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It’s usually hard to prove this conjecture, so people test it in all possible cases

* large-N field theories : most known examples are integrable in the large-N limit

* Semi-classical gravity : BH is inevitable in AdS, which is chaotic

But Integrablity =<« Chaos !?

More conclusive microscopical understanding in proved/well understood examples of holography



An example of explicitly derived
holography

Tensionless string on AdS; X S° x T

)

Deformed symmetric orbifold of T* CFT



AdS; x S° x T?

AdS; X S° X T#is the near horizon limit of the D1-D5 system

Strings on AdS; X S° X T* with pure NS-NS fluxes can be described by WZW model.
In the presence of R-R fluxes, hybrid formalism can be used

The CFT dual to strings on this background is on the moduli space of the
2D symmetric orbifold CFT : Sym™(T*) = (T4)N/ Sy

A special “tensionless” point on the moduli space

k=1 < Sym™(TH
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The Symmetric Orbifold Sym" (T*)

~1 =1

_|]_4: X:{aia &ia l//ia l/_j__l_a a , a , l/’}__l_a :+}, l:1,2
(TY)": N copies of X, denoted by X
(T4)N /Sy orbifold: quotient of the different copies by the symmetric group

4+ Untwisted sector: trivial monodromy on CP!
*+ Twisted sector: non-trivial monodromy (elements of Sy,) on CP!
Labelled by conjugacy classes of Sy : 6, = (1---w)

Due to nontrivial monodromies, fields are fractionally moded, e.g. % , in twisted sectors

Correlators in Sym”(T%) can be computed by lifting to covering surfaces that trivialize

the monodromy



The Symmetric Orbifold Sym" (T*)

» Ground states in the w-cycle twisted sector: o,

» 1/2-BPSstates, h=j="1=h=j

| BPS_),, = (l/_/+w2—2l//+w2—2”'§_”+21 W+21 )(l:/}+w2—2l/7+w2—2"'&i%lpi%)aw ’ for odd w
‘ BPS—)W — (l/_j+W2—2l/j+W2—2 .“l/_jz)l_l/j(;l_) (l:/)+wz—21/7+wz—2 ...l;gwg)GW ? fOr cven w

as well as there ", , .y, ,, " ,, ", descendants

» 1/4-BPS states : focus on magnon excitations of the 1/2-BPS states: Apri...An | BPS),

4+ Before deformation: annihilated by 0, = G;,, §,=G*,,. 0,=G,. $,=G",

where G+=0_521//+ 0521/7+, G,+=—0_cll//+—all/7+, G_=0711//_ (xll/_/_, G’—=0—[2w— 0{21/7_

4+ After deformation: non-vanishing anomalous dimension (¢'|7| ¢) , Where 7 =(S,,0,} =L, - K



Marginal deformation of Sym”" (T*)

* At the tensionless/orbifold point, an infinitely large stringy higher-spin symmetry

» To compare with general SUGRA on AdS; X S°, deform away the tensionless point



Marginal deformation of Sym”" (T*)

* At the tensionless/orbifold point, an infinitely large stringy higher-spin symmetry

» To compare with general SUGRA on AdS; X S°, deform away the tensionless point

* Exactly marginal deformation:

05 =g dzy O(y,y), D(x, x) = V(<G__1/2G~/__1/2 — G;_1/26:1/2> |2_), x, )_C>

where|2_) is the BPS state with h = j = % = h = jin the w = 2 twisted sector



Marginal deformation of Sym”" (T*)

At the tensionless/orbifold point, an infinitely large stringy higher-spin symmetry

To compare with general SUGRA on AdS; X S°, deform away the tensionless point

Exactly marginal deformation:

05 =g dzy O(y,y), D(x, x) = V(<G__1/2G~/__1/2 — G;_1/26:1/2> |2_), x, )_C>

where|2_) is the BPS state with h = j = % = h = jin the w = 2 twisted sector

The correlators are deformed

g2

(0,...0 ) ={0,...0 )+ g | d*y{(O,...0,®(y,y)) + 5 d*y,d*y,(O,...0,®(y,,)P(y,, ,)) + ...

The higher-spin symmetry is broken by this deformation

Many states acquire anomalous dimensions



Planar Integrability
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Planar Integrability

« Unexpected degeneracies among magnons, e.g. al,al L w) ,m=1,...
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* Atlarge N and large w, the dispersion relation of the 1/4-BPS states

r(p)=1/(=p) +4g>sinzp.  p=niw

* This resembles the dispersion relation of the BMN limit once we identify

1 n

V1 +4n2g2 AP |

p(n) = 2rg = gqg

* This is a clear indication that the theory is integrable in this limit



Our work



Motivation



Integrability, Chaos, Holography

Holographic principle conjectures, loosely speaking,

semi-classical gravity < large-N QFT

It’s usually hard to prove this conjecture, so people test it in all possible cases

* large-N field theories : most known examples are integrable in the large-/V limit

* Semi-classical gravity : BH is inevitable in AdS, which is chaotic

But Integrablity =<« Chaos !?

More conclusive microscopical understanding in proved/well understood examples of holography
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Non-Planar Corrections

By chaotic in the bulk, dynamics on black hole backgrounds are usually assumed

By integrable on the boundary, strict N — oo limits are usually assumed

However, nontrivial dynamics in the bulk, e.g. formation of blackholes and scattering
on that background, requires non-vanishing gravitational/string couplings, which

corresponds to deviating from the strict large N limit

Therefore, it is natural to try resolving the puzzle by considering 1/N corrections to

the CFT, which describes effects from dynamical bulk gravity

We expect an integrable-chaos transition as we turn on the 1/N corrections



Computation



Computation Scheme

» Using 7 =(S,.0,} =L,- K , the deformed anomalous dimension matrix reads

(D171 D)o =Y (@15, @121 © 0y ) +(d'| O, @1 1) x| @ S, | )

X
* The leading non-planar contribution comes from the subset of internal states y that is
from the fusion channel

(l1k+1)-(1--w)y=({1---k)k+1---w) , k=2,....w—2

due to the N-dependence in the twist operator correlators

<6wil %) 0w> ~ N_1/2 <0(w—k,k) ) 0W> ~ N_l




Planar Integrability 1: Degeneracy

Unexpected degeneracies among magnons, e.g. al,al L w) ,m=1,...
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At large N and large w, the dispersion relation of the 1/4-BPS states

r(p)=1/(=p) +4g>sinzp.  p=niw

This resembles the dispersion relation of the BMN limit once we identify

1 n

V1 +4n2g2 AP |

p(n) = 2rg = gqg

These are a clear indication that the theory is integrable in this limit



Breaking of the Planar Integrability 1: Degeneracy

« Unexpected degeneracies among magnons, e.g. alnal nlw) m=1..,w-1
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Planar Integrability 11: Spectral Statistics

* Another diagnose of the integrability in the planar limit is the spectral statistics

1. At the planar limit, large degeneracies of states: unrelated (multi-magnon) states
share the same anomalous dimensions (in each charge sector)

2. Apart from the degeneracies, the level spacing of the spectrum is Poisson distributed

----- Poisson -=-=== Poisson
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Breaking of the Integrability 11: Emergence of Chaos

* However, the statistics of the non-planar corrections is dramatically different

1. There large degeneracies of states in the planar limit are lifted: the anomalous
dimensions are all distinct

2. The level spacing of the non-planar anomalous dimensions exhibit clear level
repulsion and is close to the Wigner’s surmise observed in RMT
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Comments on the Results I

* Our computation is entirely in the quantum territory

k=1 = Ragqs ~ 7 string @ spacetime is highly curved, “geometry” is no longer a good notion

N < © = gz >0 . string loop corrections are considered

* Our computation cleanly isolates the leading non-planar 1/N correction from the
planar integrable results, which is purely dual to bulk gravitational corrections without
mixing with other effects.

 This supports the duality: turn on 1/N correction gives the expected chaotic behavior
from the bulk perspective, namely turn on gravity coupling that leads to chaotic effects
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Comments on the Results 11

1. Previous studies about integrable-chaos transition that are not (trivially) due to competition
between a chaotic subsector and an integrable subsector

2.  We proposed that such transition should be related with the deforming away from the
tensionless/higher-spin limit of string theory, and provided concrete examples

3. The computation in this work is a manifestation of such connections in an explicit stringy
holographic example
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| | |

* Dispersion relation of this SYK model: . * Higher-spin perturbation computation > Most of the details of the model are quite different from the 0+1d and 1+1d models

* Spectral form factor

the anomalous dimension y logarithmically | . logarithmic
Lot > Nevertheless there is again a clear connection to higher-spin theories

depends on the spin s
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Comments on the Results 111

A bigger picture
Wormbholes are important
They are dual to ensemble average of theories on the boundary

A general question is where does the ensemble come from, as conventional field theories in
holography has a fixed lagrangian>

Witten and collaborators argued that as there is no tunable parameter in well-known CFT in
holography, the only thing that can be averaged is the number N

A general lesson, not necessarily related to the ensemble average, from their argument as well as many
other evidence is that as N changes towards infinity, there could be dramatic non-trivial dynamics

The integrability-chaos transition we observe is a consequence of changing NV, which is an explicit
example of the dramatical difference of the Hilbert space as N changes in the large-/N process

Hopefully more to come
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