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We, as a field, have been looking at 
supersymmetric extremal black holes 

for a long =me…



Their entropies match beautifully with 
index computations…

Strominger-Vafa, 1996.

…

Dabholkar, Gomis, Murthy



What more could we say?



There are many questions that remain



There is more to a black hole than its 
entropy!



What about the details of is AdS2 near 
horizon geometry?

Is there an AdS2/CFT1 ?



There is more information in this AdS2
theory: 

Its correlation functions



Our main technical results involve 
compu=ng some of them.



Haven’t people been computing AdS
correlators “for ever” ?



Yes, in AdSD , D>2

But, in two dimensions the situation is 
a bit harder. And it has been 

understood only within the last few 
years. 



The new feature is that there is a 
gravita=onal mode that becomes 

strongly coupled at low energies. Even 
for large N (or large Q).



Let’s talk about charged extremal black 
holes 



N-AdS2 x S2

horizon

Towards extremality

M � Q

M ⇠ Q
𝑟! UV scale = size of the 
black hole from the outside 
= size of the sphere 

The throat becomes deeper à larger redshift factor à lower temperature  



N-AdS2 x S2

horizon

First hint of a problem

M � Q

M ⇠ Q

A problem arises when the length of the throat is   𝛽" =
#
$!
∼ 𝑆!𝑟!. 

The specific heat becomes of order one à backreaction becomes large

𝑟! UV scale. 
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E � Ee / T 2

S � Se / T

Preskill, Schwarz, Shapere, Trivedi, Wilczek.



What goes wrong with the classical 
approximation ? 

• Seemingly, nothing with the bulk geometry. 
• There is a gravity mode telling us how we connect the throat region 

to the exterior. 
• From the throat point of view, it is a ``boundary gravity mode’’. 
• This boundary mode becomes highly quantum mechanical à we 

need to treat it exactly.  

t

z



Results from quantizing the boundary 
mode and computing the partition 

function



The results depend on whether we 
have pure gravity or supergravity 

(supersymmetry)



Non-SUSY

E

𝜌 𝐸
e%!sinh 𝐸

Bagrets,  Altland,  Kamenev
Stanford, Witten
Kitaev, Suh
Mertens Turiaci Verlinde

Entropy goes to zero at low energies. 



N=2, 4 SUSY

E

𝑒&!×

𝐸'() ∼
𝐸*+
𝑆!

∼
1

𝑟! 𝑆!
∼
1
𝜙,

∼ 𝑇"
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S = ��r

Z
du{t(u), u}+ partners

Stanford, Witten
Mertens Turiaci Verlinde
Heydeman, Iliesiu, Turiaci, Zhao

𝜌 𝐸



Conclusion
• Nothing goes ``wrong’’ at this scale, T0 .

• We simply need to take into account the quantum mechanics of the 
Schwarzian mode. 

• We transition from a classical physics regime to a quantum gravity 
regime à just the quantum mechanics of the boundary mode.

• It is surprising that this quantum mechanics predicts a gap for some 
cases (with SUSY)  

• It is surprising because one would have though that the gap would 
arise from some feature of the geometry, such as an end of the 
world brane. 



A decoupling low energy limit

E

𝑒&!×

𝐸 ≪ 𝐸'()

𝜌 𝐸

Look at the system at low energies, smaller than this gap.  à Only ground states survive. 



If you look at supersymmetric black 
holes for a long (Euclidean) time 

à

Only the ground states survive. 

There is no more boundary time. H=0. 



What happens with the bulk?

In this SUSY case, we still have large N, or Q, and a large number of quantum states. 



Your 1me is up

I still got some time



Why do we study supersymmetric 
extremal black holes?

• This limit exists only with supersymmetry. 
• No dynamics, H=0.  No boundary 1me. 
• What is the connec1on between the geometry 

and the microstates?  (fuzzballs?)



Supersymmetric black hole examples

• 4 or 5 dimensional black holes in supergravity 
have N=4 supersymmetry. 

• The 1/16 BPS black hole in AdS5xS5 has N=2 
supersymmetry. 

• At low energies, we can Kaluza-Klein reduce to 
AdS2 . And the dominant gravitational mode is 
what we have discussed above. (If we fix other 
possible charges). All these other KK modes can 
be viewed as living in a rigid AdS2

Boruch, Heydeman, Iliesiu, Turiaci



The boundary mode dynamics
• To understand it, it is important to understand 

the asymptoNc symmetries of AdS2

• SL(2) à full Nme reparametrizaNons 𝑓(𝜏)
• These symmetries are spontaneously broken. 
• They are also explicitly broken by the boundary 

condiNons

• Governs the boundary mode dynamics. 
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I = ��r

Z
dt{f(t), t}



The boundary mode dynamics with 
SUSY

• OSp(2|2)  à full time super-reparametrizations. 

• At very long times à the symmetries are 
restored!. 

• The extremely low energy theory has H=0, and is 
topological, no time dependence. 

• Restoration of the symmetry by quantum effects. 
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I = ��r

Z
dt{f(t), t}+ partners



CorrelaGon funcGons

• They are computed by ``dressing’’ the bulk field theory 
correlators

• At long times, they become time independent à
topological theory. 

• AdS2/TFT1

• We will neglect the sum over geometries for this talk, 
but it is also interesting to include it. (We’ve considered 
the cylinder). 



Review of Nearly-AdS2 gravity 
correlators



Nearly AdS2 gravity

• Matter fields moving in a rigid AdS2 
spacetime. 

• The boundary becomes dynamical and 
behaves as a particle moving in AdS2 

• The quantum mechanics of this boundary 
particle can be exactly solved. 

• It behaves as a non-relativistic particle moving 
in AdS2 with an ``electric field’’. 

Z. Yang, Kitaev and Suh



Quantum gravity from Witten-like 
diagrams

2

3

4

5

1

u12

u23

u51

u45

u34

Bulk point =(t3,z3)

Boundary time
(parameter in the 
boundary particle 
propagator)

Bulk correlator
in rigid AdS2

(includes bulk interactions)

Z. Yang, Kitaev and Suh



<latexit sha1_base64="hUtLlgP7sF6YDk5hbyKP5HoSWE4="></latexit>

hO(u1) · · ·O(un)i = (Boundary Particle)(Correlator in AdS2)

QFT in AdS2 correlators

Boundary particle propagator.
(We will review later how they are computed)
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hO(u1) · · ·O(un)i =
Z Q

i dxidzi/z
2
i

Vol(SL(2))
P (~xi, ~xi+1;ui,i+1)

Y

i

z
�i
i hO(x1) · · ·O(xn)i

Z. Yang, Kitaev and Suh

They simplify because we are near the boundary



The N=2 case
• We have a similar expression. 
• At low energies, or u!" ≫ 𝛽#
• The propagator becomes independent of u. 
• Only the zero energy states contribute. 
• The correlator becomes topological. 

Independent of the ui . Depends on the order.  

<latexit sha1_base64="TFsLiSh48/3sQpk8rB+vf/KVo3I="></latexit>

hO(u1) · · ·O(un)i = number = F (�i, gi)
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hO(u1) · · ·O(un)i =
Z Q

i dxidzid
2
✓i/zi

Vol(SU(1, 1|1)) P0(~xi, ~xi+1)
Y

i

z
�i
i hO(x1, ✓1, ✓̄1) · · ·O(xn, ✓n, ✓̄n)i



How can we have a theory with no Hamiltonian?

• The structure is in the form of the observables 
(simple operators). 

• Ground states + some simple operators. 



Infrared operators

Projector on to the microstates. 

O’s are simple in the UV theory. But 3𝑂 is  complicated due to the projector P0 ,  which 
depends on the flow and characterizes how the ground states are embedded in the 
full Hilbert space.

O is not BPS. 
But 3𝑂 is BPS.

<latexit sha1_base64="UPtNBgCMzpZrq0+S9G4p/FyCL7E="></latexit>

Ô = P0OP0 ⇠ lim
u!1

e
�uH

Oe
�uH

= bulk picture



The two point function in the N=2 susy
theory

• We can compute the two point func1on using 
a variety of methods. 
– The chord diagram technique in N=2 SYK.  

– The super-Liouville approach. 

– Using the boundary propagators. 

Berkooz, Brukner, Narovlansky, Raz

As in Mertens, Turiaci, Verlinde



We first discuss some qualita=ve 
features of the answer



The two point function at zero 
temperature

𝑂 0 𝑂 𝑢 -./

𝑢

1
𝑢01

𝛽"

𝛽*+
𝛽"

01

𝛽*+ ∼ 𝑟! ∼
1
𝐽



• It connects the shorter distance limit to the 
long distance, exactly AdS2 regime. 

• It is non-zero. 
• This non-zero value has a power law 

suppression (power of the entropy) rela1ve to its 
natural UV value. 



If   𝑂 𝑂 ∼ 1

Then 𝑂 𝑂 ∼ ,"
-!

01
∼ #

&"#$

Operator normalized so that 
its two point function is one 
in the region outside the 
black hole.

This is the value at very long times. 



Typical values of matrix elements
The two point function is telling us information about the average value of the matrix 
elements of the operator in a microstate

<latexit sha1_base64="3x/kao304V64IcDff0Q4snfGLdA="></latexit>

hOOiIR = e
�S0Tr[ÔÔ] = e

�S0
X

ij

|Oij |2

Raju, Shrivastava



Typical values of eigenvalues
We could diagonalize the (Hermitian) operator O,  𝑂2,- ∼ 𝑜2𝛿2,-
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hOOiIR = e
�S0Tr[ÔÔ] = e

�S0
X

↵

o
2
↵

The two point function is giving us size of the typical eigenvalues of the operator. 

This is larger than the typical value of the one point function of O on a random quantum states

This is the typical value of O in the basis that diagonalizes O. 

<latexit sha1_base64="k6oMJaNwyV4V83LqICNAvrOITu0="></latexit>Z
d [h |O| i]2 = e

�S0hOOi



This gives an interes=ng implica=on for 
where the geometry can start differing 

for various microstates in this basis 



If   𝑂 𝑂 ∼ 1

Then 𝑂 𝑂 ∼ ,"
-!

01
∼ #

&"#$

𝑟!
𝛽"
∼
1
𝑆!

The geometry is the 
usual one at least up to 
this point

The geometry might be different from this point forwards for the different 
microstates in this basis where we diagonalize O.  

This gives us a constraint on what we should expect for individual microstates.

Universal factor coming 
from the propagation of 
the particle in AdS2



Another implicaGon…



Some details on the computation of 
the two point function using the 

Liouville method
Mertens, Turiaci, Verlinde



Basic variable of the two sided problem: 
the distance. 

This is a gauge invariant coordinate for the wormhole. 

It turns out that its acdon is a Liouville like acdon

With supersymmetry à Super Liouville theory. 

Naively we would try to consider an N=2 superLiouville theory. However, we need an N=4 one 
because we have 2 SUSYs on the left and  2 SUSYs on the right. 

Harlow-Jafferis, Lin

Kuchar
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du[ ˙̀2 + e�`]
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Some more details on the 
computation of the 2pt function

• With the super-Liouville method. 
• N=2 Superliouville theory in 2d à N=2 

Schwarzian in 1d. 
• Liouville quantum mechanics. 

• Find eigenfuncNons. 
• Build the Hartle-Hawking state (use input from 

the disk parNNon funcNon) 
• Compute 𝑒!"ℓ , 𝑜𝑟 ⟨𝑒!" ℓ$% & ' ⟩

Mertens, Turiaci, Verlinde

<latexit sha1_base64="Q0kjgF4xReO+hB/bacCHT6osNkU="></latexit>

S =

Z
du


1

4
˙̀2 + ȧ2 +  ̄± ̇± + e�`/2�ia + � + e�`/2+ia ̄+ ̄� + e�`

�



The full answer is a bit long… 



𝑇𝑟 𝑒 45 6 𝑂 𝑒45%6 𝑂 = 𝜓 𝑒41ℓ 𝜓 =



There is a zero energy normalizable ground state

𝑉 ℓ

ℓ

𝜓(ℓ)

For this state the length of the wormhole is bounded, and dme independent. 

This is different from the naïve classical picture of an infinitely long throat, or 

ds0 = −𝑟0𝑑𝑡0 + 8,#

,#

<latexit sha1_base64="Q0kjgF4xReO+hB/bacCHT6osNkU="></latexit>

S =

Z
du


1

4
˙̀2 + ȧ2 +  ̄± ̇± + e�`/2�ia + � + e�`/2+ia ̄+ ̄� + e�`

�
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S =

Z
du


1

4
˙̀2 � e�`/2 + e�`

�



Let us emphasize the last point by 
asking:



Are there supersymmetric wormhole 
configura=ons?

SUSY     ER= EPR  ?



From the previous comments à Yes!



𝑉 ℓ

ℓ

𝜓(ℓ)



Now we turn to the boundary par=cle 
propagator

We need it to construct more general correlators



The boundary  particle formalism

• Boundary  = Particle moving in AdS2

Z. Yang, Kitaev Suh



The propagator, no SUSY

• AdS2 = SL(2)/U(1)
• 𝑔 ∼ 𝑔 ℎ , 𝑔 ∈ 𝑆𝐿 2 , ℎ ∈ 𝑈(1)
• Wavefunctions over the group manifold that have 

a specified charge under U(1). (charged particle in 
AdS2)

• 𝑔 = 𝑒( )D𝑒*+𝑒,E)E ,

• U(1):  shifts of 𝛾$
• Quotient:  consider states with fixed momentum 

along 𝛾$

Z. Yang, Kitaev Suh



The coset description, no SUSY

• Propagator:  

• 𝑃 1,2; 𝑢 = 𝑒F G H!"IH!#JK(L,N) F(distance; u) = ⟨1 𝑒IOP 2⟩
• 1 = 𝑥L, 𝜙L ,    2= 𝑥N, 𝜙N
• 𝑖𝜕O𝑃 = 𝐻L𝑃 → 𝐹 = ∫Q

R𝑑𝐸 𝜌 𝐸 𝑒IO S𝐾S(𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)
• H1 = Laplacian on the group = J2

• ComposiLon law fixes 𝜌 𝐸 :
• ∫ 𝑑 �⃗�N 𝑃 1,2; 𝑢LN 𝑃 2,3; 𝑢NT = 𝑃(1,3; 𝑢LT)

Z. Yang, Kitaev Suh



The boundary super-particle formalism

• Boundary  = Par1cle moving in AdS2

• Symmetries: 
– Full symmetry under the SU(1,1|1)= OSp(2|2) 

supergroup. This is a gauge symmetry. 
– N=2 worldline supersymmetry (Poincare)
– Physical U(1) R symmetry. 

(N=1 case:  Fan, Mertens)



With N=2  SUSY

• AdS2  + superspace variables = SU(1,1|1)/U(1)
• Add several Grassmann coordinates. 

• 𝑔 = 𝑒$ %! 𝑒&!'!(&! '! 𝑒)*𝑒&"'"(&" '" 𝑒+"%"𝑒,- ,



Propagator for zero energy states

• Propagator	in	the	u	à infinity	limit	.	
• 𝑄.𝑃# = 𝑄.𝑃# = 0à 𝐻.𝑃# = 0
• This propagator will enables us to compute 

any correlator in AdS2 at zero energy. 

Z. Yang, Kitaev Suh
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We checked that it does obeys the composidon law. 



Explicit form 

For zero R charge. 
Similar expression but with a Bessel K function with non-zero R charge



Filling the inside

Δ

The distance increases, but remains 
finite. 

We could insert many pardcles.

The distance depends only on the total dimension. 

The entanglement entropy between the two sides 
decreases. 

S = S0 - (finite) 

Type II1 algebra. 

Similarides with dS: H=0, type II1 in the semiclassical limit. 

AdS2

Chandrasekharan, Long, Penington, Witten



Chaos in operators

• Since H=0, no chaos from energy levels. 
• One can argue that the IR operators, =𝑂=POP, 

are random matrices, probably with some 
evidence for eigenvalue repulsion. 

• à Chaos in operators, or their eigenvalues.



We can compare the super-Schwarzian
answers against those of the N=2 SYK 

model



N=2 SYK model

• Similar to the SYK model. 
• N complex fermions 𝜓/

• Supercharge involves a product of three 
fermions with random couplings. 

• 𝑄 = ∑/01𝜓/𝜓0𝜓1

• 𝐻 = {𝑄, 𝑄2}

Fu, Gaioho, Sachdev, JM



N=2 SYK model

• We can compute the number of ground states 
analytically and numerically. 

• Now, we can compute correlators. 
• They indeed go to constants at long times, 

both for R-charged operators such as 𝜓/ as 
well as for neutral operators such as 𝜓/2𝜓0

• At zero energies TOC and OTOC correlators are 
similar. In the particular case of 𝜓/ operators 
à actually the same!. Argument using SUSY. 

Fu, Gaioho, Sachdev, JM
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Numerical computation of the energy gap



Constant two point function at long 
Euclidean times 



TOC = OTOC



TOC = OTOC at long times
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Conclusions

• AdS2/TFT1
• There is a bulk time but no boundary time. H=0. 
• There are other interesting observables for SUSY 

AdS2 : the correlators. 
• We computed the two point function. 
• We computed the zero energy propagatorà any 

correlator. 
• These put constraints on how different various 

microstates can be.
• Good match to numerical SYK answers. 



Future

• What is bulk 1me in this limit ? 

• Connec1ons with the explicit solu1ons people 
are construc1ng as part of the fuzzball 
program?



Happy birthday 

Herman and Erik





Extra slides



N=2  Propagator

Propagator:  
• 𝑃 1,2; 𝑢LN, 𝜅L, 𝜅L, 𝜅N, 𝜅N = 1 𝑒V"WJV" XW 𝑒 O"#P𝑒V#WJV# XW 2

= 𝑒F G H!"IH!#JK L,N 𝐹(𝑖𝑛𝑣𝑎𝑟𝑖𝑎𝑛𝑡𝑠, 𝑢LN, 𝜅L, 𝜅L, 𝜅N, 𝜅N) 
• 𝑖𝜕O𝑃 = 𝐻L𝑃
• 𝑖𝐷V"𝑃 = 𝑄L𝑃,          𝑖𝐷V" 𝑃 = 𝑄L 𝑃

• Q1 is a Grassman odd differential operator. It is invariant under the 
left symmetries. We had to guess its form. 

N=1 case:  Fan, Mertens


