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Results from those early days

® primary operators + descendants [Mack, Salam 1969]

® unitarity bounds [Ferrara, Gatto, Grillo 1974, Mack 1977]

® conformally invariant OPE

® constraints on the correlation functions of primaries
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Results from those early days

® primary operators + descendants [Mack, Salam 1969]

® unitarity bounds [Ferrara, Gatto, Grillo 1974, Mack 1977]

® conformally invariant OPE

® constraints on the correlation functions of primaries

They realized that:
|) Any CFT is characterized by

conformal data = {primary operator dimensions A;, OPE coefficients cij}

2) OPE associativity:
((Oin) (Ok05)> = ((OjOk)(OiOl)) Vil 0l

should fix the data = conformal bootstrap

Enter QCD... 317
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...and coordinates for them

)

Z-coord:

T3 = 1 cut  Tg —> 00
[ 4

\ J
used to express conf. blocks in [Dolan, Osborn 2000,2003,201 I]

L1 =—
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Z-coord:

p-coord:

...and coordinates for them

L1 =—

)

333:1

cut Ty — OO

@

J

used to express conf. blocks in [Dolan, Osborn 2000,2003,201 I]

[Pappadopulo, S.R., Espin, Rattazzi 2012,
Hogervorst, S.R. 2013]

e (1++/1—2)2
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...and coordinates for them

4 p
L2
Z
Z-coord: o
= q= Td —300
21 =1 . cut 4
\ J
used to express conf. blocks in [Dolan, Osborn 2000,2003,201 I]
-
[Pappadopulo, S.R., Espin, Rattazzi 2012,

p-coord° Hogervorst, S.R. 201 3]

2
1+ +v1—2)2

"

D=2, Al.Zamolodchikov,fractional...

known coeffs.
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Convergence of conf. block decomposition
[Pappadopulo, S.R., Espin, Rattazzi 2012]

g(u,v) =1+ Y |cpgil*go, (u,v)
1 1

N(l_r)zm}bx(1_7,)2‘&}5 (r — 1)
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Convergence of conf. block decomposition
[Pappadopulo, S.R., Espin, Rattazzi 2012]

g(u,v) =14 ) _legeil’go, (u,v)
1 1

N(l—r)2A¢x(1—r)2A¢ (r — 1)

= convergence for all r<]

+ polynomial bound on “weighted spectral density”

Y leggil*6(E — A;) ~ B4R
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Convergence of conf. block decomposition
[Pappadopulo, S.R., Espin, Rattazzi 2012]

g(u,v) =1+ ) lesgil*90,(u,v)

1 1 !
~ A= X Gopme T
=¥ T

= convergence for all r<]

+ polynomial bound on “weighted spectral density”

Y leggil*6(E — A;) ~ B4R

Cf. Y 6(E - A;) ~ exp(#E~1/P)
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Simplest bootstrap equation
g(u,v) =14 ) |cggil’90, (u, v)
i

crossing: uAd’g(v, u) = UA<”g(u,v)
(z > 1-—2)

Mathematically well-def d, S-matrix... 7117



Simplest bootstrap equation
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Simplest bootstrap equation
g(u,v) =1+ lcggil*go, (u,v)

crossing: uAd’g(v, u) = ’UAd’g(u,v)

z—1—2z
( ) /;onvergence CUtS\

L9 li

- o

LE1:O 333:].

Mathematically well-def d, S-matrix... 7117



Numerical exploration

|) ldentifying “swampland” in the space of CFT data

2) Study of theories at the “swampland boundary”

8 /17



. Charting out CFT “swampland”

[Rattazzi, S.R, Tonni,Vichi, 2008] + many subsequent works

Rule out large chunks of CFT data space
which do not correspond to any CFT,
because bootstrap equations do not allow a solution

Keyword: linear programming (way to enforce p; = |co.m-|2 > 0)
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. Charting out CFT “swampland”

[Rattazzi, S.R, Tonni, Vichi, 2008] + many subsequent works

Rule out large chunks of CFT data space
which do not correspond to any CFT,
because bootstrap equations do not allow a solution

Keyword: linear programming (way to enforce p; = ‘co.m-P > 0)

Roads to swampland:

increase gaps in the spectrum

pump up OPE coefficients 9/17



Example of a gap study
Take any CFT with G > SO(N) global symmetry

Oa X0p=0ap(1L+S+...) +Tgpp+-..
/ +(£>1)

fund. of SO(N) lowest dimension singlet and

10/17



Example of a gap study
Take any CFT with G > SO(N) global symmetry

Oa X0p=0ap(1L+S+...) +Tgpp+-..
/ +(£>1)

fund. of SO(N) lowest dimension singlet and
5.5 A max.
. D=4,G=50(4) ; S
4.5 | = max
z v T

3.0

Any CFT is forced to live below these lines

3 .

2.5

\
\
\
' ' q 1 ' ' ' 1 q | q 1 - ' ' ‘ ‘
1 1.2 1.4 1.6 1.8 AO’
[Vichi 201 I, Poland, Simmons-Duffin,Vichi, 201 1]
Analytic bounds from “toy bootstrap”: [Hogervorst, S.R. 201 3]
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A central charge lower bound

Suppose know Ag,
can we say something about C'1 (TMVTMV) 4
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A central charge lower bound

Suppose know Ag,
can we say something about C'1 (TMVT“,,) 4

A2
Hint: (0606) D —GA=D 1—2
Cr
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A central charge lower bound
Suppose know Ag,

can we say something about C'1 (TMVT“V) 4

Hint; (JO’O’O’) 5 ——G9A=D ¢=2

min CT

1.0 1.2 1.4 1.6 1.8 2.0

[Poland, Simmons-Duffin 201 1,
Rattazzi, S.R.,Vichi 201 ]

11717



ll. Studying “swampland boundary”
Example: ocoxo=14¢€¢+...

AP
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ll. Studying “swampland boundary”
Example: ocxo=14+¢€e+...

AP

No sols to crossing

“unique” solution to crossing
bhysically meaningful?

Many sols to crossing

12/17



2Dand 3D gap study oXxXo=1+4+¢€+...

S.R.,Vichi 2009:EIl-Showk, Paulos 2012 El-Showk,Paulos,Poland,Simmons-Duffin, S.R,Vichi’ 12
A, |
A, M=
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2D Ising model
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2Dand 3D gap study oXxo=1+4+¢€¢+...

S.R.,Vichi 2009:EIl-Showk, Paulos 2012 El-Showk,Paulos,Poland,Simmons-Duffin, S.R,Vichi’ 12
A, |
At _ —
“t D=2,SL,(C) only s D=3 /
155 . :-'\"’\{"'f 16-
Yo 1.4]
nnnnnnn 0: PR TR T 10
AG 0.50 -
8,1
/. : ) - N
2D ISlng mOdeI 1.44__'
1.43f
142} .
1t 3D lIsin
1-41:_ g AO’ —_ 0.5182(3)
ok N =1 413(1)
o (from RG methods)
1.39;—
R Y S
0.510 0.515 0.520 0.525 0.530)

\-
easy to increase precision... 13/17




Other kinks

® same kink happens for any 2< D<4;
its position agrees with €-expansion for D— 4
[EI-Showk, S.R,Vichi, work in progress]

® same kink happens for O(N) model in D=3;
its position agrees with |/N expansion for N— oo

[Poland, Simmons-Duffin, work in progress]

Kinks have something to do with operator decoupling...

14/17



Spectrum of 0 x 0 OPE in 3D Ising model

Current knowledge
(from RG methods):

Operator | Spin [ A
g 0 1.413(1)
g’ 0 3.84(4)
o 0 4.67(11)
T 2 3
Clivkx 4 5.0208(12)
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Spectrum of 0 x 0 OPE in 3D Ising model

Current knowledge Operator | Spin [ A
(from RG methods): - 0 1.413(1)
e’ 0 3.84(4)
g 0 4.67(11)
T., 2 3
Caror 4 | 5.0208(12)

Assuming 3D Ising lives at the kink
= can determine all*) operators in 0 x 0 OPE + their OPE coeffs

[work in progress]

*) numerical work. In practice: all = 20-30 .
7



operators

in 0 x 0 OPE
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El-Showk, Paulos 2012

Warmup study for 2D Ising
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Other interesting developments

® Analytic results about Z>>lspectrum from bootstrap near light cone

Fitzpatrick,Kaplan,Poland,Simmons-Duffin 2012,
Komargodski, Zhiboedov 2012

® Bootstrap for conformal boundary conditions and defects

[Liendo, Rastelli, van Rees 2012
Gaiotto, Paulos, work in progress]

® Bcotstrap for <JJJJ> and <TTTT> [work in progress by Dymarsky]

® Bootstrap for SUSY theories

-N=|  Poland,Simmons-Duffin 2010 + subsequent work
-N=4, N=2 Beem, Rastelli, van Rees 2013 + work in progress
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