U, b))
L>0 ' L>0

Gravity eikonal 2A; = M (0, b)

- Grmima(mh*e’e)3€ [ 25(120* — 1002 + 1)
02(0? b) o 2%\ o2 — 1 o2 —1
4mlm20(25 + 140?) 4 4mimo(3 + 120% — 40*) arccosh(o)
3 vo?—1

- 2mymy(20° — 1) 1 11 d /(20° — 1) arccosh(o)
| Vo? —1 (4(02—1))6( 3 +%( Vo? —1 ﬂ)



Scattering angle from QFT computation

. (X) I V'S 002(0, b)
sin [ = S B A
2/ |3apm 77117712\/02 - ob
5

g SR L (&)

NE 2
: o QGlemg(QO'Q — 1)
X1PM = Vo2 -1 ;

IG5 mims(my + my)(50% — 1)
X2PM = 5
4.J%\/s




Scattering angle from QFT computation

2G5 mims; (640° — 1200* + 6002 — 5)
3.J3 (02 — 1)2

8GH : |
5 Ny ;3?;\/0 (a(—25 o 140,2) |

X3PM =

3(3 + 1202 — 40*) arccosh (o)
Vo2 —1

Rad. __ 4G’:}Vm‘11m3(202 P 1)2 1 ( 11 . d ((202 — l)arccosh(a)))
3 do

e R ) V=1
(NEJB,
Match with (Damour; Di Vecchia et al; Hermann et al) Damgaarad,
Plante,

Vanhove)



Simpler integrand - velocity cuts tree topologies!

Next-to-probe amplitude

D Simpler computation of integrands o \ Pl
: (
R e o K3 wa E |
TS (NEJBB, - et
g U e Plante, R
‘. ! oo™ Vanhove) T
' P2 " i
o Probe amplitude -
p
Heavy-quark—EFT inspiration: 1 |
(Brandhuber, (Damgaard, Haddad, Helset ) Interesting stutt to
Chen, - heavy mass vs small |g| expansion? investigate

Travaglini, Wen) - some similarities / some differences



Enables a simple extension to fourth order in
Newton’s constant

limy;_, < — v“%\/' , limy_y :&z R~~~ ~R, Imyg_yq @: 2

|

s | s, m ] = e




Extension to fourth order in Newton’s constant

Only five integrand topologies have to be considered

(NEJBB, Plante, Vanhove)



Computational framework

* We need all ‘perturbative orders’ to fully compute gravitational
effects, but we can work loop order by loop order.

* For tests of Einstein’s theory, we only need to retain leading
classical terms (often with simplifications beyond
expectations)

* For ‘real’ quantum effects, one needs to include subleading
terms as well (possible - but a much harder game...).



Quantum mechanical description of black hole scattering?

Classical potential from
quantum mechanical
propagation via quantum /
classical correspondence
principle.

R £ KA P

L AT AR LD ) gl 7, -

L2 SN
CUST HOMCIIR P N 1 T Ll

Although we are not directly

Large quantum numbers (angular impulse dealing with quantum gravity, we

enormous) -> Classical physics (gravity) (essence are still learning a dual way to

of Bohr's correspondence principle) think of gravity that is consistent
with quantum mechanics.



Classical gravity from amplitude questions

Amplitude techniques are surprisingly effective for Post-
Minkowskian gravity calculations and for bridging the gap to
current data.

Developing these has required new insights alongside brute-force
computations; however, each new loop order introduces new
challenges.

Current bottlenecks:
ldentifying IBP relations,
Solving the differential equations/integrals.
New effects (tidal) have to be introduced (as well as spin)



Quantum Gravity



Quantum gravity

At very tiny scales, we expect quantum
gravitational interactions to be important -
gquantum gravity — 40 orders of magnitude
smaller — than classical effects

The methods used to extract classical physics
from field theory can also extract quantum terms,
but with more computational effort.



Example: One-loop gravity computation

(NEJB, Donoghue, Holstein)

k'2\\‘."v"tﬂ|’(k4 kz\\_‘ lk'4 ks \ 4 ks k> \k 4']?4
(Z’lbl) s (77;:2))) (T,:_lll) ' "Nl (ﬂgf) (m1) @ (ms) (m1) ’ \ (ms)
/I \\ /l \\ ; ki l ks ky " k‘ s
Boxes (hyperclassical/classical/quantum) \' ,‘
Bubbles kA Ak
N | (quantum) (m) e e (m;)
(Mm1) RAS (M) LA Mk

4N oo

. Triangles (classical / quantum)

/

k
7 Ky k: ‘ ‘ k
T / ko \ 4 k4 (mf) (niz)
ree (1) L (mo)  (my) ) (m2) Y| M s
A b 4  Fs A
k1 \ /
ok ko ‘ k4
N ) MQ?
(ma) ' (me(my) (ma) : \



One-loop result for gravity

The result for the amplitude (in coordinate space) after summing

all diagrams is: (NEJB, Donoghue,
i Holstein)
Gmim G(mp 4+ me
1m2 |4 4 3 (11 2)
r ] r
Post-Newtonian Quantum

Post-Newtonian term in complete accordance with general
relativity: (Holstein and Ross, Neill and Rothstein, NEJB,
Damgaard, Festuccia, Plante, Vanhove) (can also be done in post-
Minkowskian formalism — fully relativistic result (NEJB,
Damgaard, Plante, Vanhove))



Post-Newtonian interaction potential
Tl s o

5 5 1 |
Y 4 Pj P1 P4
H = + — i
2m1  2m :
Gmimo
r
Gmimo
o 5 T .
2r mjy ms mM11M9 m1msor

(Einstein-Infeld-Hoffman)

Important: subtraction of the tree-level Born
term in order to get the correct classical
potential (consistency of the classical limit)




Example: Einstein Light
bending including
guantum effects



New results: massless matter

As an example we will consider scattering of massless matter

AGM,,

Bending of light/massless matter around the Sun (famous Einstein
test of general relativity)

New features: mass-less external fields ~> IR singularities (related
to intricate QFT consistency properties)

New test of universality of matter (Qquantum effects?)



Setting up the computation

We use the EFT framework starting with the Lagrangian

2
S = /(1411 \/_g |: 5 R + Smodel + SEF]

2y

1 1
Where Sscalar _ /(141. \/_g ( 2(()“79)2 5 ((O/.L(I))Q — 4\_[2(1)2)>

; )
Sfermion — 5 / (141’ \/_g \lD X s

1
SQED — 1 /(1411‘ \/—g (vuAu — VVA”)Q




Trees and the cut

We have the Lagrangian

2
S = /(1411 V=g |: 5 R + Smodel + SEF]

2y

We want to compute the cut

£o




Result for the amplitude

bo® (t, s) I4(t, s) + bo° (t,w) Iu(t, u)

+ 155(1) 13(t,0) + t34(t) I3(t, M?) + bu®(t,0) I(t, 0)
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Result for the amplitude

3 161
¥ = — Y —
T) : 120
3l
30

(4(A[w)4(l4(t. w) + Iy(t, s)) + 3(Mw) tI3(t)

— 15(M*w)*I3(t, M) )sz(t))]



Result for the amplitude

3 161
bu¥ = L
UL 10 bu TN
DX 31
30

Taking the post-Newtonian
non-relativistic low energy limit

) - ot 2 X 2
N& NN 15 M il 15 loc q il bu log q
7 (M) |7 5120 ~ M p1aa2 B\ arz) T ma2 B2
3 q e Mw 1 q 4
NEJB, D hue, — h "..4 ] o? [ 2 "'.4 log
| Holsi)eni:\)fJ - ’ 12872 ° (:“2) o 3T q° oo (*\[2

Plante, Vanhove)




Bending of light

Interpreted as a bending angle (eikonal approximation) we have:

e SR ©

plus a quantum effect of the order of magnitude:

27,
s b3
We see universality among scalars, fermions, and photons only for the ‘Newton’ and
‘post-Newtonian’ contributions.

8bu" + 9 + 481og s G2hM
+ ¢

What is still needed is an interpretation of what “guantum” means as a physical concept

in terms of wave mechanics - but we see a unique effect and observe a ‘difference’ that
does not match classical universality.

Caveat: bending of light is a very difficult effect to measure direcitly...



Quantum effects in observations

Quantum gravity likely introduces an uncertainty x ~
hbar that affects, e.g., the concept of distance

' + X 14

N —

Effect: too small to probe in current observations..

2
: ~1(1—1+x—2+...)
r r



Future measurements

Verification of the effective
fleld theory framework — by
detection of higher-derivative
operators

New Iinvestigations of other
quantum effects — perhaps
accumulated effects
(resummed / non-
perturbative) — that could
make them easier to detect?



Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown

i o

© o

W

A

Post — Newtonian Numerical Perturbation
Relativity Theory

Accessible using perturbation theory



Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown

i o

Link through Black\Hole Perturbation Theor

‘i “ | ﬂ (NEJB, §hen, Shah, Eriksen)
(il

J
' |1

Accessible using perturbation theory A

Post — Newtonian Numerical Perturbation
Relativity Theory



Stages of the gravitational merger of Black Holes

[nspiral Merger Ringdown

i o

Link through Black\Hole Perturbation Theor

‘( “ | H (NEJB, ®hen, Shah, Eriksen)
A

)
' Wl |

Accessible using perturbation theory \ Quantum gravity effects”?

Post — Newtonian Numerical Perturbation
Relativity Theory




Quantum effects in observations

An interesting new theoretical result by (Jones,
Pajanjape, Skowronek) investigates bound states In
EFT gravity and the conservation of the Laplace-
Runge-Lenz vector, which supergravity can restore

(Qquantum mechanically).

Similar observations regarding universality in the
quantum light-bending result were also made In
(NEJB, Donoghue, Holstein, Plante, Vanhove)

Supersymmetry and consistent EFT-Quantum Gravity??



Outlook

Amplitude toolbox for computations has already provided many
new, efficient methods for

gravity computation  |dentifying IBP-

relations solving DE

» Amplitude tools very useful equations/integral
e Double-copy/KLT * Recycling tools from
« Unitarity QCD computations

» Spinor-helicity . Numeric_al programs
+ CHY formalism for amplitude
» Low energy limits of string theory computation



Conclusion

Endless tasks ahead

— radiation/validity of exponentiation/validity of perturbative amplitudes at high-
energy scattering (open question: classical physics questions...)

— quantum terms?? high-order curvature terms / finite-size effects
many new computations to be done...

— String theory amplitudes useful (quantum?)? Gravity from amplitude geometry/
twistors, etc.?

— Classical spin black hole effects (a current hot topic, very recent papers) (NEJB,
Chen, Skowronek; NEJB, Chen, Su, Wang; NEJB, Chen, Papadimos, Zhang;
NEJB, Chen, Papadimos, Shah, Su) (quantum effects??)



Conclusion

Interesting perspectives in the analysis of gravity in the context of
general relativity vs. a quantum field theory framework

The effective field theory treatment of gravity allows for a direct
particle physics treatment of gravitational effects using on-shell S-
matrix methods

Give clearer physical meaning to ‘quantum effects’

Use consistency of perturbative quantization and match of classical
limit with general relativity to (perhaps) gain new quantum gravity
understanding?

THANKS!!



