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Introduction

Two paths to Holography:

From Top-Down: AdSs & N = 4 SYM

From Bottom-Up: JT & SYK
[M.Berkooz's Talk]
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Introduction

Two paths to Holography:

From Top-Down: AdSs & N = 4 SYM

That which is above is like that which is below,
and that which is below is like that which is above.

The Emerald Tablet

As above, so below

Petr Horava, String Theory I, Fall 2015

From Bottom-Up: Narain Ensembles
& Chern-Simons
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Standard Narain CFTs

SNarain = Jd%{ Gund*XMa, XN + BMNeabaaxMabe}
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<X/?V’> ~ (X’g/’ +eL o&: Narain Vielbein
e Operators:
JM = oxM
JM — oxM
V(p pr) = e/PLXi+ipr-Xg
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Standard Narain CFTs
SNarain = Jd%{ Gund*XMa, XN + BMNeabaaxMabe}

e Compact Bosons:
lew XLM oL e7?P
()~ () et

o&: Narain Vielbein
e Operators:

M = oxM
M = oxM
Viprpr) =+ e/PLXtibR Xr

OPE:
Viprom) @V k) (W) ~ (2 = w)PER(Z = W)PRRRY gy (W) +

Closure requires an infinite lattice of operators
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Standard Narain CFTs

Operators — Lattice
ANarain = {)‘ = (pLapR) = 5£|€ = (ni’ Wi) € ZZD}
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Standard Narain CFTs

Operators — Lattice
i oEven: \? € 27,
ANarain = {)‘ = (pLa pR) = 8£|€ = (nlv Wi) € ZZD} -S\e/le:DuaI:e/\* =A
o has signature (D, D) with norm:

A =)T <10D _2[)) A =p?—p3=2nw
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Standard Narain CFTs
Operators — Lattice — Partition Function

ANarain 1= {)‘ = (pLapR) = 5£|€ = (ni’ Wi) € ZZD}

Ip(T;m
2ofeim) = @

2 2
Ip(r;m) = Z q%t']%R eT=T1+Iim
AEANarain eg= e2miT
1 o0
n(r) =q= [[(1-q")
n=1
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Standard Narain CFTs

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

Discre{e/Data: Zp(t;m) = %
NN\ ,
NN\ N\ dp(rim)= ) q
VAV ANVAN AEANarain
/N \
/N

= {Ze 720 Q[ e 2z}

(b 0\, [0 1p
=¢ (0 *10)57(10 0)

QLA := €T Qe = 2n'w; = p} — p}

(NN}
on

P

N
o)

q
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Standard Narain CFTs

Operators — Lattice — Partition Function — Quadratic Forms

ANarain 1= {)‘ = (pLapR) = 5£|€ = (ni’ Wi) € ZZD}

Discre{e/Data: Zp(T;m) = % Continuous Data: My
K -
NN\ N\ dp(rim)= ) qzg:
VAV ANVAN AEANarain
/N \
/N

= {Ze 720 Q[ e 2z}

O(D,D; R
My = 0(D, D;Z)\W
H=ETEehg
HQ'H=Q
HIO] == £THE = p? + p?
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Standard Narain CFTs

Operators — Lattice — Partition Function — Quadratic Forms

ANarain 1= {)‘ = (pLapR) = 5£|€ = (ni’ Wi) € ZZD}

Discre{e/Data: Zp(T;m) = % Continuous Data: My
K -
NN\ N\ dp(rim)= ) qzg:
VAV ANVAN AEANarain
/N \
/N

e am ez 00000\ 0L
H=ETEehg
HQ'H=Q

HIO] == £THE = p? + p?
e T-Duality:

T [A.Westphal's Talk]
O(D,D;Z) = {£eGL(2D,Z) | ' Q. =Q [S.Demulder’s Talk]
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Standard Narain CFTs

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

. Ip(T;m .
Discrete Data: Zp(T;m) = W Continuous Data: My

N\
\/\/\//-} Ip(r;m) = Zexp [mn 77r7—2H[€]]
NN N\
VAN
VN

= {Ze 722 | Qe e 22} (D,D;R)

x O(D)
H=ETEe []Q

My 7ODDZ)\

JML Duality Origami 4/19



Standard Narain CFTs: Ensemble Averaging

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

Ip(r; m)
In(r)2P

Discrete Data: {(Zp(T;m)) = f [dm] Continuous Data: /My
N\ M

NN\
NN N\
NN N

NN\

N

= {Ze 722 | Qe e 22} (D,D;R)

x O(D)
H=ETEe []Q

My 7ODDZ)\
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Standard Narain CFTs: Ensemble Averaging

Operators — Lattice — Partition Function — Quadratic Forms
gL = (n', w;) € Z2P}

ANarain = {)\ = (PLaPR) =
Discrete Data: (Zp(T;m))y = f Up(ri m) [dm] Continuous Data: M
NZ P vy ()P o
N\ Siegel-Weil Theorem
NN\
NN ZoFmy - Eor®)
VA VAN ’ 73/ ln(r) 2P
VAN
wwfooom\4i¥§%
H=ET¢€e ebg

- {Ze 720 Q[ e 2z}

5/19
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Standard Narain CFTs: Ensemble Averaging

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

Ip(7; m)

Discre{e/Data: (Zp(T;m))y = f» ()P [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\
A VAN 2oy — _E02)
INON - R Pm)pe
VAN
::{zezw\ mezz} MN*ODDD\%
H=ET¢€e ebg

Es(7): Real-Analytic Eisenstein Series
eE;(y-7) = Es(T) VyeTl :=PSLy(Z)
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Discre{e/Data: (Zp(T;m))y = f» ()P [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\
A VAN 2oy — _E02)
INON - R Pm)pe
VAN
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-6 D}
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Standard Narain CFTs: Ensemble Averaging

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

Ip(7; m)

Discre{e/Data: (Zp(T;m))y = f» ()P [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\
NN Zotrmy - —Eo2(™)
VA VAN ’ 73/ ln(r) 2P
VAN
= {Ze 7?0 | Q) e 22} Poincaré Sum My = 0(D, D; Z)\%
4 H=ETEe € ho

Epj(7) _ 1
7 Pnr)e (S Inly- )PP

Es(7): Real-Analytic Eisenstein Series

Eri= Y 2= Y Im(y )

oo\l

eE(y-7) = Es(T) VyeTl :=PSLy(Z)

-6 )
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JML Duality Origami 5/19



Standard Narain CFTs: Ensemble Averaging

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

. [
Dlscre{e/Data: {(Zp(T;m))y = f» |,?((TT|2H; [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\ Ep ()
VAV VAN S Eoplr
AN (R = oy e
VRN
=1tez??| Qe 2z incaré _O(D,DiR)
{ € € } Poincaré Sum My = 0(D, D; Z)\ o0
~ H=ET¢Ee hQ
E,
D/ZD/Q(T) = ! = Gravitational Interpretation?

- ) [2D
‘77( ‘2D T\l |77(’Y T)l [Witten,Maloney, 20]
[Afkhami-Jeddi+,"20]

Es(7): Real-Analytic Eisenstein Series

EMi= Y = Y ImGy )

oo\l

oE(y-7) = Ex(r) Vyel :=PSLy(Z)
()
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

Ip(7; m)

Discre{e/Data: (Zp(T;m))y = f» ()P [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\
NN Zotrmy - —Eo2(™)
VA VAN ’ 73/ ln(r) 2P
VAN
= {Ze 7?0 | Q) e 22} Poincaré Sum My = 0(D, D; Z)\%
4 H=ETEe € ho

Epp(r) 1

= Gravitational Interpretation?
_DJ2 2D p
Y2 n(r)2e S In(y- )l

[Witten,Maloney, 20]
[Afkhami-Jeddi-+, 20]

e 3D Abelian Chern-Simons:

Ses = JQ, g AldA d3x
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

. [
Dlscre{e/Data: {(Zp(T;m))y = f» |,?((TT|2H; [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\ Ep ()
VAV VAN S Eoplr
AN (R = oy e
VRN
=1tez??| Qe 2z incaré _O(D,DiR)
{ € € } Poincaré Sum My = 0(D, D; Z)\ o0
~ H=ET¢Ee hQ
E,
D/ZD/Q(T) = ! = Gravitational Interpretation?

- ) [2D
‘77( ‘2D T\l |77(’Y T)l [Witten,Maloney, 20]
[Afkhami-Jeddi+,"20]

e 3D Abelian Chern-Simons:

O 1
Scs = JQIJ A A s ———% Zrpads, = MG

Thermal

AdS3
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

. [
Dlscre{e/Data: {(Zp(T;m))y = f» |,?((TT|2H; [dm] Continuous Data: My
N\ Siegel-Weil Theorem
NN\ Ep ()
VAV VAN S Eoplr
AN (R = oy e
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=1tez??| Qe 2z incaré _O(D,DiR)
{ € € } Poincaré Sum My = 0(D, D; Z)\ o0
~ H=ET¢Ee hQ
E,
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[Witten,Maloney, 20]
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni’ Wi) € ZZD}

. [

Dlscre{e/Data: {(Zp(T;m)) = f I;J((TTIZH; [dm] Continuous Data: /My
My

N\ Siegel-Weil Theorem
NN\ Ep ()
VAV VAN S Eoplr

AN (R = oy e

VRN
= {Ze 7?0 | Q) e 22} Poincaré Sum My = 0(D, D; Z)\%
~ H=ET¢Ee ebhg
E,
D/ZD/Q(T) = ! = Gravitational Interpretation?

(@R S Ity )PP

[Witten,Maloney, 20]
[Afkhami-Jeddi-+, 20]

e 3D Abelian Chern-Simons on PSL(Z) Black Hole Background:

On 1 o Fill with
S, :JQ AldA! d3x Z =5
cs ] W Mc.a) [n(v - 7)|?P M(c.a)
e velL\lN
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms
ANarain = {)\ = (PLaPR) = 8£|€ = (ni, Wi) € ZZD}

. Ip(7; m)
Discrete Data:/\ (Zp(T;m))y = f |7?((T 20 [dm] Continuous Data: My
Siegel-Weil Theorem
e Ep/o(T)
(Zp(r;m)y = D2, vion
73 ln(r) 2
= {Ze z? | Q) e 22} Poincaré Sum o(D, D; Z)\ﬂ
4 H=€ETEehg
Epp(r) 1
D/2

In(r)20 (5 Iny - )PP

[Witten,Maloney, 20]
[Afkhami-Jeddi-+, 20]
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms

ANarain 1= {)‘ = (pLapR) = 5£|€ = (ni, Wi) € ZZD}

Ensemble of 9o(r:m)
Discrete Data: 2D Zp(t;m f D dm Continuous Data: M
s T = ) mee 1 N
N\ T Siegel-Weil Theorem
NSNS s 1 -
VA VA VAN HE D/2(T
Zp(rim)y =
AT g P e e
AN
= {fe 7?0 | Q) e 22} T S Poincaré Sum o(D. D; Z)\LR)
1 3 H=ETEehg
Su:;r[l)of Epa(T) _ 1
Geometries TQD/2‘7](T)‘2D oo\l |77(’Y ’ T)|2D [Witten,Maloney,'20]
7 [Afkhami-Jeddi+,'20]
+ .
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Standard Narain CFTs: Holography

Operators — Lattice — Partition Function — Quadratic Forms

ANarain 1= {)‘ = (pLa pR) = ng = (ni, Wi) € ZZD}

Ensemble of 9o(r:m)
Discrete Data:/\ 2D Zp(t;m f b dm Continuous Data: M
CFT (Zp(r;m)y = (™) |2D[ ] N
AN

Siegel-Weil Theorem

¥ o Eppn)
(Zp(r;m)y = W

Holographic
Correspondence

Poincaré Sum oD, D; Z)\LR)

H=ETEeng

- {Ze 720 | Qe e 22}

~

w
Sum of Epa(T) _ 1

D2 - . 2D
/ ) ‘2D For [n(y-7)l [Witten, Maloney, 20]
: [Afkhami-Jeddi-+,'20]

3D
Geometries T, ' “|n(T
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Ensemble Holography: Recap

Holography

[Witten,Maloney,"20]
[Afkhami-Jeddi+, 20]

Z Zpuik[T] = J[dm]ZCFT[m;T]
AdS3

geometries moduli

space \

JML Duality Origami 6/19



Ensemble Holography: Recap

Holography

[Witten,Maloney,"20]
[Afkhami-Jeddi+, 20]

Z Zpuik[T] = J[dm]ZCFT[m;T]
AdS3

geometries moduli

space \

How far can we push this correspondence?
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Generalized Narain CFTs

Operators « Lattice < Partition Function «<— Quadratic Forms

Discrete Data:
N

\/\/ e Signature (p,q) =0 =p—
KK e lpal = =pa
/NN /\ e Not Self-Dual

N\

VAN

={tezZP| Q[ €22}
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Generalized Narain CFTs

Operators « Lattice < Partition Function «<— Quadratic Forms

Discrete Data:

Ko

e Signature (p,q) =0 =p—
N P -
FAVANVWAN o Not Self-Dual

={tezZP| Q[ €22}
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Generalized Narain CFTs

Operators « Lattice < Partition Function «<— Quadratic Forms

Discrete Data:
-\:/.\:/. * Signature (p,q) =0 =p—q
\./ \’\./ e Even
F X N @ Not Self-Dual
PANVAN
={tezPt| Q[ e2z}
N = {xeRPYI| Q[x, (e Z}
Dp = N*/\

JML Duality Origami 7/19



Generalized Narain CFTs

Operators « Lattice < Partition Function «<— Quadratic Forms

Dlscrete Data Continuous Data: M

,\,/ \,/

2K

/,\/,\

= {Zez"*q | Q[ €2z}
N = {xeRPT|Q[x, (] € Z}
Dp = A*/A

My = On(p,a; Z)\%

b= {HeGL(p+qR) | HQ™'H = Q}
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Generalized Narain CFTs

Operators « Lattice < Partition Function «— Quadratic Forms

Discre\ie/?ata: Zo(T;m) = % Continuous Data: M,
NN

\/ \/ 3 daln m)—Zexp [mn [t + o] —7mH[l + o]

PAS S TAN
/,\/,\

= {ZGZ"*” [0 €2z}
N = {xeRPT|Q[x, (] € Z}
Dp = N*/A

My = On(p,a; Z)\%

b= {HeGL(p+qR) | HQ™'H = Q}
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Generalized Narain CFTs

Operators « Lattice < Partition Function «— Quadratic Forms

Discre\ie/?ata: Zo(T;m) = % Continuous Data: M,
NN

\/ \/ 3 daln m)—Zexp [mn [t + o] —7mH[l + o]

PAS S TAN
/,\/,\

= {ZGZ"*” [0 €2z}
N = {xeRPT|Q[x, (] € Z}
Dp = N*/A

My = On(p,a; Z)\%

b= {HeGL(p+qR) | HQ™'H = Q}
Yo (g T, m Z uaﬁ(gaT)ﬁﬁ(T m)

BEDA a b
p q 8= c d er
Up p(g, ) :=(cT + d)2(cT + d)2 Ao p(g)

Aaplg) i= e 4 C,p%q Z e’%"(aQ[ZC+a]72Q[ZC+a,5]+dQ[5])

VIDal £ceN(ch)
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Generalized Narain CFTs

Operators < Lattice < Partition Function — Quadratic Forms
Ae.n. == {A = (pL, pr) = EL| € ZPTT)}

7

Discre\ie/?ata: Zo(T;m) = % Continuous Data: M,
NN

\/ \/ 3 daln m)—Zexp [mn €+a]77r7'2H[€+a]]

PAS S TAN
/,\/,\

= {ZGZ"*” [0 €2z}
N = {xeRPT|Q[x, (] € Z}
Dp = N*/A

My = On(p,a; Z)\%

b= {HeGL(p+qR) | HQ™'H = Q}
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Generalized Narain CFTs

Operators < Lattice < Partition Function — Quadratic Forms
Ae.n. == {A = (pL, pr) = EL| € ZPTT)}

7

Discre\ie/?ata: Zo(T;m) = % Continuous Data: M,
NN

\/ \/ 3 daln m)—Zexp [mn €+a]77r7'2H[€+a]]

PAS S TAN
/,\/,\

= {ZGZ"*” [0 €2z}
N = {xeRPT|Q[x, (] € Z}
Dp = N*/A

My = On(p,a; Z)\%

b= {HeGL(p+qR) | HQ™'H = Q}
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Generalized Narain CFTs: Ensemble Averaging

Operators < Lattice < Partition Function — Quadratic Forms

o (T .
Dlscrete Data (Zo(T;m)) = JM %[dm] Continuous Data: M,
.\'\./ \./ J/SiegeI—WeiI Theorem
& Eo(T)
Zo(T; = g/ =\
/,\/,\ Gl = )
={te Z"*" | Q[ €2z} B ) O(p, ¢;R)
A= (xR Qxf] < Z) My = OA("“”Z)\O(,,) = 0(a)
Dy = N*/A 0)
Yalc,
= Oqen +
e %: L(cr+ d)3(c7+ d)3
c>0
Yale, d) == ™D "2 Y exp ( —indo + a])
Cen/ch ¢
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Generalized Narain CFTs: Ensemble Averaging

Operators < Lattice < Partition Function — Quadratic Forms

. Vo (T; .
Discrete Data: (Zy(T;m)) = J %[dm] Continuous Data: M
M
J/SiegeI—WeiI Theorem
@ ) _ En(T)
) = e )
={tezZP| Q[ €22} o : O(p,q:R)
A= (xR Qxf] < Z) My = OA("“”Z)\O(,,) = 0(a)
Dp = N*/A\ ( d)
YalC,
E (7T) := bpen +
() 1= Gac <c§:1 (c7 + d)E(c7 + d)?
,c>0

Yale, d) == ™D "2 Y exp ( —indo + a])
e/ch ¢

Can this be written as a Poincaré sum?
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3d Abelian Chern-Simons Theory: Basics

eTQFT = finite collection of anyons A with data:

eFusion Rules: Commutative, Associative product x : A x A — A
e Topological Spin: Map 6 : A — U(1)

eRep. of Modular Group: Generated by S & T

eAssociator & Braiding Isomorphisms
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3d Abelian Chern-Simons Theory: Basics

Scs = fQ, 5 AldA? d3x

eAbelian TQFT = finite collection of Abelian anyons Dy with data:

eFusion Rules = anyons form a finite Abelian group

S e Topological Spin: Map 6 : Dy — U(1)
eRep. of Modular Group: Generated by S & T
eAssociator & Braiding Isomorphisms
O(a) ;= exp(iTQ[c])
_iro B(a,
Ta5 = 5a59(a)e 12 & Saﬁ = \}ﬂ)i‘)
Dp = A*/A h

|w) — Z Toa la) & |w) — Z Swa o)

W) = > Uualg) la) gerl

Modular Group Representation identical to that of ¥, & E,
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Generalized Narain CFTs: Holography

Operators < Lattice < Partition Function — Quadratic Forms

. Vo (T; .
Discrete Data: (Zy(T;m)) = J %[dm] Continuous Data: M
M
J/SiegeI—WeiI Theorem
@ ) _ En(T)
) = e )
={tezZP| Q[ 22} o : O(p,:R)
A= (xR Qxf] < Z) My = OA("“”Z)\O(,,) = 0(a)
Dp = N*/A\ ( d)
YalCs .
E.(T) := 604 AT+ [ADKLY,"20]
() 1= e <c§:1 (cr + d)2(c7 + d)2
,c>0

Yale, d) == ™D "2 Y exp ( —indo + a])
re/ch ¢

Can this be written as a Poincaré sum?
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Generalized Narain CFTs: Holography

Operators < Lattice < Partition Function — Quadratic Forms

Discrete Data: (Zo(T;m)) = JM %[dm] Continuous Data: M,
J/SiegeI—WeiI Theorem
<> oy B0
G = )

={tezZP| Q] €22} O(p,q:R)

My = On(p, q: Z)\O

N = {xeRPT|Q[x, (] € Z} (p) x O(q)
Dp = A*/A
bt 3, —led
(cd)=1 (c7 + d)2(c7 + d)?
c>0

—ino®(M) | inc
2 T4

< (alU(g)7M|0)

CS partition function on Lens Spaces

Yalc,d) = )‘a,O(gil) =€
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Generalized Narain CFTs: Holography

Operators < Lattice < Partition Function — Quadratic Forms

Do (T3 m)
nP(T)79(7)

Siegel-Weil Theorem

<> (Za(rim))y = —==0)

Discrete Data: (Zo(T;m)) = f [dm] Continuous Data: M,
M

nP(7)i9(7)
i={tezr?| Ol e2z} Poincaré Sum - 7))\ P aR)
AF = {x e ]Rp+q‘ Q[x,/,] cZ } Mn = Onlp.a; Z)\O(P) x 0(q)
Dp = N*/A\ 4
[ADKLY, '20]

Ea(7) -y (alU(g)10)
()T S nPle ) (g - T)

eHolographic Interpretation:

eBulk theory looks like Abelian CS Theory with level matrix Q

ePartition functions arise from different anyons encircling
non-contractible cycle of M. 4
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Ensemble Holography Recap

Holography

[Witten,Maloney,"20]
[Afkhami-Jeddi+, 20]
[ADKLY,"20]

Z Zpuik[T] = J[dm]ZCFT[m;T]
AdS3

geometries moduli

space \
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Ensemble Holography Recap

Holography
[Witten,Maloney,20]

[Afkhami-Jeddi-+,"20]
[ADKLY, '20]

Z Zpuik[T] = J[dm]ZCFT[m;T]
AdS3

geometries moduli

space \

What else is hiding in this correspondence?
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3d Abelian Chern-Simons Theory: Global Symmetries

e Symmetries of a TQFT are automorphisms of its data
Scs = JQU AldAd d3x — permutations of the anyons D that leave
TQFT data invariant modulo gauge transformations
(and maybe complex conjugation)
e TQFT data for Abelian TQFTs is completely determined
by finite Abelian group Dp and topological spins

Dp = N*/A
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Scs = JQU AldA? d3x — permutations of the anyons D that leave
TQFT data invariant modulo gauge transformations
(and maybe complex conjugation)
e TQFT data for Abelian TQFTs is completely determined
by finite Abelian group Dp and topological spins
o0-form Global Symmetries: Yy : Dy — Dy

Unitary Anti-Unitary
Yolax )= Yala) x Yo(8) | Yo(axB) = Y_(a) x Y_(8)
Dp = N*/A 0(Y+ () = 0(a) 6(Y- () = b(a)*
B(Y, (), Y4 (B)) = B(, B) B(Y_(a), Y-(B)) = B(a, )"
Classical Quantum
Y: - Scs = Ses Y- Scs # Scs

but ob_ey Ward Identities

Go := Aut(Dp,0) ~ {Yi € Z™"|QPQ + Y] QYy = Q}/ ~
o If P 5 0V representatives of Y], then the symmetry is quantum
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3d Abelian Chern-Simons Theory: Global Symmetries

[Delmastro, Gomis, ,'19]
e Symmetries of a TQFT are automorphisms of its data
Scs = JQU AldA? d3x — permutations of the anyons D that leave
TQFT data invariant modulo gauge transformations

(and maybe complex conjugation)
e TQFT data for Abelian TQFTs is completely determined
by finite Abelian group Dp and topological spins
o0-form Global Symmetries: Yy : Dy — Dy
Unitary Anti-Unitary

Yila x 8) = Ya(a) x Yo(8) | Yo(ax B) = Y() x Y_(8)
Dp = A*/A 0(Y.(0)) = 0(a) 6(Y-(a)) = b(a)*
B(Y,(a), Y4 (8)) = Ba.B) | B(Y-(a),Y-(8)) = B(a, )"

a— Yia

Classical Quantum

Y, Scs =S Yi-Scs # Scs
7196 s but obey Ward Identities

Go := Aut(Dp,0) ~ {Yi € Z™"|QPQ + Y] QYy = Q}/ ~

o If P 5 0V representatives of [Y4], then the symmetry is quantum
Are these present in ensemble averaged theories?
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Emergent Ensemble Symmetries: A Proof

eFor classical & quantum unitary symmetries, a proof in a few lines:
Ya(c, d)
Eo(7) := daen + _—
a{r) 3= dot (C§Zl (cr+ d)3(c7 + d)f

c>0
—imo®(M)

Yale,d) = Aaolg ) = e 2 T (a] U(g) 1 |0)
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e But the generators
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Sup = 2By T b b(a)e E
V[Dal
are invariant under unitary symmetry transformations. Then

7Y+oz(cv d) = ’Ya(ca d)
Ey, o(T) = Ea(7)

These are Emergent Ensemble Symmetries
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Emergence of Ensemble Symmetries

eAverage Observable O(7; v, m) over m:

~

O(1;a) :={0(t;a, m)) = J O(t; a, m)[dm]
M

olf there exists a transformation g such that

*O(7; 8- a,8-m) = O(r;a,m)

o[d(g - m)] = [dm]
oM ~ M

then ~ ~
O(g - a) = O(a) M

Basic notion of emergent ensemble symmetry
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Emergence of Ensemble Symmetries

oip(T;g-m) =1vp(r;m)
if ge O(D,D;7Z)

“Epyal(r) = 5 (T m)ad + Do (i m)e) ﬁ

A
v

JML Duality Origami 13 /19



Emergence of Ensemble Symmetries

Uy o(7; Yy - m) = Vo(T; m)

if Y € On(p,q:7Z)

On(p, :Z) = {z cGL(p+q,2) ' TTQY = Q} ;\
—

7/
4
.
N a8
N
N
Y

A
v
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Emergence of Ensemble Symmetries

Vy, o(7; Yy - m) = Yo(1; m)

if Y € On(p,q:7Z)

On(p,q;Z) = {): eGL(p+q,7%) ' paLiNe) e Q}

~ -
7\
’
. \
1
[
1
4 1
N
V2
’
’
-,
N
~|
N
N
Y
’
’
. \
N
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Emergence of Ensemble Symmetries: Duality Origami
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Emergence of Ensemble Symmetries: Duality Origami

1
1
:
1
Siegel-Weil Theorem '
transmutes !
T-Duality !
into ' @ @
CS Global Symmetries !
A | et N
k: {//) N ’ N.
\\ 7 \\ 7z \\ 4
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Emergence of Ensemble Symmetries: Duality Origami

One problem: Y, € Op(p, g; Z) implies that Y, implements a classical symmetry

Can Quantum Symmetries be understood via origami?
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Emergence of Ensemble Symmetries: Duality Origami

One problem: Y, € Op(p, g; Z) implies that Y, implements a classical symmetry

Can Quantum Symmetries be understood via origami?

Maybe
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End of Part 2: Duality Origami
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Part 1: Corfu '22
End of Part 2: Duality Origami

«4O0> «F>» «E» «E>» = Q>



Part 1: Corfu '22
End of Part 2: Duality Origami
Preview for Part 3:The Fate of

Emergent Ensemble Symmetries

What does all of this mean?

< > (> o« >« > o



Connecting to the Swampland & Beyond

e Swampland: Quantum Gravity should have no global symmetries
Are emergent ensemble symmetries in conflict with this notion?

Not quite: the bulk theory is not Einstein gravity, so no-gos do not apply
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Connecting to the Swampland & Beyond

e Swampland: Quantum Gravity should have no global symmetries
Are emergent ensemble symmetries in conflict with this notion?
Not quite: the bulk theory is not Einstein gravity, so no-gos do not apply
e But let's say we don't want the global symmetries: what can we do?

Learn from our colleagues: R.Blumenhagen, N.Cribiori, A.Makridou, C.Kneiss|
e Option A: Gauge the Global Symmetries
Similar idea was pursued in [Benini+, '22] for global 1-form symmetries of Abelian CS

e Option B: Introduce defects/corrections to break the symmetries

How?
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Connecting to the Swampland & Beyond

e Potential answer: Go back to the theta functions
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Connecting to the Swampland & Beyond

e Potential answer: Go back to the theta functions
Roelcke-Selberg Spectral Decomposition:

[Terras]

1 e}
f(r) = 4= Re@%(f’ Es)Es(7)ds + ;J(f, vn)Vn(7)
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Connecting to the Swampland & Beyond

e Potential answer: Go back to the theta functions
Roelcke-Selberg Spectral Decomposition:

[Terras]
1 )
fr) = — (f, Es)Es()ds + > (F, va)vn(7)
ami Re(s)=1 n=0
[Bteriny. 22
1 _c
7'2D/2‘9D(T? m) = Eppa(7) + 4ri fRe(S) 1 dst® 2l (=s + D/2)€ s+D/2(m)E (r)
3 (TD/29D7 Vn)
+ix 1-D/2F(_1 4 D/2)€ 1+D/2 (m) + Z NPAPARS vn(T)
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e Potential answer: Go back to the theta functions
Roelcke-Selberg Spectral Decomposition:

[Terras]
1 o0
flr) = — (f, Es)Es(r)ds + > (f,vn)vn(7)
Al JRe(s)=3 =0
ESOEG.
D/2 1 s_<
T Pop(7; m) = Epp(7) + P Le(s) dst* "2l (—=s + D/2)& s+D/2(m)E (7)
3 (P00, uy)
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Connecting to the Swampland & Beyond

e Potential answer: Go back to the theta functions
Roelcke-Selberg Spectral Decomposition:

[Terras]
1 o0
1) = Gt Jagys BB+ nZ_](J(f, vn)Vn(T)

[Zagier, '81]
[Benjamin+, '22]

1 _c
72D/29D(T; m) = Epp(7) + P JRe(S) dst* "2l (—=s + D/2)& s+D/2(m)E (7)

D/29D7 Vn)

Vn, Vn)

+fr =021 (1 4 D/2)&! HD/Q (m) + Z( Vn(T)

First term is ensemble average — interpret remainder as corrections? 1/2-Wormbholes?
Does a decomposition exist for generalized Narain CFTs? Partially
Is the ensemble a particular limit, like ' = 4 SYM story of [Collier,Perimutter, '22]? Maxwell-CS?

As above, so below
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Ensemble Holography Recap

\ Holography

> Zeunlr] = J[dm]ZCFT[m;T]
AdS3_
geometries

What else is hiding in this correspondence?

moduli
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Ensemble Holography Recap

Wormholes & Factorization
Emergent Ensemble Symmetries

Holography

Maxwell-Chern-Simons

> Zeunlr] = J[dm]ZCFT[m;T]
ge(?ni?tiies moduli

space Duality Origami
String Embedding Class Numbers \

) ) Spectral Decomposition of Automorphic Forms
Swampland Distance Conjecture

What else is hiding in this correspondence?
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e Google for donuts
e Nicole Righi for original fundamental domain code
e [arXiv:1904.12884] for original anyon braiding code
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