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Overview
> Peculiar Duality between AdSs; & CFTs
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Overview
> Peculiar Duality between AdSs; & CFTs

time anti-de Sitter space AY
canfarmal
boundary

> Conventional Duality:

Zuk[¢(boundary) = J]| = Zcr[J]
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> Zeuklr) = /[dm]ZCFT[m;T]

AdS3 moduli
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Overview

> Peculiar Duality between AdSs; & CFTs

> Ensemble Duality:

time anti-de Sitter space AY
canfarmal
boundary

moduli
space

"You boil it in sawdust: you salt it in glue:
You condense it with locusts and tape:
Still keeping one principal object in view—
To preserve its symmetrical shape.”

—Hunting of the Snark, Lewis Carroll

> Zeuklr) = /[dm]ZCFT[m;T]

AdS3
geometries
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Overview
> Peculiar Duality between AdS3; & CFT,

"You boil it in sawdust: you salt it in glue:

You condense it with locusts and tape:

time anti-de Sitter space AY
canfarmal
boundary

Still keeping one principal object in view—
To preserve its symmetrical shape.”

—Hunting of the Snark, Lewis Carroll

> Ensemble Duality:
at + b

T = T =

Z ZBUIK[T] = [dm] ZCFT[m; 7‘] o cr+d
(C d) € sLy(2)

AdSs moduli
geometries space
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

DESY. | Ensemble Averages,of Narain CFTs, & Holography | Jacob M. Leedom | Corfu Holography & Swampland, 09.09.2022

Page 5


http://creativecommons.org/licenses/by/4.0/

AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1) [2006.04839,2006.04855]
R2
ScrT = 2— /dZO'aaXaaX X ~X+27
i
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1) [2006.04839,2006.04855]
R2
ScrT = 2— /d208aX8“X X ~X+27
i

> Partition Function:
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1) [2006.04839,2006.04855]
R2
Scrr = o /dQUaaXaaX X~X+2r
T
> Partition Function:
O(R 1 7 %
27y = ST L ¢*7%  pir= - +uwR
n(r)a(r) — n(r)n(r) 2R

(rL.PR)ET(1,1)
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> Partition Function:
O(R 1 3 v
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> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1)

[2006.04839,2006.04855]
2
Scrr = ];—W / d?00,X0°X X ~ X+ 27
> Partition Function:

Z(R’ 7_) _ @(R_, 7-_) _ 1_ _ ZeiWTlQ[l]—W’QH[Z} (2[1} — 9w

(i)~ (i) & )
n* PR
- D YYTE: Z
HIl) = 5o + 20°R

Even: p3 — ph = 2nw € 27 .
= T =T1 +T:
4D 7 seff-Dual: T, =T o
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1)
R2
Scpr = — / d?00,X0°X
2
> Partition Function:

) = @(Ra T) _ 1 eiTrTlQ[l]—ﬂ'TgH[Z}
2(R7) = i)~ wn 2

> Moduli Space & Metric:
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1)

R2
Scpr = — / 00, X0 X
27
> Partition Function:

O(R,T) 1
Z(R,T) = — =
o) = )
> Moduli Space & Metric:
M(171)21§R<OO
dR?

2 _
dS _4ﬁ

Z eiTrTlQ[l] —mro H[{)
n(m)n(7) =
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1) [2006.04839,2006.04855]
RQ
ScrT = 2— /d208aX8aX X~ X+ 27
i
> Partition Function:
1 .
Z(R, 7_) _ @(R_, 7-_) _ - ZemTlQ[l]—me[ﬂ (2{(} S
n(m)a(r)  n(n)i(7) = ,
> Moduli Space: H[l) = sz T 2uw? R?

M(171)21§R<OO
> Ensemble Average:

1 > dR
dmZm,T:—/ OR, T)—
/MM Tl = e ), @ T)ag
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AdS;/ : Ensemble of Even, Self-Dual CFTs

> Toy lllustration: 1 Compact Boson = (¢, ¢) = (1,1) [2006.04839,2006.04855]
R2
Scrr = — / d*00,X0°X
2
> Partition Function:

O(R,T) 1 ; _
VA R,T — _’ J— — ewrnQ[ﬂ] wro H[{]
(’7) = o) ~ wn 2

> Moduli Space:

M(171)21§R<OO
> Ensemble Average: Does not converge! Need p > 1 bosons

1 > dR
dmZm,T:/ OR, T)—
/MM Tl = e ), @ T)ag
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> p Compact Bosons = (¢, ¢) = (p, p)

[2006.04839,2006.04855]

1
Sorr = 5 / d’o (Gagaaxaaaxﬁ + iBage“bﬁaXaﬁbXﬁ)
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> p Compact Bosons = (¢, ¢) = (p,p) [2006.04839,2006.04855]

1
Sorr = 5 / d’o (Gagaaxaaaxﬁ + z‘BageabaaXaabXﬂ)

> Partition Function:

i — T — D)t
Z(m 7_) _ @(maT) _ 1 ZeiﬂTlQ[l]—ﬂTgH[m,ﬂ (2[(} =07 Ql = 2n;u
’ ()PP ()1 = Him, (] = (T H[m|!
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AdS;/CFT,: Ensemble of Even, Self-Dual CFTs

> p Compact Bosons = (¢, ¢) = (p,p) [2006.04839,2006.04855]

1
Sorr = 5 / d*o (Gagaaxaaaxﬁ + iBageabaaXaabXﬂ)
T
> Partition Function:
Q) = 1 Ql = 2n;u’
H[m, (] = (T H[m]¢

©(m,T)
Z(m, T — ean[Z] wro H[m,f]
) = P = e )|2p£€ZA

> Moduli Space & Metric:
Mpp) = O, p; Z)\O(p, p;R)/O(p) x O(p)
ds* = G*PGP7 (dG4pdG sy + dBapdBsy)
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AdS;/ : Ensemble of Even, Self-Dual CFTs

> p Compact Bosons = (c, E) = (p,p) [2006.04839,2006.04855]

1
Sorr = o / d*o (Gagaaxaaaxﬁ + iBageabaaXaabXﬂ)

> Partition Function:

_ @(ma T) _ 1 i1 Q] —mr2 H[m, {]
2(m7) = = i 2= ©

> Moduli Space:

Mpp) = O(p,p; Z)\O(p, p; R) /O(p) x O(p)
> Ensemble Average: Computable by Siegel-Weil Formula
Ep/?(T)
In(7)[*
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AdS;/CFT,: U(1)?* Chern-Simons & a Sum over Geometries
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AdS;/CFT,: U(1)* Chern-Simons & a Sum over Geometries

> Boundary has U(1)% current algebra & U(1)* global symmetry
= Bulk has U(1)? gauge symmetry
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AdS;/CFT,: U(1)* Chern-Simons & a Sum over Geometries

> Boundary has U(1)% current algebra & U(1)* global symmetry
= Bulk has U(1)? gauge symmetry

> The level matrix of Chern-Simons is quantized, so a natural guess is:

Shulk D Z Quy /AM AdAN
M.N
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ICFT,: U(1)* Chern-Simons & a Sum over Geometries

Boundary has U(1)% current algebra & U(1)* global symmetry

= Bulk has U(1)? gauge symmetry
The level matrix of Chern-Simons is quantized, so a natural guess is:

QMN M N
Spulk D Z o /A ANdA
M,N

Not enough: Thermal AdS; - hyperbolic manifold filling in 7 ~ 7 + 1 cycle
Boundary current algebra (Brown-Henneaux-like photon modes) give:

1
ZThAdS = PO
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ICFT,: U(1)* Chern-Simons & a Sum over Geometries

Boundary has U(1)% current algebra & U(1)?* global symmetry

= Bulk has U(1)? gauge symmetry
The level matrix of Chern-Simons is quantized, so a natural guess is:

QMN M N
Spulk D Z o /A ANdA
M,N

Not enough: Thermal AdS; - hyperbolic manifold filling in 7 ~ 7 + 1 cycle
Boundary current algebra (Brown-Henneaux-like photon modes) give:

1
ZThAdS = PO

Idea: what about other fillings?

DESY. | Ensemble Averages,of Narain CFTs, & Holography | Jacob M. Leedom | Corfu Holography & Swampland, 09.09.2022 Page 7


http://creativecommons.org/licenses/by/4.0/

AdS;/CFT,: U(1)* Chern-Simons & a Sum over Geometries
> Described by so-called PSL;(Z) black holes M. 4)

- solid tori defined by filling different cycles of boundary torus (genus 1 handlebodies)
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DESY.

ICFT,: U(1)* Chern-Simons & a Sum over Geometries
Described by so-called PSL(Z) black holes M. 4

- solid tori defined by filling different cycles of boundary torus (genus 1 handlebodies)
- any handlebody can be obtained from thermal AdS by modular transformation of
boundary up to the action of

n_ (1 n
=0 1)

- Thus geometries labeled by elements of I'..\PSL;(Z) = coprime integers (c, d)
- Mg,1) = thermal AdS3, M(; o) = BTZ black hole
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DESY.

ICFT,: U(1)* Chern-Simons & a Sum over Geometries
Described by so-called PSL(Z) black holes M. 4

- solid tori defined by filling different cycles of boundary torus (genus 1 handlebodies)
- any handlebody can be obtained from thermal AdS by modular transformation of
boundary up to the action of

n_ (1 n
=0 1)

- Thus geometries labeled by elements of I'..\PSL;(Z) = coprime integers (c, d)
- Mg,1) = thermal AdS3, M(; o) = BTZ black hole

Sum over geometries=- sum over images under I'..\PSL2(Z):
1
Z(r) = Z 2
seTorpoLa M9 DI
_ Ep/?(T)
In(7)[?
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AdS;/CFT,: Duality Established

> U(1)* Chern-Simons Theory

DESY.

SBulk = Z QQMN /AM AdAN
un T

| Ensemble Averages,of Narain CFTs, & Holography | Jacob M. Leedom | Corfu Holography & Swampland, 09.09.2022
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> Even, Self-Dual, (p,p) CFTs

1
Scrr = — / d%(GaBaaXaaaXﬁ
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DESY.

: Duality Established
U(1)?” Chern-Simons Theory

SBulk = Z Quy /AM AdAN
MN

2T

Geometries
M(c,q) :PSL2(Z) black holes
(c,d) <> T, \PSLy(Z)

Even, Self-Dual, (p,p) CFTs
Scrr = 2i /d20<Ga/35aX°‘8“XB
™
+ z‘BaBeﬂbaaXaa,,Xﬂ)

Moduli Space M, ,
O(p, p; Z)\O(p, p;R)/O(p) x O(p)
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DESY.

: Duality Established
U(1)?” Chern-Simons Theory

SBuik = Z QQMN /AM AdAN
un T

Geometries
M(c,q) :PSL2(Z) black holes
(c,d) <> T, \PSLy(Z)

Sum Over Geometries:

Even, Self-Dual, (p,p) CFTs
Scrr = 2i /d20<Ga/35aX°‘8“X5
™
+ z‘BaBeﬂbaaXaa,,Xﬂ)

Moduli Space M, ,
O(p, p; Z)\O(p, p;R)/O(p) x O(p)

Ep/Q(T)

1
2 (g - )PP n(r)?

g€ \PSLy(Z)
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: Duality Established
U(1)?” Chern-Simons Theory

SBuik = Z QQMN /AM AdAN
un T

Geometries
M(c,q) :PSL2(Z) black holes
(c,d) <> T, \PSL2(Z)

Sum Over Geometries:

Ep/Z(T) 1

Even, Self-Dual, (p,p) CFTs
Scrr = QL /d20<Ga/35aX°‘8“X5
™
+ z‘BaBeﬂbaaXaa,,Xﬂ)

Moduli Space M, ,
O(p, p; Z)\O(p, p; R)/O(p) x O(p)

Average over moduli space:

dmZcopr[m, 7]
(p,p)

n(T)2P ~ Vol(M,,) /M
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DESY.

: Duality Established
U(1)?” Chern-Simons Theory

SBuik = Z QQMN /AM AdAN
un T

Geometries
M(c,q) :PSL2(Z) black holes
(c,d) <> T, \PSL2(Z)

Sum Over Geometries:

1 1

Even, Self-Dual, (p,p) CFTs
Scrr = QL /d20<Ga/33aX°‘8“XB
™
+ iBageabaaX"‘(‘)bXﬁ)

Moduli Space M, ,
O(p, p; Z)\O(p, p; R)/O(p) x O(p)

Average over moduli space:

dmZCFT[m, T]

2

g€l \PSL2(Z)
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: Duality Established

U(1)%” Chern-Simons Theory Even, Self-Dual, (p,p) CFTs
QMN 1 ana
Siur = Y G [ AM paa¥ Sorr = 5= | d20<Ga58aX o0 X7
MN
+ iBageabaaX"‘(‘)bXﬁ)
Geometries Moduli Space M, ,,)

M(c,q) :PSL2(Z) black holes

O(p, p; Z)\O(p, p;R)/O(p) x O(p)
(¢,d) <> Too\PSLy(Z)

Sum Over Geometries: Average over moduli space:

> Zeuklr] = /[dm]ZCFT[m;T]

AdS;. moduli
geometries space
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Number Theory Detour: The Siegel-Weil Formula
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY] € 2Z
"
Cr) — inT1Qe4-h)—7ro H [m;€4-h) H:H QH =@
Oqun(m;) (ez;\ ‘ heD=A/A
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY] € 2Z
Yy i1 Q[e-+h] — s H]mt+h] H:HT'QH =Q
Ogulmit) = e heD=A/A
leA
o=p—gq
e—imy/4c—p2ﬁ
®Q h(m, TM) == —(CT + d)p/2(c7_’ + d)q/2 Z )‘hh/@Q h (7’)
, Q2 W eD ’
Ahht = Z exp <E(GQ[9 +h] —2Q[K, g+ h] + dQ[h’])>
gEA/cA v
at +b a b
=— & SLy(Z
™ ct+d <c d>€ 2(Z)
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:

QU] € 2Z
Yy i1 Q[e-+h] —mrs H mit+h] H:HT'QH =Q
Oqn(mit) =3 e heD=A/A
feA o=p—gq
> Siegel-Weil Formula: !
1
©n(mir)) = yoirisy [ [dmIOaamin
VO|(M ) Mg
7Q, h d)
= Open + = Eon(T
heA Z CT n d d)% th( )
c>0
You = emMQITE T Y exp <— iﬂé@[g + h]>
’ c
gEA/cA
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: Q[ € 27
T
o) C) inT1 Qe4-h)—7ro H [m;€4-h) H:H QH =Q
@n(miT) %6 heD=A/A
> Siegel-Weil Formula:
1
(©0n(miT)) = yoinrsy [ [dmIOa(mi)
VO|(MQ) Mg
YQ.n(c, d)
= Open + =G
© (c§:1 (cr +d)5 (c7 + d)3 2n(7)
>0
c—1 d
YQ.h = C .Zi_o p( z7rcn w) q=0p Q)
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:
Z eiﬁTlQ[é—l—h]—WTgH[m;Z—l—h]

LeA

Oq.n(m;T) =
> Siegel-Weil Formula:

(©qQn(m; 7)) = EQn(7)
> Sketch of Proof (without explicit integration):
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:
Z eiﬁTlQ[é—l—h]—WTgH[m;Z—l—h]

LeA

Oq.n(m;T) =
> Siegel-Weil Formula:
(Bqn(m; 7)) = Eqn(T)

> Sketch of Proof (without explicit integration):

lim @Q h(m T) = 5heA

T—100
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: Q[ € 27
-
Cr) — inT1 Q[0+R]—7T2 H[m;l+h) H:H QH =@
Oqn(mi7) %6 heD=A/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

lim @Q h(m T) = 5h€A
T—i00
z7ro/4|Q’ 1/2 —Lﬂ
AnhOns
(er + d)P/2(cT + d) q/Q}L,Zep h!Oh'eA

O¢gn(m;T) ~
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: Q[ € 27
-
Cr) — inT1 Q[0+R]—7T2 H[m;l+h) H:H QH =@
Oqn(mi7) %6 heD=A/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

lim @Q h(m T) = 5heA
T—100
ira/4)0)|—1/2,— 51 d
O (m;7) ~ oI Ao = VQ’h(c’_ )
’ (er + d)P/2(cT + d)1/2 (er + d)P/2(cT + d)1/2
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY] € 2Z
-
Cr) — inT1 Q[0+R]—7T2 H[m;l+h) H:H QH =@
Oan(m:7) %6 heD=A/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

lim ©¢ n(m;7) = dnea
T—r100
ina /4 )| —1/2 .~ 52 d
@Q h(m; 7_) ~ € |Q’ - c 2 )\hO _ '.)/Q,h(cv_ )
’ (er + d)P/2(cT + d)1/2 (er + d)P/2(cT + d)1/2

Egn(t) — (©gn(m;T)) = 0 at cusps
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY € 2Z
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A"/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

( P4 o7y - EOT +2Q)72 g, — L= P)72 _2”)72 O + AMQ) O(m;7) =
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY € 2Z
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A"/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

(- w30t + ) - L0720, - =D, ) o mir)) = o
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY € 2Z
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A"/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

+ (q—
(w4 o - L0 8P Yy )
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: QY € 2Z
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A"/A

> Siegel-Weil Formula:
(©qQn(m; 7)) = EQn(7)
> Sketch of Proof (without explicit integration):
p+q)/4—1)p+gq
(D(p_q)/2 0/ >> (T ) — 0

Ok = —Tg(af + 322) + k01
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:

eQ,h(m; 7_) _ Z ei7r71Q[€+h]77rT2H[m;Z+h]
LeA
> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):

(D(p_q)/2 Lt Q)/44— Dp+ q)> (P 4y = 0

Ok = —722(8f +822) + ikT201

Minimum eigenvalue (square normalizable) : A, 1 = |2| (1 — |2|>
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: Q] € 27
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A/A

> Siegel-Weil Formula:
(Oqn(m;T)) = EQn(7)
> Sketch of Proof (without explicit integration):
p+q)/i-1)(p+gq
(D(p_q)/2 0/ >> (T ) — 0
O = —Tg(af + 822) + ikT201

1-(+q)/4)(p+¢q 1
( ( i/ )( )_)‘min,(p—q)/2: Z(z_p)qgo
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:
@Q h(m; 7_) — Z e’L’ﬂ'TlQ[eJrh]fﬂ'TQH[m;Zﬁ*h]
LeA
> Siegel-Weil Formula:
(©qQn(m; 7)) = EQn(7)
> Sketch of Proof (without explicit integration):
(p+q)/4-1)(p+q 4

(3602 D) o0/ () =0

Ok = —722(8f + 322) + ikT201

(I-(p+9)/4)(p+q) 1

4 - )‘min,(p—q)/Q = 1(2 _p)q <0

no normalizable eigenfunction satisfies equation
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function: Q] € 27
-
Cr) — inT1 Qe4-h)—7ro H [m;€4-h) H:H " QH =(Q
Oqn(mi7) %6 heD=A/A

> Siegel-Weil Formula:
(©qQn(m; 7)) = EQn(7)
> Sketch of Proof (without explicit integration):
p+q)/4—1)p+gq
(D(p_q)/2 0/ >> (T ) — 0

fan(r) =7V Eg () — (Ogn(m; ) = A < Amin
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Number Theory Detour: The Siegel-Weil Formula

> General Siegel-Narain Theta Function:

@Q h(m; ,7_) — Z e’iﬂ'TlQ[e#»h]fﬂ'TQH[m;Zﬁ*h]
LeA
> Siegel-Weil Formula:
(Ogn(m; 7)) = Eqn(T)
> Sketch of Proof (without explicit integration):
(p+q)/4-1)(p+q 4
(3602 D) o0/ () =0
fou(r) = T (Egu(r) — (Ogun(mi 7)) = A < Amin

fo.n(T) is square nomalizable = zero at cusps = fg (1) =0
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AdS;/ : Even ) CFTs

Consider a CFT with (¢, ¢) = (p, q)
Vertex Operators:
Vip kp = exp(ikr - X1(2) +ikr - Xgr(2))
To close OPE, need to define theory by picking out vertex operators that fill out a
lattice A

For vertex operators to have integer spin, want an even quadratic form
Q[k] € 27Z of signature (p, q)

Also have Hamiltonian H that need not have integer values on A and depends on
moduli

Moduli Space:
Mg = O(p,q,Z)\O(p,q,R)/O(p,R) x O(q,R)

®
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AdS;/ : Even ) CFTs

The partition function is built from the Siegel-Narain theta functions:

ZC’FT( 7_) — QQ(m; T)
" P (7)7(7)
this is not generally modular invariant and one needs to consider ZCFT(m; T)

Ensemble averages are direct application of Siegel-Weil Formula:

CFT (. 2} — Eqn(7)
e T = Sy )

®
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AdS;/CFT,: U(1)P"7 Chern-Simons Theory

> Averaged Partition functions can be written as

I ey = Y - enled)

g€l \PSL2(Z) nP(g-7)n(g - 7)
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DESY.

ICFT5: U(1)?7? Chern-Simons Theory

Averaged Partition functions can be written as

ito _imo VQ,h(Cy d)
<Z§£T(m5 7)) = Z e'12 29) "] . _
9ET 00 \PSL2 (2) nP(g-7)n(g - 7)

Still expect the bulk theory to be something like U(1)?"? Chern-Simons

- Above is clearly a sum over M, 4 geometries of current algebra partition function
- But what does the phase correspond to in the bulk?
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DESY.

ICFT5: U(1)?7? Chern-Simons Theory

Averaged Partition functions can be written as

ito _imo VQ,h(cy d)
<Z§£T(m5 7)) = Z e'12 29) "] . _
9ET 00 \PSL2 (2) nP(g-7)n(g - 7)

Still expect the bulk theory to be something like U(1)?"? Chern-Simons

- Above is clearly a sum over M, 4 geometries of current algebra partition function

- But what does the phase correspond to in the bulk?

Educated guess - Eisenstein series constructed by matching cusps of theta function
controlled by Ay, o:
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DESY.

ICFT5: U(1)?7? Chern-Simons Theory

Averaged Partition functions can be written as

ito _imo fYQ,h(cy d)
<Z§£T(m5 7)) = Z e'12 29) "] . _
9ET 00 \PSL2 (2) nP(g-7)n(g - 7)

Still expect the bulk theory to be something like U(1)?"? Chern-Simons

- Above is clearly a sum over M, 4 geometries of current algebra partition function
- But what does the phase correspond to in the bulk?

Educated guess - Eisenstein series constructed by matching cusps of theta function
controlled by Ay, o:

YQ,n(c,d) ~ Apo

®
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AdS;/CFT,: U(1)P"7 Chern-Simons Theory

> Canonical Quantization: CS States for general even @) labeled by elements of D:
T|h) = Q=15 | )
S|y = 1 Z o 2miQhH]

> The bulk analog of ), o is something like (0| U(g) |h). In fact we have

in®(g) _ino

(0[U(g)[h)" = (nU(9)"H0) = e 12~ T ygu(c,d)

h)

Partition functions of CS on Lens spaces! (see paperby seftery)
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AdS;/CFT,: Duality for Even

(hU(g)~ o) 1 Og,n(m;)
> [ s

st oy Plg g F)  VoIMg) Jaug () ()
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Global Symmetries, Orbifolds, & Ensembles

> The Bulk theories have global symmetries, i.e. Zo symmetry A — —A
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Global Symmetries, Orbifolds, & Ensembles

> The Bulk theories have global symmetries, i.e. Zo symmetry A — —A

> One can gauge these symmetries to produce orbifolded dualities. Even, self dual
case considered in [2103.15826,2105.12594]
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Global Symmetries, Orbifolds, & Ensembles

DESY.

The Bulk theories have global symmetries, i.e. Zy symmetry A — —A

One can gauge these symmetries to produce orbifolded dualities. Even, self dual
case considered in [2103.15826,2105.12594]

General () theories lead to novel Eisenstein series. The “gauge” sector partition
function has generalized lattice theta functions :
19(6 17)(7—77— m Z eerQL )— ur'rQR() 2imQr(4,n)
tel+6
that average to “twisted” non-holomorphic Eisenstein series:

1 i 1+111
1 7) = -4 pr—ar) - 1
B (1, 7) = 0ser + 4oto e 4 (cr+d) F(cT+d) 7 H(5)- M1 N —db e (M )
1 (c,d):l,c>0
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Global Symmetries, Orbifolds, & Ensembles

DESY.

The Bulk theories have global symmetries, i.e. Zy symmetry A — —A

One can gauge these symmetries to produce orbifolded dualities. Even, self dual
case considered in [2103.15826,2105.12594]

General () theories lead to novel Eisenstein series. The “gauge” sector partition
function has generalized lattice theta functions :
19(6 77)(7—?7— m Z eerQL )— ur'rQR() 2imQr(4,n)
tel+6
that average to “twisted” non-holomorphic Eisenstein series:

1 mi 1+111

Bl (7,7) = dser + e~ 1 (pr—ar) E (et +d)~ & cq—+d)’2/_L Y (M~ 1)

@mi\h € ot ). (8,m)-M =10, —~dd+en
deth (c,d):l,r>0

Global symmetries not in contradiction with [1810.05338+] - this is not Einstein gravity
However, this is holographic - lesson for quantum gravity?
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Understanding Ensembles: Duality before Averaging

> Ensemble averages are not encountered in typical holographic setups
- 1 bulk theory & 1 boundary theory
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: Duality before Averaging

Ensemble averages are not encountered in typical holographic setups
- 1 bulk theory & 1 boundary theory

Can one understand ensemble averaged duality as a coarse-graining of a usual
holographic duality? [arxiv:2201.05093]
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: Duality before Averaging

Ensemble averages are not encountered in typical holographic setups
- 1 bulk theory & 1 boundary theory

Can one understand ensemble averaged duality as a coarse-graining of a usual
holographic duality? [arxiv:2201.05093]
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: Duality before Averaging
Ensemble averages are not encountered in typical holographic setups
- 1 bulk theory & 1 boundary theory

Can one understand ensemble averaged duality as a coarse-graining of a usual
holographic duality? [arxiv:2201.05093]

Regular CS-CFT duality does not work - dual of CS is rational CFT. At generic point
in moduli space, CFT is not rational

Must use Maxwell-Chern-Simons theory [arxiv:0403225]

1 1y o
Swos= 1523 [ <‘ 5o iy AT A xd AT+ 2miQuA AC““)
27]
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: Duality before Averaging
Ensemble averages are not encountered in typical holographic setups
- 1 bulk theory & 1 boundary theory

Can one understand ensemble averaged duality as a coarse-graining of a usual
holographic duality? [arxiv:2201.05093]

Regular CS-CFT duality does not work - dual of CS is rational CFT. At generic point
in moduli space, CFT is not rational

Must use Maxwell-Chern-Simons theory [arxiv:0403225]

1 1y o
Swos= 1523 [ <‘ 5o iy AT A xd AT+ 2miQuA AC““)
27]

Connection to string theory: MCS arises in AdSs x K7 compactifications, where
K;=8%x (8" or 8% x §% x §*
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Averaged Observables & The Positive Definite Case

> To really define these averaged theories, one should have some handle on the
theory beyond the partition function, i.e. correlation functions
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Averaged Observables & The Positive Definite Case

> To really define these averaged theories, one should have some handle on the
theory beyond the partition function, i.e. correlation functions

> Can this be done? Yes, at least we know how in some cases
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Averaged Observables & The Positive Definite Case

> To really define these averaged theories, one should have some handle on the
theory beyond the partition function, i.e. correlation functions
> Can this be done?

> Positive definite case: Chiral CFTs
- These CFTs have a 0- dimensional moduli space, but one can still define an average

h(Q) 1
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Averaged Observables & The Positive Definite Case

To really define these averaged theories, one should have some handle on the
theory beyond the partition function, i.e. correlation functions

Can this be done?
Positive definite case: Chiral CFTs
- These CFTs have a 0- dimensional moduli space, but one can still define an average

(o(2) Z T M@ =Y o

- If P(x) is a spherical polynomial with respect to @, then P(9X) is a primary operator and
its one-point function & ensemble average are

dg.r =Y PO (0o, (1)) = CF|Tm

e
Can also define average of orbifold twist operator correlation functions 2103.15826)
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Things Left Unsaid

> Odd lattice CFTs & Spin Chern Simons

68:1612 (m;7) = Z eiWTQL[Z]*iW?QR[E](_1)62(W,f)
LEA+h+e1W /2
> Higher genus
7;(C, D)

EJ _(Q) = Z )
o p/2 a/2
€T o0 \SP(29,2) det(CQ + D)r/2det(CQ + D)
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Conclusion

CS Topological Invariants CFTs with general Q
Holography

> Zpulr] = /[dm]ZCFT[m;T]

AdS3 moduli
geometries space

Number Theory
Quantum Gravity
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Conclusion

Holography

Stringy Fine-Grained Holography,

Global Symmetries, S Zeuklr] = /[dm]ZCFT[m;T]
Swampland? AdS,

. moduli
geometries

space \
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Thank you!

Contact

DESY. Deutsches Jacob M. Leedom

Elektronen-Synchrotron 0000-0003-4911-2188
Theory - Cosmology
jacob.michael.leedom@desy.de

www.desy.de Office 01.142
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