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AdS3 at the String Scale



Motivation

At the tensionless point in moduli space, string  
theory on AdS is dual to a (nearly) free conformal 
field theory. 

The conserved currents of the free CFT correspond 
to massless higher spin fields in AdS, and the 
tensionless string theory contains a Vasiliev higher spin  
theory as a (closed) subsector. [Fradkin & Vasiliev, ’87]  

[Vasiliev, ’99…]

[Sundborg, ’01], [Witten, ’01], [Mikhailov, ’02], 
[Klebanov & Polyakov, ’02], [Sezgin & Sundell, ’03..]



HS theory — CFT duality

hs theory based on 

shs2[�] Wolf space cosets

su(N + 2)k � so(4N + 4)1
su(N)k+2 � u(1)

� u(1) .

in ‘t Hooft limit with  

[MRG, Gopakumar ’13 & ’14]

� =
N + 1

N + k + 2
.

[Sevrin, Troost, Van Proeyen, 
Schoutens, Spindel, .. ’88/‘89 ]

Concrete realisation of this idea in context of         : AdS3

large N = 4



⇢

hs theory in string theory

N = 4

AdS3 ⇥ S3 ⇥ T4AdS3 ⇥ S3 ⇥ S3 ⇥ S1

hs theory based on 

Wolf space cosets

shs2[�]
string theory 

symmetric orbifold

large N = 4small

�!0�!

SymN+1(T4) ⌘ (T4)⌦(N+1)/SN+1

[MRG, Gopakumar ’14]

su(N + 2)k � so(4N + 4)1
su(N)k+2 � u(1)

� u(1) .

large stringy symmetry



Direct understanding

The identification between higher spin theories and  
string theory is, so far, however rather indirect, i.e. can  
only be seen via the dual CFT.

Try to find more direct description of it. This  
requires a world-sheet approach since the higher 
spin symmetry is only expected to emerge in  
the tensionless (stringy) limit — far away from  
usual supergravity regime. 



Dual CFT

The dual (`spacetime’) CFT lives on the boundary  
of AdS3, and we have the identifications 

with a similar relation for the right-movers. 

LCFT
0 = J3

0 , LCFT
1 = J�

0 , LCFT
�1 = J+

0 ,

The spacetime energy and spin are then given as 

E = h+ h̄ , s = h� h̄ .

spacetime conformal dimension of left- and right-movers

To start with, let us consider bosonic case, i.e. WZW  
model based on sl(2,R). [Maldacena, Ooguri ’00]



Massless higher spins

On the other hand, the AdS mass is

m2
AdS3

= (E � |s|)(E + |s|� 2)

Given that spacetime conformal dimensions are  
non-negative, massless higher spin fields only 
arise for  

E = ±s h = 0 or h̄ = 0.

chiral fields of spacetime CFT



Physical states

This description is covariant, i.e. we need to impose  
physical state condition 

Ltot
n � = 0 n > 0

(Ltot
0 � 1)� = 0 .

In particular, the second condition (mass-shell)  
condition implies that   

C

k � 2
+ h0 +N = 1 .

Casimir of sl(2,R) World-sheet conformal 
dim. of internal CFT



Representations I

The sl(2,R) ground state representations that appear  
in the world-sheet spectrum are the 

Discrete lowest weight reps:

D+
j : C = �j(j � 1) , J�

0 |j, ji = 0

quasi-primary from spacetime CFT perspective!

Continuous reps:
C(p,↵) : C = 1

4 + p2 , |j,mi with m 2 ↵+ Z (1)



No-ghost theorem

Because of the Maldacena-Ooguri (unitarity) bound,

MO-bound:
1

2
< j <

k � 1

2

the spectrum is bounded from above. Additional states 
are spectrally flowed images of these two classes of  
representations

They are not Virasoro highest weight, and are  
therefore best described in terms of the spectral  
flow automorphism. 

[Maldacena, Ooguri ’00] 
see also [Henningson et.al. ’91]

[Hwang ’91] 
[Evans, MRG, Perry ’98] 
[Maldacena, Ooguri ’00]



Spectral flow automorphism

Basic idea: work with original representation space,  
but define on it a new action (by automorphism):

Ĵ±
n ⌘ ↵w(J

±
n ) = J±

n⌥w

Ĵ3
n ⌘ ↵w(J

3
n) = J3

n + k
2w�n,0

L̂n ⌘ ↵w(Ln) = Ln � wJ3
n � k

4w
2�n,0 .

Since the automorphism is outer, get a new 
representation in this manner: spectrally flowed rep. 

(w 2 N)



Long Strings

Here the interpretation is that w is the winding 
number of the string around the boundary of AdS. 

In particular, the w=1 continuous representation 
describes the long string running near the boundary 
of AdS. It is stable since 

tension is compensated by the  
NS flux of the AdS space. 



Physical spectrum

With these preparations at hand, we can now 
study the physical spectrum of the theory. 

In particular, we can look systematically for  
massless (higher spin) fields, i.e., physical 
states with h=0, say. 

Let us begin by analysing the unflowed discrete 
representations.



Unflowed discrete reps

Let us begin by analysing the unflowed discrete 
representations.

In this case, the mass-shell condition becomes 

�j(j � 1)

k � 2
+N = 1

where we have set             . This can be rewritten as   h0 = 0

j2 � j � (k � 2)(N � 1) = 0



Unflowed discrete reps

At level N the sl(2,R) spin is at least 

h = j �N
h=0
=) j = N .

Plugging into the above equation then leads to  

N2 �N � (k � 2)(N � 1) = 0

There is one obvious solutions:  

N = j = 1 : graviton



Unflowed discrete reps

The other solution of the quadratic equation arises 
for 

However, since N=j, this implies 

Not allowed by the MO-bound!

Thus there are no massless higher spin fields from 
discrete unflowed representations. The same conclusion 
also holds for the spectrally flowed discrete reps. 

N = k � 2 .

j = k � 2 � k � 1

2
(for j = N = 2, 3, . . .,
i.e., k = 4, 5, . . .)



Flowed representations

For the spectrally flowed continuous representations,  
the mass-shell condition becomes 

is the Casimir of the ground state representation and 
m the magn. quantum number. Demanding h=0 with

h = m+
k

2
w = 0 =) m = �wk

2
,

we get 

C =
1

4
+ p2where

1
4 + p2

k � 2
+

k

4
w2 +N = 1

[↵w(Ln) = Ln � wJ3
n � k

4w
2�n,0]
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[↵w(J
3
n) = J3

n + k
2w�n,0]
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C

k � 2
� wm� k

4
w2 +N = 1
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Flowed representations

For spectral flow w=1, the mass-shell condition 
becomes (for N=0)

which has the solution  

k = 3 and p = 0 .

1
4 + p2

k � 2
+

k

4
w2 +N = 1

[MRG, Gopakumar, Hull ’17]

1

4
+ p2 =

�
1� k

4

�
(k � 2)

<latexit sha1_base64="sM+Q6L2iRiolfggfAQB/c0mdiTI=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VokZakFOpGKLpxWcE+oIllMp20QycPZiZCCfkUN/6KGxeK6E6/xkmahbYeuHA4517uvccJGRXSML60wtr6xuZWcbu0s7u3f6AfHvVEEHFMujhgAR84SBBGfdKVVDIyCDlBnsNI35ldp37/gXBBA/9OzkNie2jiU5diJJU00luWyxGOzSRuJvAchvcNeAkth05YxYQ1aMnMnmV2KvMqrMxqjepILxt1IwNcJWZOyiBHZ6R/WuMARx7xJWZIiKFphNKOEZcUM5KUrEiQEOEZmpChoj7yiLDj7MEEnillDN2Aq/IlzNTfEzHyhJh7jur0kJyKZS8V//OGkXQv7Jj6YSSJjxeL3IhBGcA0LTimnGDJ5oogzKm6FeIpUpFIlWlJhWAuv7xKeo26adTN22a5fZXHUQQn4BRUgAlaoA1uQAd0AQaP4Bm8gjftSXvR3rWPRWtBy2eOwR9o3z/aqKBF</latexit><latexit sha1_base64="sM+Q6L2iRiolfggfAQB/c0mdiTI=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VokZakFOpGKLpxWcE+oIllMp20QycPZiZCCfkUN/6KGxeK6E6/xkmahbYeuHA4517uvccJGRXSML60wtr6xuZWcbu0s7u3f6AfHvVEEHFMujhgAR84SBBGfdKVVDIyCDlBnsNI35ldp37/gXBBA/9OzkNie2jiU5diJJU00luWyxGOzSRuJvAchvcNeAkth05YxYQ1aMnMnmV2KvMqrMxqjepILxt1IwNcJWZOyiBHZ6R/WuMARx7xJWZIiKFphNKOEZcUM5KUrEiQEOEZmpChoj7yiLDj7MEEnillDN2Aq/IlzNTfEzHyhJh7jur0kJyKZS8V//OGkXQv7Jj6YSSJjxeL3IhBGcA0LTimnGDJ5oogzKm6FeIpUpFIlWlJhWAuv7xKeo26adTN22a5fZXHUQQn4BRUgAlaoA1uQAd0AQaP4Bm8gjftSXvR3rWPRWtBy2eOwR9o3z/aqKBF</latexit><latexit sha1_base64="sM+Q6L2iRiolfggfAQB/c0mdiTI=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VokZakFOpGKLpxWcE+oIllMp20QycPZiZCCfkUN/6KGxeK6E6/xkmahbYeuHA4517uvccJGRXSML60wtr6xuZWcbu0s7u3f6AfHvVEEHFMujhgAR84SBBGfdKVVDIyCDlBnsNI35ldp37/gXBBA/9OzkNie2jiU5diJJU00luWyxGOzSRuJvAchvcNeAkth05YxYQ1aMnMnmV2KvMqrMxqjepILxt1IwNcJWZOyiBHZ6R/WuMARx7xJWZIiKFphNKOEZcUM5KUrEiQEOEZmpChoj7yiLDj7MEEnillDN2Aq/IlzNTfEzHyhJh7jur0kJyKZS8V//OGkXQv7Jj6YSSJjxeL3IhBGcA0LTimnGDJ5oogzKm6FeIpUpFIlWlJhWAuv7xKeo26adTN22a5fZXHUQQn4BRUgAlaoA1uQAd0AQaP4Bm8gjftSXvR3rWPRWtBy2eOwR9o3z/aqKBF</latexit><latexit sha1_base64="sM+Q6L2iRiolfggfAQB/c0mdiTI=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VokZakFOpGKLpxWcE+oIllMp20QycPZiZCCfkUN/6KGxeK6E6/xkmahbYeuHA4517uvccJGRXSML60wtr6xuZWcbu0s7u3f6AfHvVEEHFMujhgAR84SBBGfdKVVDIyCDlBnsNI35ldp37/gXBBA/9OzkNie2jiU5diJJU00luWyxGOzSRuJvAchvcNeAkth05YxYQ1aMnMnmV2KvMqrMxqjepILxt1IwNcJWZOyiBHZ6R/WuMARx7xJWZIiKFphNKOEZcUM5KUrEiQEOEZmpChoj7yiLDj7MEEnillDN2Aq/IlzNTfEzHyhJh7jur0kJyKZS8V//OGkXQv7Jj6YSSJjxeL3IhBGcA0LTimnGDJ5oogzKm6FeIpUpFIlWlJhWAuv7xKeo26adTN22a5fZXHUQQn4BRUgAlaoA1uQAd0AQaP4Bm8gjftSXvR3rWPRWtBy2eOwR9o3z/aqKBF</latexit>



Higher Spin Symmetry

In fact, an infinite set of higher spin fields becomes 
massless at this point: for the right-movers we have  
to solve the right-moving analogue of  

m̄ = �3

2
+ N̄ .

i.e.

which is solved by 

1

4
� m̄� 3

4
+ N̄ = 1

Thus get a massless higher spin field for every  
right-moving excitation (and similarly for left-movers)!

(k = 3, p = 0, w = 1)

[MRG, Gopakumar, Hull ’17]

C

k � 2
� wm� k

4
w2 +N = 1
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Supersymmetric version

The analysis of the supersymmetric version of this  
theory is similar. There are two interesting cases: 

AdS3 ⇥ S3 ⇥ T4 AdS3 ⇥ S3 ⇥ S3 ⇥ S1
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sl(2)k � su(2)k0 � u(1)4
<latexit sha1_base64="Oj+CVl4Pw2T7tLS81Z00byk49SY=">AAACMXicbZDLSsNAFIYn9VbrLerSzWAR201JSkGXRTddVrAXaGKYTCftkMmFmYlQQl/JjW8ibrpQxK0v4STNorYeGPj5v3OYc343ZlRIw1hopa3tnd298n7l4PDo+EQ/PeuLKOGY9HDEIj50kSCMhqQnqWRkGHOCApeRgevfZ3zwTLigUfgoZzGxAzQJqUcxkspy9I4VIDn1OPJTwea1Zt3xoRXFLBFwhSQ5Sf3r+SZUzKw/tRy9ajSMvOCmMAtRBUV1Hf3NGkc4CUgoMUNCjEwjlnaKuKSYkXnFSgSJEfbRhIyUDFFAhJ3mF8/hlXLG0Iu4eqGEubs6kaJAiFngqs5sUbHOMvM/Nkqkd2unNIwTSUK8/MhLGJQRzOKDY8oJlmymBMKcql0hniKOsFQhV1QI5vrJm6LfbJhGw3xoVdt3RRxlcAEuQQ2Y4Aa0QQd0QQ9g8ALewQf41F61hfalfS9bS1oxcw7+lPbzC//Vqgg=</latexit><latexit sha1_base64="Oj+CVl4Pw2T7tLS81Z00byk49SY=">AAACMXicbZDLSsNAFIYn9VbrLerSzWAR201JSkGXRTddVrAXaGKYTCftkMmFmYlQQl/JjW8ibrpQxK0v4STNorYeGPj5v3OYc343ZlRIw1hopa3tnd298n7l4PDo+EQ/PeuLKOGY9HDEIj50kSCMhqQnqWRkGHOCApeRgevfZ3zwTLigUfgoZzGxAzQJqUcxkspy9I4VIDn1OPJTwea1Zt3xoRXFLBFwhSQ5Sf3r+SZUzKw/tRy9ajSMvOCmMAtRBUV1Hf3NGkc4CUgoMUNCjEwjlnaKuKSYkXnFSgSJEfbRhIyUDFFAhJ3mF8/hlXLG0Iu4eqGEubs6kaJAiFngqs5sUbHOMvM/Nkqkd2unNIwTSUK8/MhLGJQRzOKDY8oJlmymBMKcql0hniKOsFQhV1QI5vrJm6LfbJhGw3xoVdt3RRxlcAEuQQ2Y4Aa0QQd0QQ9g8ALewQf41F61hfalfS9bS1oxcw7+lPbzC//Vqgg=</latexit><latexit sha1_base64="Oj+CVl4Pw2T7tLS81Z00byk49SY=">AAACMXicbZDLSsNAFIYn9VbrLerSzWAR201JSkGXRTddVrAXaGKYTCftkMmFmYlQQl/JjW8ibrpQxK0v4STNorYeGPj5v3OYc343ZlRIw1hopa3tnd298n7l4PDo+EQ/PeuLKOGY9HDEIj50kSCMhqQnqWRkGHOCApeRgevfZ3zwTLigUfgoZzGxAzQJqUcxkspy9I4VIDn1OPJTwea1Zt3xoRXFLBFwhSQ5Sf3r+SZUzKw/tRy9ajSMvOCmMAtRBUV1Hf3NGkc4CUgoMUNCjEwjlnaKuKSYkXnFSgSJEfbRhIyUDFFAhJ3mF8/hlXLG0Iu4eqGEubs6kaJAiFngqs5sUbHOMvM/Nkqkd2unNIwTSUK8/MhLGJQRzOKDY8oJlmymBMKcql0hniKOsFQhV1QI5vrJm6LfbJhGw3xoVdt3RRxlcAEuQQ2Y4Aa0QQd0QQ9g8ALewQf41F61hfalfS9bS1oxcw7+lPbzC//Vqgg=</latexit><latexit sha1_base64="Oj+CVl4Pw2T7tLS81Z00byk49SY=">AAACMXicbZDLSsNAFIYn9VbrLerSzWAR201JSkGXRTddVrAXaGKYTCftkMmFmYlQQl/JjW8ibrpQxK0v4STNorYeGPj5v3OYc343ZlRIw1hopa3tnd298n7l4PDo+EQ/PeuLKOGY9HDEIj50kSCMhqQnqWRkGHOCApeRgevfZ3zwTLigUfgoZzGxAzQJqUcxkspy9I4VIDn1OPJTwea1Zt3xoRXFLBFwhSQ5Sf3r+SZUzKw/tRy9ajSMvOCmMAtRBUV1Hf3NGkc4CUgoMUNCjEwjlnaKuKSYkXnFSgSJEfbRhIyUDFFAhJ3mF8/hlXLG0Iu4eqGEubs6kaJAiFngqs5sUbHOMvM/Nkqkd2unNIwTSUK8/MhLGJQRzOKDY8oJlmymBMKcql0hniKOsFQhV1QI5vrJm6LfbJhGw3xoVdt3RRxlcAEuQQ2Y4Aa0QQd0QQ9g8ALewQf41F61hfalfS9bS1oxcw7+lPbzC//Vqgg=</latexit>

Criticality: k = k0
<latexit sha1_base64="H4x1GNV4LWIzqfGZnGehRLkSqq4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoBeh6MVjBfsBbSib7aZdsrsJuxuhhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHe5332iSrNYPpppQn2Bx5KFjGCTS9FNdD6s1ty6OwdaJV5BalCgNax+DUYxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYRHtO+pRILqv1sfusMnVllhMJY2ZIGzdXfExkWWk9FYDsFNhO97OXif14/NeG1nzGZpIZKslgUphyZGOWPoxFTlBg+tQQTxeytiEywwsTYeCo2BG/55VXSuax7bt17aNSat0UcZTiBU7gAD66gCffQgjYQmMAzvMKbI5wX5935WLSWnGLmGP7A+fwBfTeN3A==</latexit><latexit sha1_base64="H4x1GNV4LWIzqfGZnGehRLkSqq4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoBeh6MVjBfsBbSib7aZdsrsJuxuhhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHe5332iSrNYPpppQn2Bx5KFjGCTS9FNdD6s1ty6OwdaJV5BalCgNax+DUYxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYRHtO+pRILqv1sfusMnVllhMJY2ZIGzdXfExkWWk9FYDsFNhO97OXif14/NeG1nzGZpIZKslgUphyZGOWPoxFTlBg+tQQTxeytiEywwsTYeCo2BG/55VXSuax7bt17aNSat0UcZTiBU7gAD66gCffQgjYQmMAzvMKbI5wX5935WLSWnGLmGP7A+fwBfTeN3A==</latexit><latexit sha1_base64="H4x1GNV4LWIzqfGZnGehRLkSqq4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoBeh6MVjBfsBbSib7aZdsrsJuxuhhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHe5332iSrNYPpppQn2Bx5KFjGCTS9FNdD6s1ty6OwdaJV5BalCgNax+DUYxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYRHtO+pRILqv1sfusMnVllhMJY2ZIGzdXfExkWWk9FYDsFNhO97OXif14/NeG1nzGZpIZKslgUphyZGOWPoxFTlBg+tQQTxeytiEywwsTYeCo2BG/55VXSuax7bt17aNSat0UcZTiBU7gAD66gCffQgjYQmMAzvMKbI5wX5935WLSWnGLmGP7A+fwBfTeN3A==</latexit><latexit sha1_base64="H4x1GNV4LWIzqfGZnGehRLkSqq4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoBeh6MVjBfsBbSib7aZdsrsJuxuhhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHe5332iSrNYPpppQn2Bx5KFjGCTS9FNdD6s1ty6OwdaJV5BalCgNax+DUYxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYRHtO+pRILqv1sfusMnVllhMJY2ZIGzdXfExkWWk9FYDsFNhO97OXif14/NeG1nzGZpIZKslgUphyZGOWPoxFTlBg+tQQTxeytiEywwsTYeCo2BG/55VXSuax7bt17aNSat0UcZTiBU7gAD66gCffQgjYQmMAzvMKbI5wX5935WLSWnGLmGP7A+fwBfTeN3A==</latexit>
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1
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<latexit sha1_base64="QqqPU7nIwIgVHzs1AGchHKI/JpQ=">AAACE3icbVDLSsNAFL2pr1pfUZduBosgFksigm6EohuXFewD2hAm00k7dPJgZiKUkH9w46+4caGIWzfu/BunbcDaemDg3HPu5c49XsyZVJb1bRSWlldW14rrpY3Nre0dc3evKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Gbstx6okCwK79Uopk6A+yHzGcFKS6550vUFJqmdpcPsCv0WbiVDldn6NHPNslW1JkCLxM5JGXLUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mpm0gaYzLEfdrRNMQBlU46uSlDR1rpIT8S+oUKTdTZiRQHUo4CT3cGWA3kvDcW//M6ifIvnZSFcaJoSKaL/IQjFaFxQKjHBCWKjzTBRDD9V0QGWOegdIwlHYI9f/IiaZ5Vbatq352Xa9d5HEU4gEM4BhsuoAa3UIcGEHiEZ3iFN+PJeDHejY9pa8HIZ/bhD4zPHzlSnbk=</latexit><latexit sha1_base64="QqqPU7nIwIgVHzs1AGchHKI/JpQ=">AAACE3icbVDLSsNAFL2pr1pfUZduBosgFksigm6EohuXFewD2hAm00k7dPJgZiKUkH9w46+4caGIWzfu/BunbcDaemDg3HPu5c49XsyZVJb1bRSWlldW14rrpY3Nre0dc3evKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Gbstx6okCwK79Uopk6A+yHzGcFKS6550vUFJqmdpcPsCv0WbiVDldn6NHPNslW1JkCLxM5JGXLUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mpm0gaYzLEfdrRNMQBlU46uSlDR1rpIT8S+oUKTdTZiRQHUo4CT3cGWA3kvDcW//M6ifIvnZSFcaJoSKaL/IQjFaFxQKjHBCWKjzTBRDD9V0QGWOegdIwlHYI9f/IiaZ5Vbatq352Xa9d5HEU4gEM4BhsuoAa3UIcGEHiEZ3iFN+PJeDHejY9pa8HIZ/bhD4zPHzlSnbk=</latexit><latexit sha1_base64="QqqPU7nIwIgVHzs1AGchHKI/JpQ=">AAACE3icbVDLSsNAFL2pr1pfUZduBosgFksigm6EohuXFewD2hAm00k7dPJgZiKUkH9w46+4caGIWzfu/BunbcDaemDg3HPu5c49XsyZVJb1bRSWlldW14rrpY3Nre0dc3evKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Gbstx6okCwK79Uopk6A+yHzGcFKS6550vUFJqmdpcPsCv0WbiVDldn6NHPNslW1JkCLxM5JGXLUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mpm0gaYzLEfdrRNMQBlU46uSlDR1rpIT8S+oUKTdTZiRQHUo4CT3cGWA3kvDcW//M6ifIvnZSFcaJoSKaL/IQjFaFxQKjHBCWKjzTBRDD9V0QGWOegdIwlHYI9f/IiaZ5Vbatq352Xa9d5HEU4gEM4BhsuoAa3UIcGEHiEZ3iFN+PJeDHejY9pa8HIZ/bhD4zPHzlSnbk=</latexit><latexit sha1_base64="QqqPU7nIwIgVHzs1AGchHKI/JpQ=">AAACE3icbVDLSsNAFL2pr1pfUZduBosgFksigm6EohuXFewD2hAm00k7dPJgZiKUkH9w46+4caGIWzfu/BunbcDaemDg3HPu5c49XsyZVJb1bRSWlldW14rrpY3Nre0dc3evKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8Gbstx6okCwK79Uopk6A+yHzGcFKS6550vUFJqmdpcPsCv0WbiVDldn6NHPNslW1JkCLxM5JGXLUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mpm0gaYzLEfdrRNMQBlU46uSlDR1rpIT8S+oUKTdTZiRQHUo4CT3cGWA3kvDcW//M6ifIvnZSFcaJoSKaL/IQjFaFxQKjHBCWKjzTBRDD9V0QGWOegdIwlHYI9f/IiaZ5Vbatq352Xa9d5HEU4gEM4BhsuoAa3UIcGEHiEZ3iFN+PJeDHejY9pa8HIZ/bhD4zPHzlSnbk=</latexit>

[N=1 susy WZW models]

sl(2)k � su(2)k+ � su(2)k� � u(1)
<latexit sha1_base64="8N0O3+c5b8F4zlEDHm2hKcL4GX4=">AAACTnicfZHNS8MwGMbT+TXrV9Wjl+AQNsTRDkGPQy8eJ7gPWEdJs3QLTT9IUmGU/oVexJt/hhcPimi6VZyb+ELg4fm9L3nzxI0ZFdI0n7XSyura+kZ5U9/a3tndM/YPOiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTr+tc5794TLmgU3slJTAYBGoXUoxhJZTkGsQMkxx5HfipYVm3UHB/aUcwSAedIMiWp75xm/9Gzb6r/UAWtmmNUzLo5LbgsrEJUQFEtx3iyhxFOAhJKzJAQfcuM5SBFXFLMSKbbiSAxwj4akb6SIQqIGKTTODJ4opwh9CKuTijh1J2fSFEgxCRwVWe+plhkufkX6yfSuxykNIwTSUI8u8hLGJQRzLOFQ8oJlmyiBMKcql0hHiOOsFQ/oKsQrMUnL4tOo26Zdev2vNK8KuIogyNwDKrAAhegCW5AC7QBBg/gBbyBd+1Re9U+tM9Za0krZg7BryqVvwBrPLUQ</latexit><latexit sha1_base64="8N0O3+c5b8F4zlEDHm2hKcL4GX4=">AAACTnicfZHNS8MwGMbT+TXrV9Wjl+AQNsTRDkGPQy8eJ7gPWEdJs3QLTT9IUmGU/oVexJt/hhcPimi6VZyb+ELg4fm9L3nzxI0ZFdI0n7XSyura+kZ5U9/a3tndM/YPOiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTr+tc5794TLmgU3slJTAYBGoXUoxhJZTkGsQMkxx5HfipYVm3UHB/aUcwSAedIMiWp75xm/9Gzb6r/UAWtmmNUzLo5LbgsrEJUQFEtx3iyhxFOAhJKzJAQfcuM5SBFXFLMSKbbiSAxwj4akb6SIQqIGKTTODJ4opwh9CKuTijh1J2fSFEgxCRwVWe+plhkufkX6yfSuxykNIwTSUI8u8hLGJQRzLOFQ8oJlmyiBMKcql0hHiOOsFQ/oKsQrMUnL4tOo26Zdev2vNK8KuIogyNwDKrAAhegCW5AC7QBBg/gBbyBd+1Re9U+tM9Za0krZg7BryqVvwBrPLUQ</latexit><latexit sha1_base64="8N0O3+c5b8F4zlEDHm2hKcL4GX4=">AAACTnicfZHNS8MwGMbT+TXrV9Wjl+AQNsTRDkGPQy8eJ7gPWEdJs3QLTT9IUmGU/oVexJt/hhcPimi6VZyb+ELg4fm9L3nzxI0ZFdI0n7XSyura+kZ5U9/a3tndM/YPOiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTr+tc5794TLmgU3slJTAYBGoXUoxhJZTkGsQMkxx5HfipYVm3UHB/aUcwSAedIMiWp75xm/9Gzb6r/UAWtmmNUzLo5LbgsrEJUQFEtx3iyhxFOAhJKzJAQfcuM5SBFXFLMSKbbiSAxwj4akb6SIQqIGKTTODJ4opwh9CKuTijh1J2fSFEgxCRwVWe+plhkufkX6yfSuxykNIwTSUI8u8hLGJQRzLOFQ8oJlmyiBMKcql0hHiOOsFQ/oKsQrMUnL4tOo26Zdev2vNK8KuIogyNwDKrAAhegCW5AC7QBBg/gBbyBd+1Re9U+tM9Za0krZg7BryqVvwBrPLUQ</latexit><latexit sha1_base64="8N0O3+c5b8F4zlEDHm2hKcL4GX4=">AAACTnicfZHNS8MwGMbT+TXrV9Wjl+AQNsTRDkGPQy8eJ7gPWEdJs3QLTT9IUmGU/oVexJt/hhcPimi6VZyb+ELg4fm9L3nzxI0ZFdI0n7XSyura+kZ5U9/a3tndM/YPOiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTr+tc5794TLmgU3slJTAYBGoXUoxhJZTkGsQMkxx5HfipYVm3UHB/aUcwSAedIMiWp75xm/9Gzb6r/UAWtmmNUzLo5LbgsrEJUQFEtx3iyhxFOAhJKzJAQfcuM5SBFXFLMSKbbiSAxwj4akb6SIQqIGKTTODJ4opwh9CKuTijh1J2fSFEgxCRwVWe+plhkufkX6yfSuxykNIwTSUI8u8hLGJQRzLOFQ8oJlmyiBMKcql0hHiOOsFQ/oKsQrMUnL4tOo26Zdev2vNK8KuIogyNwDKrAAhegCW5AC7QBBg/gBbyBd+1Re9U+tM9Za0krZg7BryqVvwBrPLUQ</latexit>



Massless higher spins

The analogue of k=3 in the bosonic case is now 

k = 1

For this value of the level, an infinite tower of massless  
higher spin fields appears in the w=1 spectrally 
flowed continuous representation with p=0.

for bosonic sl(2)]
[corresponds to k = 3

In fact, a stronger statement is true: at k=1 and p=0, the 
susy mass-shell condition (in NS sector) 

C =
1

4
+ p2where

[Ferreira, MRG, Jottar ’17]

C

k
� wm� k

4
w2 +N =

1

2
<latexit sha1_base64="fOjXirW0HRRSLtugN69SrSyEtkI=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARBLHMlIpuhGI3rqSCvUA7lkyaacNkLiQZSwnzJG58FTcuFBFc6duYtrPQ1gMJP99/Dsn53ZhRIS3r28gtLa+sruXXCxubW9s75u5eU0QJx6SBIxbxtosEYTQkDUklI+2YExS4jLRcvzbxWw+ECxqFd3IcEydAg5B6FCOpUc88g12PI6xqqfJTeApHgb5myE9VJYWj+zI8gTfwMqN2qsppzyxaJWtacFHYmSiCrOo987Pbj3ASkFBihoTo2FYsHYW4pJiRtNBNBIkR9tGAdLQMUUCEo6brpfBIkz70Iq5PKOGU/p5QKBBiHLi6M0ByKOa9CfzP6yTSu3AUDeNEkhDPHvISBmUEJ1nBPuUESzbWAmFO9V8hHiKdgtSJFnQI9vzKi6JZLtlWyb6tFKtXWRx5cAAOwTGwwTmogmtQBw2AwSN4Bq/gzXgyXox342PWmjOymX3wp4yvH8FgoGA=</latexit><latexit sha1_base64="fOjXirW0HRRSLtugN69SrSyEtkI=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARBLHMlIpuhGI3rqSCvUA7lkyaacNkLiQZSwnzJG58FTcuFBFc6duYtrPQ1gMJP99/Dsn53ZhRIS3r28gtLa+sruXXCxubW9s75u5eU0QJx6SBIxbxtosEYTQkDUklI+2YExS4jLRcvzbxWw+ECxqFd3IcEydAg5B6FCOpUc88g12PI6xqqfJTeApHgb5myE9VJYWj+zI8gTfwMqN2qsppzyxaJWtacFHYmSiCrOo987Pbj3ASkFBihoTo2FYsHYW4pJiRtNBNBIkR9tGAdLQMUUCEo6brpfBIkz70Iq5PKOGU/p5QKBBiHLi6M0ByKOa9CfzP6yTSu3AUDeNEkhDPHvISBmUEJ1nBPuUESzbWAmFO9V8hHiKdgtSJFnQI9vzKi6JZLtlWyb6tFKtXWRx5cAAOwTGwwTmogmtQBw2AwSN4Bq/gzXgyXox342PWmjOymX3wp4yvH8FgoGA=</latexit><latexit sha1_base64="fOjXirW0HRRSLtugN69SrSyEtkI=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARBLHMlIpuhGI3rqSCvUA7lkyaacNkLiQZSwnzJG58FTcuFBFc6duYtrPQ1gMJP99/Dsn53ZhRIS3r28gtLa+sruXXCxubW9s75u5eU0QJx6SBIxbxtosEYTQkDUklI+2YExS4jLRcvzbxWw+ECxqFd3IcEydAg5B6FCOpUc88g12PI6xqqfJTeApHgb5myE9VJYWj+zI8gTfwMqN2qsppzyxaJWtacFHYmSiCrOo987Pbj3ASkFBihoTo2FYsHYW4pJiRtNBNBIkR9tGAdLQMUUCEo6brpfBIkz70Iq5PKOGU/p5QKBBiHLi6M0ByKOa9CfzP6yTSu3AUDeNEkhDPHvISBmUEJ1nBPuUESzbWAmFO9V8hHiKdgtSJFnQI9vzKi6JZLtlWyb6tFKtXWRx5cAAOwTGwwTmogmtQBw2AwSN4Bq/gzXgyXox342PWmjOymX3wp4yvH8FgoGA=</latexit><latexit sha1_base64="fOjXirW0HRRSLtugN69SrSyEtkI=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARBLHMlIpuhGI3rqSCvUA7lkyaacNkLiQZSwnzJG58FTcuFBFc6duYtrPQ1gMJP99/Dsn53ZhRIS3r28gtLa+sruXXCxubW9s75u5eU0QJx6SBIxbxtosEYTQkDUklI+2YExS4jLRcvzbxWw+ECxqFd3IcEydAg5B6FCOpUc88g12PI6xqqfJTeApHgb5myE9VJYWj+zI8gTfwMqN2qsppzyxaJWtacFHYmSiCrOo987Pbj3ASkFBihoTo2FYsHYW4pJiRtNBNBIkR9tGAdLQMUUCEo6brpfBIkz70Iq5PKOGU/p5QKBBiHLi6M0ByKOa9CfzP6yTSu3AUDeNEkhDPHvISBmUEJ1nBPuUESzbWAmFO9V8hHiKdgtSJFnQI9vzKi6JZLtlWyb6tFKtXWRx5cAAOwTGwwTmogmtQBw2AwSN4Bq/gzXgyXox342PWmjOymX3wp4yvH8FgoGA=</latexit>



Full spectrum
becomes for generic w

Solving for m and observing that the actual 
eigenvalue is 
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w-twisted modes ground state energy in 
w-twisted sector

Symmetric orbifold formula for cycle length w!  



Full symmetric orbifold

Thus we recover the full single-particle spectrum of the  
symmetric orbifold.   

[MRG, Gopakumar ’18] 
see also [Giribet, et.al. ’18]

However, there are three subtleties: 

(1)  Fermions and GSO 
(2)  Which orbifold do we actually get? 
(3)  Compatibility with OPE structure



Fermions

On the world-sheet, the fermions are GSO-projected 
and appear in both NS and R sector. 

[MRG, Gopakumar ’18]

However, the dual CFT should not have a GSO  
projection, and only the perturbative (NS sector)  
should appear. 

The relation is quite subtle since GSO projection depends  
on cardinality of the flow, and structure of twisted sector  
on cardinality of the twist. However, everything comes out 
correctly in the end, using the abstruse identity.



Which orbifold

[MRG, Gopakumar ’18]

For                                   the situation is cleanest: at  
k=1, criticality leads to 

AdS3 ⇥ S3 ⇥ S3 ⇥ S1
<latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit>

k+ = k� = 2
<latexit sha1_base64="o6s8noIcvz+4eLZVVEKHegINtWg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBosgiCUpBd0IRTcuK9gHtDFMppN2yGQSZiZKCf0PNy4Uceu/uPNvnLZZaOuBezmccy9z5/gJZ0rb9rdVWFldW98obpa2tnd298r7B20Vp5LQFol5LLs+VpQzQVuaaU67iaQ48jnt+OHN1O88UqlYLO71OKFuhIeCBYxgbaSH0DtDVyj0zk2vIa9csav2DGiZODmpQI6mV/7qD2KSRlRowrFSPcdOtJthqRnhdFLqp4ommIR4SHuGChxR5WazqyfoxCgDFMTSlNBopv7eyHCk1DjyzWSE9UgtelPxP6+X6uDSzZhIUk0FmT8UpBzpGE0jQAMmKdF8bAgmkplbERlhiYk2QZVMCM7il5dJu1Z17KpzV680rvM4inAEx3AKDlxAA26hCS0gIOEZXuHNerJerHfrYz5asPKdQ/gD6/MHCaSQPg==</latexit><latexit sha1_base64="o6s8noIcvz+4eLZVVEKHegINtWg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBosgiCUpBd0IRTcuK9gHtDFMppN2yGQSZiZKCf0PNy4Uceu/uPNvnLZZaOuBezmccy9z5/gJZ0rb9rdVWFldW98obpa2tnd298r7B20Vp5LQFol5LLs+VpQzQVuaaU67iaQ48jnt+OHN1O88UqlYLO71OKFuhIeCBYxgbaSH0DtDVyj0zk2vIa9csav2DGiZODmpQI6mV/7qD2KSRlRowrFSPcdOtJthqRnhdFLqp4ommIR4SHuGChxR5WazqyfoxCgDFMTSlNBopv7eyHCk1DjyzWSE9UgtelPxP6+X6uDSzZhIUk0FmT8UpBzpGE0jQAMmKdF8bAgmkplbERlhiYk2QZVMCM7il5dJu1Z17KpzV680rvM4inAEx3AKDlxAA26hCS0gIOEZXuHNerJerHfrYz5asPKdQ/gD6/MHCaSQPg==</latexit><latexit sha1_base64="o6s8noIcvz+4eLZVVEKHegINtWg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBosgiCUpBd0IRTcuK9gHtDFMppN2yGQSZiZKCf0PNy4Uceu/uPNvnLZZaOuBezmccy9z5/gJZ0rb9rdVWFldW98obpa2tnd298r7B20Vp5LQFol5LLs+VpQzQVuaaU67iaQ48jnt+OHN1O88UqlYLO71OKFuhIeCBYxgbaSH0DtDVyj0zk2vIa9csav2DGiZODmpQI6mV/7qD2KSRlRowrFSPcdOtJthqRnhdFLqp4ommIR4SHuGChxR5WazqyfoxCgDFMTSlNBopv7eyHCk1DjyzWSE9UgtelPxP6+X6uDSzZhIUk0FmT8UpBzpGE0jQAMmKdF8bAgmkplbERlhiYk2QZVMCM7il5dJu1Z17KpzV680rvM4inAEx3AKDlxAA26hCS0gIOEZXuHNerJerHfrYz5asPKdQ/gD6/MHCaSQPg==</latexit><latexit sha1_base64="o6s8noIcvz+4eLZVVEKHegINtWg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBosgiCUpBd0IRTcuK9gHtDFMppN2yGQSZiZKCf0PNy4Uceu/uPNvnLZZaOuBezmccy9z5/gJZ0rb9rdVWFldW98obpa2tnd298r7B20Vp5LQFol5LLs+VpQzQVuaaU67iaQ48jnt+OHN1O88UqlYLO71OKFuhIeCBYxgbaSH0DtDVyj0zk2vIa9csav2DGiZODmpQI6mV/7qD2KSRlRowrFSPcdOtJthqRnhdFLqp4ommIR4SHuGChxR5WazqyfoxCgDFMTSlNBopv7eyHCk1DjyzWSE9UgtelPxP6+X6uDSzZhIUk0FmT8UpBzpGE0jQAMmKdF8bAgmkplbERlhiYk2QZVMCM7il5dJu1Z17KpzV680rvM4inAEx3AKDlxAA26hCS0gIOEZXuHNerJerHfrYz5asPKdQ/gD6/MHCaSQPg==</latexit>

and thus the bosonic su(2) factors do not contribute at 
all. Then there are 4 bosons from 

AdS3 ⇥ S3 ⇥ S3 ⇥ S1
<latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit><latexit sha1_base64="4esstg8SoR7KNpJ8rO7QD+vCZ+M=">AAACJ3ichZDLSsNAFIYn9VbrLerSzWARXJVEBV1J1Y3LSu0Fmhgmk2k7dCYJMxOhhLyNG1/FjaAiuvRNnKZZaCv4w8DPd87hzPn9mFGpLOvTKC0sLi2vlFcra+sbm1vm9k5bRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv7oalLv3BMhaRTeqnFMXI4GIe1TjJRGnnmeOoLDi6CZecfQUZQTCXPUzO7+B7ZnVq2alQvOG7swVVCo4ZkvThDhhJNQYYak7NlWrNwUCUUxI1nFSSSJER6hAelpGyK9zk3zOzN4oEkA+5HQL1Qwpz8nUsSlHHNfd3KkhnK2NoF/1XqJ6p+5KQ3jRJEQTxf1EwZVBCehwYAKghUba4OwoPqvEA+RQFjpaCs6BHv25HnTPqrZVs2+OanWL4s4ymAP7INDYINTUAfXoAFaAIMH8ARewZvxaDwb78bHtLVkFDO74JeMr28QkKTR</latexit>

3 - - 1 =  4 

which are reduced to 2 by physical state condition. 

2 bos + 8 fer : (S0)
2
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Which orbifold

2 bos + 8 fer : (S0)
2
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This theory actually has the expected large             
superconformal symmetry. 

N = 4

It is closely related to the CFT dual of string theory on 
                                which for these value of the fluxes  
was recently proposed to be dual to 
AdS3 ⇥ S3 ⇥ S3 ⇥ S1
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[Eberhardt, MRG, Li ’17] 
see also earlier work in  
[Eberhardt, MRG, Gopakumar, Li ’17]



Which orbifold

For                           at k=1, criticality leads to           .  
Then the bosonic su(2) factor appears at level -1, and  
we can use 

3 4 sympl. 3 =  6 + 4 sympl.

AdS3 ⇥ S3 ⇥ T4 k0 = 1
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su(2)�1 � u(1) = 4 symplectic bosons
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[Goddard, Olive, Waterson ’87]

This leads to the boson counting 

AdS3 ⇥ S3 ⇥ S1| {z }⇥T3
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i.e. to 4 real bosons (and 4 symplectic bosons) after 
the physical state condition is imposed. 



Which orbifold

The 4 symplectic bosons behave as ghosts (at least  
for the partition function) and remove precisely 4 of the 
8 fermions. 

Thus we end up with 4+4 free bosons and fermions, i.e. 
with the

(They also lead automatically to the correct ground  
state energy in the twisted sector.)

symmetric orbifold of        .T4
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[MRG, Gopakumar ’18]



OPE structure

The fusion rules of the world-sheet continuous  
representations are   

whereas the single-particle states of the symmetric  
orbifold have OPEs    

[w1]⌦ [w2] = [w1 + w2 � 1]� [w1 + w2]� [w1 + w2 + 1]
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[Maldacena, Ooguri ’01]

[Jevicki, Mihailescu, Ramgoolam ’98] 
[Pakman, Rastelli, Razamat ’09]

see also [Giribet, et.al. ’18]



OPE structure

whereas the single-particle states of the symmetric  
orbifold have OPEs    
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[Maldacena, Ooguri ’01]

[Jevicki, Mihailescu, Ramgoolam ’98] 
[Pakman, Rastelli, Razamat ’09]

The fusion rules of the world-sheet continuous  
representations are   

see also [Giribet, et.al. ’18]



Chiral algebra

However, at least for the chiral fields in w=1 (untwisted  
sector), the symmetric orbifold OPE is trivial, and in the  
world-sheet theory the actual OPEs also trivialise  
since these fields have

states in trivial  
sl(2,R) rep

h̄ = 0 ) w = 1 , p = 0 .
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[Fusion respects tensor product rules of sl(2,R) reps.] 
[MRG, Gopakumar, in progress]



Chiral algebra

Thus we can probably only conclude that the chiral  
symmetry algebra agrees….



Chiral algebra

Thus we can probably only conclude that the chiral  
symmetry algebra agrees….

… but this symmetry algebra is very large: Higher  
Spin Square (HSS). 

In particular, this suggests that the presence of this  
extended higher spin symmetry fixes essentially the  
structure of the theory. 

[MRG, Gopakumar ’15]



Conclusions

‣ Analysed whether string theory on AdS3   
   has massless higher spin fields, using the  
   WZW world-sheet approach 

       massless higher spin fields appear for  
       k=1 from long strings  

‣ In fact, the k=1 theory contains a sector that  
   matches exactly the spectrum of the symmetric 
   orbifold. 

   



Open problems

‣ However, it seems that the actual spacetime CFT 
   is not exactly the symmetric orbifold (OPEs) 

   Understand reason for matching of spectrum:  
              representation theory of HSS ? 

‣ Study the behaviour of worldsheet description as  
   one moves away from pure NS-NS background 
   (using hybrid formalism). 

   

[Eberhardt, Ferreira ’18] 
and work in progress



Thank you…..

Ralph, Ilka, Michael & Dieter


