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Abstract: In this talk, | will describe some of the recent progress on computing holographic correlators using analytic bootstrap techniques col
with supersymmetric localization.&nbsp; From taking a certain flat space limit of the holographic correlators, one can obtain scattering ampl
of gravitons in string theory, and one can then reproduce some of the known results for these scattering amplitudes.&nbsp; | will focus mostly
case of the 4d {\cal N} = 4 super-Yang-Mills theory, but | will also mention related work in the 3d ABJM theory.
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Motivation

@ The AdS/CFT correspondence can be used in two ways:

e learn about quantum gravity / string theory / M-theory from CFT
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Motivation

@ The AdS/CFT correspondence can be used in two ways:

e learn about quantum gravity / string theory / M-theory from CFT

e learn about strongly-interacting QFTs from the bulk
@ Challenges:

e The CFTs are strongly coupled, so calculations are almost
impossible.

e Not much is known about string theory / M-theory in AdS beyond
the supergravity approximation, and not much has been done
beyond tree level.
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Motivation

@ The AdS/CFT correspondence can be used in two ways:

e learn about quantum gravity / string theory / M-theory from CFT

e learn about strongly-interacting QFTs from the bulk
@ Challenges:

e The CFTs are strongly coupled, so calculations are almost
impossible.

e Not much is known about string theory / M-theory in AdS beyond
the supergravity approximation, and not much has been done
beyond tree level.

@ This talk: Using analytic bootstrap + supersymmetric localization
— explore AdS/CFT beyond SUGRA
—> New results about holographic correlators.
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AdS/CFT

@ Most well-established examples of AdS/CFT:

e 4d SU(N) N = 4 SYM at large N and large 't Hooft coupling
A = g%,N / type |IB strings on AdSs x S°

e 3d U(N)x x U(N)_x ABJM theory at large N / M-theory on
AdS4 X ST/ZK.

@ Focus on NV =4 SYM/ type IIB string for most of the talk.
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Analytic bootstrap for holographic correlators

@ Main idea: Holographic correlators are

e simple in Mellin space
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Analytic bootstrap for holographic correlators

@ Main idea: Holographic correlators are

e simple in Mellin space (“simple” = can be bootstrapped)

o “flat space limit” = scattering amplitudes in flat space

\ / flat space_ \ /

® » .
V' N limit / '\
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Mellin amplitude
@ Example: Ops O;(X) w/ A; = A have 4-pt function
L _GU.V).

(O1(X1) -+ - 04(Xa)) = — =
| X122 | X34 |24
where X; = X; — X; and
22 =2 o2 o2
X12X34 s X14%03
X13%X24

U E — —
X13X24

10-1-2019 5/32
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Mellin amplitude
@ Example: Ops O;(X) w/ A; = A have 4-pt function
1
= — — G(U, V),
|X12[28 | X34]24 ( )

(O1(X1) - - - O4(Xa))

where Xj = X; — X; and
U= Ko %34 = X4 X33
XiaXss X3 X5
@ Mellin amplitude:
x 2 (A~-§) 2 (A“”gt‘) rz(AMg) M(s. 1)

10-1-2019 5/32

where s + t + u = 4A.

Silviu Pufu (Princeton University)

Page 10/63

Pirsa: 19100041



Mellin amplitude
@ Example: Ops O;(X) w/ A; = A have 4-pt function
1
= — — G(U, V),
|X12[25 | X34]24 ( )

(O1(X1) - - - O4(Xa))

where Xj = X; — X; and
U= Ko %34 V= X4 X33
XiaXes X3 X54
@ Mellin amplitude:
x 2 (A~-§) 2 (Aﬂé{) rz(AMg) M(s. 1)

10-1-2019 5/32

where s+t + u = 4A.
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Properties of Mellin amplitudes

Properties of Mellin amplitudes:
1) Analytic structure:

e Contact Witten diagrams — polynomial Mellin amplitude in s, t of
degree = (# of ders)/2.

Y GUE
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Mellin amplitude
@ Example: Ops O;(X) w/ A; = A have 4-pt function
1
= _ G(U, V),
|X12|25 | X34]242 ( )

(O1(X1) - - - O4(Xa))

where X; = X; — X; and
s Tl o B
XiaXe X3 X3
@ Mellin amplitude:
r(44=4)r%2  dsat
V) = g / : s/2 Vu/2—A
GeomlU V) =@y J Tamip”
2 S\ 2 LY 2 u
xr(AHé)r A- 5 I‘(A~~§)M(s\_t)

10-1-2019 5if32

where s+t + u = 4A.
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Properties of Mellin amplitudes

Properties of Mellin amplitudes:
1) Analytic structure:

e Contact Witten diagrams — polynomial Mellin amplitude in s, t of
degree = (# of ders)/2.

e Exchange Witten diagrams —> Mellin amplitudes with poles.

(E.g. s-channel scalar exchange gives poles at s = Agych + 2N
where Aqch is the dimension of the op dual to the exchanged field).
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Properties of Mellin amplitudes
2) Flat space limit [Polchinski, Susskind, Giddi

o T(2A - %) otioe da Cd_oA (28 =T
A To= g — 7= / 2mi® oM ( 20 2(1’) |

Here, A(S, T) is the scattering amplitude of massless particles in
flat space:

Jeo—loo

A(A - d)
[2
and S, T, U with S+ T + U = 0 are the Mandelstam invariants.

@ This formula implies that leading order in large s, t:
M(s, t)  flat space scattering amplitude

-0 aslL—

m? =

and, in particular, M(s, t) has the same growth at large s, t as the
flat space scattering amplitude.
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Properties of Mellin amplitudes

2) Flat space limit [Polchinski, Susskind, Giddin

rea - 9) /'C”m da 4 an (L?S L2T)

LS Th= Lh?;o [3-d o i 2 2

Here, A(S, T) is the scattering amplitude of massless particles in
flat space:

JeC—loo

A(A - d)
[2
and S, T, Uwith S+ T + U = 0 are the Mandelstam invariants.

@ This formula implies that leading order in large s, t:

m? = -0 asL—-

M(s, t)  flat space scattering amplitude

and, in particular, M(s, t) has the same growth at large s, t as the
flat space scattering amplitude.

@ Momenta restricted to d + 1 dims for AdSqy. 1.
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Procedure

Procedure for computing holographic correlators: Instead of
analytic structure

» growth at large s and t
computing Witten diagrams, use

crossing symmetry

SUSY
to determine the Mellin amplitudes up to a few numerical constants.
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Procedure

Procedure for computing holographic correlators: Instead of
analytic structure

» growth at large s and t
computing Witten diagrams, use //

crossing symmetry

- SUSY
to determine the Mellin amplitudes up to a few numerical constants.

the flat space
/" limit
@ These constants can be fixed later using ¢
\ SUSic localiza-

tion
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Cases studied

Applied this procedure to:

@ 4d N =4 SYM (1/2- BPS ops) — (super)grawton scattermg in
type |IB string theory |2 ster, SS ): Ches ]
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Cases studied

Applied this procedure to:

@ 4d N =4 SYM (1/2- BPS ops) o (super)grawton scattenng in
type |IB string theory |2 oster, SSP Wa ): Ches ]

@ 6d Ay_+ (2,0) theory 1/2 BPS ops) s (super)grawton
scattering in M-theory [C Perlmutter '18]

@ 3d N =8 ABIM U(N)y x U(N)_x with k = 1,2 ( 1/2 BPS ops)
— (super)graviton scattering in M-theory [C SP Vi

@ 3d N =6 ABJM U(N), x U(N)_k with k > 2 (1/3-BPS ops) —»
(super)graviton scattermg in M- theory (fixed k) or type IIA string
theory (fixed N/k) & SSP '19
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Cases studied

Applied this procedure to:

@ 4d N =4 SYM (1/2- BPS ops) — (super)grawton scattermg in
type |IB string theory [t ester, SSP, Wang '19; Chester '19]

@ 6d Ay_+ (2,0) theory 1/2 BPS ops) — (super)grawton
scattering in M-theory [c Perlmutt

® 3d N = 8 ABIM U(N)k x U(N)_g with k = 1,2 ( 1/2 BPS ops)
— (super)graviton scattering in M-theory [c SSP. )

@ 3d N =6 ABJM U(N)k x U(N)_k with k > 2 (1/3-BPS ops) —
(super)graviton scattermg in M- theory (fixed k) or type IIA strmg
theory (fixed N/k) | |

@ Simpler formulas in 4d ' = 4 SYM. (Focus on this case.)

@ More SUSic localization constraints in 3d.
Silviu Pufu (Princeton University) 10-1-2019 9/32
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Scattering amplitudes in 10d and 11d

e Effective action in 10d:
Siod = /dmx\/@[i?ﬂ“gﬁ’“ +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

Silviu Pufu (Princeton University) 10-1-2019 10/ 32

Pirsa: 19100041 Page 23/63



Scattering amplitudes in 10d and 11d

o Effective action in 10d:
Siod = / d‘Ox@[Ru’ER‘* +¢1°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S, T)=4"%(Q) [sru + “ég)fg + %(32 + T2+ A0 4 ...+ Og?)
51%(Q)

= Asg, tree (S, T)f(8= g & AsG, tree = W

@ The full leading term in gs is a ratio of Gamma functions.
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Scattering amplitudes in 10d and 11d

@ Effective action in 10d:
Siod = /dmx\/@[ﬁ’ﬂ‘gﬁ’“ +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S,T) = 516(0)[ L '“(3)@’3 + @(82 + T2+ UP)l® + ... + O(g2)

STU ' 32 210

— ‘ASG, tree(8= T)f(s‘ T) ’ ASG, tree = STU -

@ The full leading term in gs is a ratio of Gamma functions.

@ In 11d, the effective action is similar, with /s — ¢, (and no gs), but
terms only up to D®R* are known.

Silviu Pufu (Princeton University)
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Scattering amplitudes in 10d and 11d

o Effective action in 10d:
Siod = /d‘ox\@[ﬁ’u’gﬁ"* +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S,T) = 516(0)[ L "(3)@ + @(82 + T2+ UP)° + ... + O(g2)

STU = 32 210

— ‘ASG, tree(sf T)f(s‘ T) ’ ASG, tree = STU .

@ The full leading term in gs is a ratio of Gamma functions.

@ In 11d, the effective action is similar, with /s — ¢, (and no gs), but
terms only up to D®R* are known.
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Scattering amplitudes in type |IB string theory

@ One can also write the scattering amplitude w/o expanding in gs:

’ gs/z
AS.T) = 5"%(0) | g+ T el + -

where 7 = y + i/gs and &, is a non-holomorphic Eisenstein series

6= Y
' |m+ nr|2r’

(m.n)#(0,0)

@ For &/, when x = 0, one has a finite number of perturbative
contributions + non-perturbative contributions:

P a2ty 2 3 _ 4
é‘3/2 — ;§/2) 3 Q;/2+e q [47[‘ -+ fs -]+e :Js [ , ] Lo «
S
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Scattering amplitudes in 10d and 11d

e Effective action in 10d:
Siod = /dmx\@[i?ﬂ‘gﬁ’“ +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S. T)o‘“"’(o)[ T B SO)gy 12 )0 .4 o2

STU = 32 210

— 'ASG, tree(sf T)f(s‘ T) ’ ASG, tree = STU .

@ The full leading term in gs is a ratio of Gamma functions.

@ In 11d, the effective action is similar, with /s — ¢, (and no gs), but
terms only up to D®R* are known.
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Holographic correlators in N' = 4 SYM
@ In N = 4 SYM, focus on the 20’ ops S;; = tr ((b,m - %-f»(f)chK).

e Atlarge N, A = g3,,N, it is dual to string theory on AdSs x S° of
curvature radius L.

VLY

= =, :gS-
(‘é 47
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Holographic correlators in N' = 4 SYM
@ In NV = 4 SYM, focus on the 20’ ops S;; = tr ((/)/d)J - %(ﬁ);{(ﬂ)’{).

@ Atlarge N, A = g3,,N, it is dual to string theory on AdSs x S° of
curvature radius L.
v gw

= -, :gS-
(‘,g 47

@ The 4-pt function (SSSS) has an expansion in 1/N (or 1/c with
c=(N°—-1)/4)and 1/X:

; 1 1
(SSSS) = disconnected + -16 [1 + =+ =+ ]
A2 A2

1 1 1 el
+7[Aé++ 3+...}+_3[,\p+,\;+1++...}+...
C > C

2

corresp to tree-level: SG, R*, D*R*; one-loop ; efc.
@ All of the highlighted terms are known completely!
Silviu Pufu (Princeton University) 10-1-2019 12/ 32
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Scattering amplitudes in 10d and 11d

e Effective action in 10d:
Siod = /dmx\@[ﬁ’u‘gﬁ’“ +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S, T)a‘“"’(O)l 11 S8)e, 6O)ge 2y ypt0 44 o(g2)

ST ' 82 =" gl

— 'ASG, tree(sf T)f(s‘ T) ’ 'ASG, tree = STU .

@ The full leading term in gs is a ratio of Gamma functions.

@ In 11d, the effective action is similar, with /s — ¢, (and no gs), but
terms only up to D®R* are known.

Silviu Pufu (Princeton University)
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Holographic correlators in N' = 4 SYM
@ In N = 4 SYM, focus on the 20" ops S;; = tr (qb,d)J - flé-i(/>K(x>K).

@ Atlarge N, A = g3,,N, it is dual to string theory on AdSs x S° of
curvature radius L.
v gw

= =, :gS°
(‘é 47

@ The 4-pt function (SSSS) has an expansion in 1/N (or 1/c¢ with
c=(N?-1)/4)and 1/X:

; 1 1
(SSSS) = disconnected + % [1 + — + = i S ]
A2 A2

1 1 ) el
+7[Aé++ 3+...}+_3[,\p+,\;+1++...}+...
C : C

A2
corresp to tree-level: SG, R*, D*R*; one-loop ; etc.
@ All of the highlighted terms are known completely!
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Holographic correlators in N' = 4 SYM

Two comments:

@ One can compute (SSSS) to the orders mentioned even though
the higher derivative corrections to SUGRA are not completely
known!

Silviu Pufu (Princeton University) 10-1-2019 13/ 32
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1/2-BPS single trace primaries

e N =4 SYM field content: gauge field A, fermions A in 4 of
SU(4)g, scalars ¢, in 6 of SU(4)g.

@ 1/2-BPS single trace primaries:
Sp x tr¢P, B=p. [0p0] of SU(4)R.

@ 4-pt functions (S,S4S;Ss) have been extensively studied. (In
SUGRA limit, full answer is known [Rastelli. Zhou] .)
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1/2-BPS single trace primaries

e N =4 SYM field content: gauge field A, fermions A in 4 of
SU(4)g, scalars ¢, in 6 of SU(4)g.

@ 1/2-BPS single trace primaries:
Sp x tr P, L& =p, [0p0] of SU(4)R .

@ 4-pt functions (S,S4S;Ss) have been extensively studied. (In
SUGRA limit, full answer is known [Rastelli, Zhou] .)

@ For now: (5,5,5,S,). Conformal sym and SU(4)gp —

<82828282> = x (6 functions of U, V)
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Ward identity

@ SUSY Ward identities
—> algebraic relations between the 6 functions of U, V
— all 6 fns can be written in terms of a single function 7(U, V)!

@ Roughly,
vV
1 uv
($525,5,S,) = (free part) + == | B | * T(u,V).
X12X34
@ This is special to 4d ' = 4 SUSY.
Silviu Pufu (Princeton University) 10-1-2019 15/ 32
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Mellin space

Can relate T(U, V) to the Mellin transform M(s. t):

. det f 5!73 s S
Iy, V)—'/ (4_ﬁi)2U~Ve r (2—5)

« T2 (2--§) r2 (Z—g)M(s.t).

where u=4 - s —t.

M(s, t) can be determined up to a few constants using:
@ crossing symmetry

M(s, t) = M(s,u), M(s, t) = M(u,t).

@ pole structure
@ asymptotic growth at large s, t

Silviu Pufu (Princeton University) 10-1-2019 16/ 32
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Analytic bootstrap for Mellin amplitude

The consistency conditions give:

8 1 Ci  Co(s?+ 1+ Uu%)+ ¢
Jhll = — K J
M= le—at-2w—2 " % +
+0(1/c?).

where ¢4, ¢, Cs, .. .are arbitrary constants.
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Ward identity

@ SUSY Ward identities
— algebraic relations between the 6 functions of U, V
— all 6 fns can be written in terms of a single function 7(U, V)!

@ Roughly,
vV
1 uv
($525,5,S,) = (free part) + == | I | * T(U,V).

X{2X34

@ This is special to 4d ' = 4 SUSY.
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Scattering amplitudes in 10d and 11d

e Effective action in 10d:
Siod = /d1°x\/§[R+1‘§R4 +01°D*R* 4. .. | +(SUSic completion)

where /s is the string length.
@ The terms w/ > 2 derivatives are not fully known!

@ This gives the amplitude

A(S,T) = 516(0)[ L <(3) 6 + @(82 + T2+ UR)° + ... + O(g2)

STU " 82 =" 20

— 'ASG, tree(8= T)f(s‘ T) ’ ASG, tree = STU .

@ The full leading term in gs is a ratio of Gamma functions.

@ In 11d, the effective action is similar, with /s — ¢, (and no gs), but
terms only up to D® R* are known.

Silviu Pufu (Princeton University)
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Analytic bootstrap for Mellin amplitude

The consistency conditions give:

8 1 C1  Co(S?+ 1+ U?)+ ¢
S [ = — K J
M =Cle—at-2w-=2 3" %
+0(1/c?).

where ¢4, ¢, Cs, ... are arbitrary constants.

~ the flat space limit
@ Constraints on ¢4, ¢, C3, ...come from /

~ SUSic localization
@ The flat space limit
~ STU _ "da , _g 5§ LT
“SUWﬁ%@ﬁL/Zf”‘M(%”%)
gives ¢y = 15¢(3) ;| c2 = ?C(S)

Silviu Pufu (Princeton University)
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Supersymmetric localization
@ SUSic localization gives exact results in SUSic theories, but
generally not for correlation functions of local ops.
@ |dea: . _
z- [DxeS= [ Dxestiav)

is independent of t. If {Q, V}pos > 0, then take t large and

Z= -5 , |
X such that 2 x (one-loop determinant)
" {QV}=0

(Ideally, this is a finite-dimensional integral.)
@ Can insert Q-invariant observables.

@ Generically, QO(X) # 0 b/c @? = translation + R-symm rotation
and Q?0(X) # 0 for a local operator O(X).

Silviu Pufu (Princeton University) 10-1-2019 18/ 32
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3. Supersymmetric localization: observables
So, SUSic observables can be:
@ integrated operators

@ local operators inserted at points where Q? = 0.

In this talk: we’ll relate two of the S,’s to integrated SUSic operators,
and we'll place the other two S,'s at points where Q? = 0.
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3. Supersymmetric localization: observables

So, SUSic observables can be:
@ integrated operators

@ local operators inserted at points where Q% = 0.

In this talk: we'll relate two of the S,’s to integrated SUSic operators,
and we'll place the other two S,'s at points where Q? = 0.

Specific setup:

N =4 SYM N =4 SYM deform while preserving
on R4 on S* Q € N = 2 superalgebra

Q2 = 0 only at
N and S poles of S*
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Pirsa: 19100041 Page 44/63



Pirsa: 19100041 Page 45/63



Pirsa: 19100041 Page 46/63



Pirsa: 19100041 Page 47/63



Pirsa: 19100041 Page 48/63



Pirsa: 19100041 Page 49/63



Pirsa: 19100041 Page 50/63



Pirsa: 19100041 Page 51/63



Pirsa: 19100041 Page 52/63



Pirsa: 19100041 Page 53/63



Pirsa: 19100041 Page 54/63



Pirsa: 19100041 Page 55/63



Pirsa: 19100041 Page 56/63



Pirsa: 19100041 Page 57/63



Pirsa: 19100041 Page 58/63



Pirsa: 19100041 Page 59/63



Pirsa: 19100041 Page 60/63



Pirsa: 19100041 Page 61/63



Pirsa: 19100041 Page 62/63



Pirsa: 19100041 Page 63/63



