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Introduction



Introduction

Consider a QFT with a conserved spin-2 current,
the stress-energy tensor

OuTH =0

We can use the stress tensor to measure energy density
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Negative Energy Density

Famously, energy density in QFT can be negative.
(there are no positive local operators in QFT)

Proof: Assume that

(m [ daf (@) T (2)[Q) (W] [ doa f(2) T (2)|0
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Theretore, we get that for every state

1 dO%F ()T (X)]""=0 =  dixf (X)Tw | '=0

The Reeh-Schlieder theorem does not allow that.
(QFT vacuum is separating)



ANEC

Energy conditions are crucial for gravity: singularity theorems,
traversable wormholes, time machines.

1
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The resolution of the puzzle is that QFTs do admit hon-local
energy conditions.

Averaged Null Energy Condition:

dX! T!! 1 Q r- =tttz
light ! ray

[Faulkner, Leigh, Parrikar, Wang 160]

an example of a light-ray operator [Hartman, Kundu, Tajdini 160]



ANECology

ANEUC is related to causality in gravitational theories

[Gao, Wald 000]
[Hofman 090]

ANEC describes event shapes 1n a conformal collider
experiment (bounds on the OPE data) [Hofman, Maldacena 080]

ANEC arises naturally 1n information-theoretic quantities 1n
QFT <V3C11U.m modular HﬂIIlﬂtOﬂiﬂﬂ) [Casini, Torroba, Teste 170]

Generalizes to local energy/entropy bounds (eg QNEC)

[Bousso, Fisher, Leichenauer, Wall 150]
[Ceyhan, Faulkner 180]



Conformal Collider Physics

Consider a state created by a local operator.

Measure energy/charge fluxes at infinity.
(first considered in QCD 1n the e+e- to hadrons analysis)
[Basham, Brown, Ellis, Love 850]

state
E(m)
ANEC
E (fr_iQ) [Sveshnikov, Tkachov 950]
[Korchemsky, Oderda, Sterman 970]
ANEC

[Hofman, Maldacena 080]
[talk by G. Korchemsky]



Conformal Collider Bounds

[Hofman, Maldacena 080]

Consider a three-point function of stress tensors in a CEFT

<T-€*(p)|/_oc> dz™T__|T - e(p)) = 0

The three-point function has three structures in d>2.

d=4: 1 < @ 31 constrains the CFT data

35C°18
General Relativity in AdS has a = ¢

S = - /d%f( 2A + R+ agp“R¥ + ...)

[Brigante, Liu, Myers, Shenker, Yaida 070]
[Hofman 090]

a— C

constrains higher derivative gravitational couplings agp ™~ .



Multi-point ANEC (light-rays)

The goal of the talk is to consider a multi-point (2-point)
ANEC correlation function in a unitary d>2 CFT

/ dxl_T——(xl_vxil_vfl)/ de_T——($2_7x;7£2)

1. new technology to do computations
2. bounds on corrections to General Relativity

3. event shapes in strongly coupled CFTs



Light-ray Operators in CFTs



ng ht-ray BaS|CS [Kravchuk, Simmons-Dufbn 180)]
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® [abeled by a starting point and a null direction

® Transtorms likea (1! J,1! ! ) primary operator
(dimension, spin)

o Annihilate the vacuum L[O](x,z)]' ) =0



ng ht-ray BaS|CS [Kravchuk, Simmons-Dufbn 180)]
[Caron-Huot 170]

Light-ray operators can be analytically continued in spin.
Not true tor local operators!

Their matrix elements are computed using Caron-Huot’s

Lorentzian inversion formula.
(a CFT generalization of the Froissart-Gribov formula)



| orentzian Inversion Formula [Caron-Huot 170

[Simmons-Dufpn, Stanford, Witten 17(3]
[Dobrev, Mack, Petkova, Petrova, Todorov 770]

Conformal partial wave expansion:
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OPE: c(! ,J)!

conformal block plus its shadow
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T
Via dispersive manipulations this could be put into a form:
c(! ,J)=c( ,)+(! 1) ,I)

1

(A, J) = dzdzp(z,2)G e ar 1. +11 a(2,2)dDisc[G(z, 2)]
0 \

dDiSC[G(Z,Z)] — | [02, 03][01’ 04]n conformal block



Definition of Light-Ray Operators

Start with a bi-local object

[Kravchuk, Simmons-Dufbn 180]

Ox sz, 2) = /dd$1dd$2K:A:,J($1,$2,x,Z)¢1($1)¢2($2).

The kernel is obtained by Wick-rotating and light-transforming
the partial wave expansion. It 1s meromorphic.

The residues are light-ray operators

@X,J(x,z) |

1

.||




Coincident Limit

To simplity life we consider two light-ray operators
inserted at the same point

L[Ol] (Zl’), Zl)LOQ](ZI’J, 22)

Contormally speaking, it 1s the same as

/- Xm Ol(an ,O,kl) / dX2 OZ(X; ,O,kz)

<

Is 1t well-defined? Is it commutative?




Coincident Limit

[Kologlu, Kravchuk, Simmons-Dufbn, AZ 190]

Claim: Given operators with spin J1 and ]2 the limit is well-defined
and commutative 1f

J1+J2>JO+1 /dxl_Ojlfde_OJZ

Regge intercept

(In any unitary CFT Jy < 1)
Corrolaries:

e ANECs commute J1 = Jop =2 [/dx;T__,/dx;T__] —0

® Energy correlators are well-defined in the planar theory

J(Z)?lanaﬂ“ < 2 (bound on chaos) [Maldacena, Shenker, Stanford 150]

® Energy correlators are ill-defined in the 1/N expansion
at finite coupling (Regge intercept grows in PT)



Coincident Limit

OPE
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OPE

Consider the small separation limit between two light-ray
operators

/' dx; O1(x, ,0, k1) / dx, Oz(X,, , 0, k»)

k | k n L
Is there an OPE expansion? kit kel



OPE

Consider the small separation limit between two light-ray
operators

/' dx; O1(x, ,0, k1) / dx, Oz(X,, , 0, k»)

. LSTLES &1 S
Is there an OPE expansion?
The usual argument does not apply
0,0, =["1= |O! S
| / i 0
‘Oi | = O |Q! " °

. o "\ O(z1)
Light-ray operators annthilate the vacuum. . °

No such construction is available.



ANEC OPE

[Kologlu, Kravchuk, Simmons-Dufbn, AZ 190]

Claim: The ANEC x ANEC OPE in a unitary CFT
is given by

/d$1T($1707g1)/dx2 T__(z3,0,92) —WZZDXL) 81>\ (12,0 )@jj 3)\(0,)(_})

Aa 1

® )\ is the transverse spin SO(d-2) representation

® + isthe signature of the light-ray operator

® (a) labels different three-point structures

¢ DXZ)’—S 1,>\(?7127 07,) is a known differential operatot



Spin Selection Rule

Consider the small separation limit between two light-ray
operators

lim L[{O](z, z1)L|Os](x, 22) = Z(zl - 29)%Qs, 5(x, 22)

z1-29—0 .
1

Analogy

OAl OAQ Z OAl—l—AQ

ThlS 1621(18 to th@ Spiﬂ Sele(:ti()ﬂ fU.le [Hofman, Maldacena 080]

(J—l):(J1—1)+(J2—1):>J:J1—|—J2—1

/ da:l_T__(xl_,xir,fl)/ doy, T__ (x5, 23, T2) Z/dm O___



Signature of Light-ray Operators

Analytic continuation in spin is performed separately from
even spins (signature +) and from odd spins (signature -).

One way to state this is to consider CRT transformation

CRT: (w,v,9) ' (" w," v,9)

! Ll !

(CRT) dvOi.vasa(0, v, ¥)(CRT) +  =(! 1)7 dv O .va24(0, v, ¥)

The same continues for the non-local operators

((CRT)O?‘L 5 (=, z)(CRT)_1> = +0; , (z, 2)




Transverse Representations

Naively, one would think that light-ray operators transforming
in the arbitrary representations ot the transverse SO(d-2) can

appear in the OPE.
Rule: For the OPE /dlel X /d’UQOQ

1. List all SO(d-1,1) representations in the OPE ~ O1 x O3

2. Remove first row 1in the corresponding Young diagram

ANEC x ANEC




Derivation

Dertvation proceeds through harmonic analysis on the celestial
sphere and by relating the corresponding integration kernel
to the one appearing in the inversion tormula

(Q04Ws j(z,2)03]Q) = as /Dd_221Dd_222<75§1 (21)PL (22)Ps.5(2))

(U[O4, LIO1[(z, 21)|[L|O2| (7, 22), O3][€2)

Compare to the Lorentzian inversion formula

(A, J) = /0 dzdz pu(2,2)G j1da—1.A+1—a(2,2)(|O2, O3]|O1, O4])

Even though they look very ditferent they are essentially
the same!



Derivation

/1
\ 2
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e Do ot [




Derivation




Celestial Blocks

Inserting the light-ray OPE inside a correlation function
we get a sum over celestial blocks.

(@4(p)[L¢1](00, 21)L|d2] (00, 22)[¢3(p))

| %—}—ioo dA B
— WZL _.CA—l,O(Zla 22 322)<¢4(p)|@z,—1(007 Z2) T @A,—l(oo’ 22)‘¢3(p)>

4 oo 271



Celestial Blocks

Inserting the light-ray OPE inside a correlation function
we get a sum over celestial blocks.

(@4(p)[L¢1](00, 21)L|d2] (00, 22)[¢3(p))

| %—}—ioo dA B
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Celestial Blocks

Inserting the light-ray OPE inside a correlation function
we get a sum over celestial blocks.

(@4 (p)|L|p1] (00, 21)L{¢2](00, 22)|@3(p))

2—|—zoo
zﬂiﬁ %CA 10(21,22,622)< ( )|@A 1(00 Z2)+@Z,—1(00722)‘¢3(p)>

5—1'00 27'('7/
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Analyticity in spin 1s a fundamental property of
QFTSs/S-matrix/CFTs/QG.

Particles/Operators populate Regge trajectories.

A generic point on a Regge trajectory 1s a light-ray
operator (shockwave state).

Physics of light-ray operators captures interesting
Lorentzian dynamics.

We have tools (OPE/crossing) to study them



Applications



Gravitational Shock Wave

Gravitational “Coulomb” field of a relativistic particle

1s known as a gravitational shockwave.

[Aichelburg, Sex! 710]
[Ot Hooft 870]

AN (252) GpY
18 = —dudv + 2z ) OP"
T2 Y]

6 (u)du® + dif?

When a particle propagates through a gravitational
shockwave it experiences Shapiro time delay

a

u A




Gravitational Shock Wave

[Camanho, Edelstein, Maldacena, AZ 140]

1
S = /d%\ﬁ—g (—2A 4+ R + agp“R? + ...)
Pl

Non-minimal couplings lead to causality violations
when propagating through a shock

(Shapiro time advance)

a— C 1
NOéGB,S

2
C mgap

Fixing the problem requires an infinite number of
higher spin particles. (e.g. string theory)



Gravitational Shock Wave

[Camanho, Edelstein, Maldacena, AZ 140]

1
S = /d%\ﬁ—g (—2A 4+ R + agp“R? + ...)
Pl

Non-minimal couplings lead to causality violations
when propagating through a shock

(Shapiro time advance)

a— C 1
NOéGB,S

2
C mgap

Fixing the problem requires an infinite number of
higher spin particles. (e.g. string theory)

Is it possible to write a precise quantum formular Yes!



Commutativity of Shocks

Consider now a particle propagating through a pair
of closely situated shocks.

In Finstein theory the result does not depend on the
order of the shocks (equivalence principle).

Any modification of GR, however, introduces

shockwave non-commutativity!

[Belin, Hofman, Mathys 190]
[Kravchuk, Kologlu, Simmons-Dufbn, AZ 190]



Commutativity of shocks
In AdS/CFT:

commutativity of shocks = commutativity of ANECs

We have proven that that in every CF'T' ANECs

commute
| / 401 Ty (0, 01, 1), / 403T 0 (0, 03, )] = 0

In tlat space the corresponding sum rule 1s known as

SupefCOﬁvefgeﬂce ¢
/ dtDiscy A(s, £) = 0

— OO ~
[Alfaro, Fubini, Rossetti, Furlan 660]

Stringy Equivalence Principle: In every UV complete theory
of quantum gravity gravitational shocks commute.

(should be applicable to our Universe as well)



Stringy Equivalence Principle

This becomes

(TTT) = (TTT) g + to(TTT) g2 + t4(TTT) gs

Z ‘)\ ¢’2 15 y 247T4F(A¢ — 1)F(A¢)

(t4 + 2t2) - non-scalar,
? Crl(4—52)7T(2+ 5"
3602m4T(Ay — 1)T(A
(ta + 2t9)? = Z Ao |? 1 (Agb ) Aqb) - non-scalar
7CrI'(4 — =2)?I'(2 + 52)9
C— a
d=4 N=1: ty=6—2 t,=0.
C

This 1s the precise formula, but it s still to be shown
how small the RHS can be.

[Kravchuk, Kologlu, Simmons-Dufbn, AZ, work in progress]



Energy Correlators in CFTs

In principle, one can combine the light-ray OPE
formula with the numerical and analytic conformal
bootstrap methods to compute event shapes in the

genuinely strongly coupled CFT, say, the 3d Ising model.



Energy Correlators in CFTs

In principle, one can combine the light-ray OPE
formula with the numerical and analytic conformal
bootstrap methods to compute event shapes in the

genuinely strongly coupled CFT, say, the 3d Ising model.

A simpler example 1s planar N=4 SYM. In this case
supersymmetry relates scalar-scalar event shape to the
energy—energy C()frelat()r, [Belitsky, Hohenegger, Korchemsky, Sokatchev, AZ 130]

~ _ 47T4F(A — 2) 4.4
(E(11)E(M2)) p(p) = 87‘(’2 ZPA _1)3F(3 A) A, (€)

2

/ OPE data evaluated at spin J=-1

sum over Regge trajectories 1 —cos@

(=T




Perturbative Checks

1 —cos@
One loop (=73
| 2
(1) B - (n') S f4’4 o 1 lOg(l I C)
o= 2 Wl @) =2 3001
OPE data evaluated at spin J=-1
Strong coupling
T'(n+3)° 44
F(Qn 4 5) f7—|—2n(€)

n=0

FEUE) () = > (—81)n (n+1)(n+2)(n+3)(n + 4)
-
2
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Jets at Finite Coupling In N=4 SYM

Weak coupling = Jets (collimated energy tlux)
Strong coupling = Jets (spherical energy blobs)

This feature manifests itself in the small angle behavior
of the energy correlator

3.0

2.5 1

g (€(0)£(0)) ~ -
o 92(1——5—)

15 [Hofman, Maldacena 080]

o [Korchemsky 190]

[Dixon, Moult, Zhu 190]
0.5
0.0 L ] [plot by N.Gromov]

0005 0010 0050 0100 0500 1 5 | . -
[Gromov, Levkovich-Maslyuk, Sizov 150]
4 2 [Gromov, Kazakov, Leurent, Volin 130]



Conclusions

® light-ray technology

(bootstrap methods, Lorentzian observables)

® application to etfective theories of quantum gravity
(derive the rules for EFT)

® application to event shapes/collider physics
(tabletop colliders, QCD, jets in the 3d Ising,
celestial bootstrap)



