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Effects and  Reproduce Average Results.

Geometry May Well Miss Some Exclusive Exp(-S)

Features. 

What Effects Can Semi-classical
Geometry Capture?

Geometry Can Capture Inclusive Exp(-S)  



It is About Lower Non-
Perturbative Bounds:



It is About Lower Non-Perturbative 
Bounds:

One Temporal and One Spatial



It is About Lower Non-Perturbative 
Bounds:

One Temporal and One Spatial

Both Try to Probe Behind the

Horizon 



Aspects of Long Time Scales in Field
Theory

Classical Quantum

Compact Phase Space () Discrete Spectrum

Volume Conservation () Unitarity

Then, If
G(t0) =< ✓1(t0, x1)|✓2(0, x2) >

for any ✏ there is a tP (✏) such that

|G(tP (✏))�G(t0)| < ✏

You See It All!



Consider

G(t) = Tr [⇢A(t)A(0)]

For very large time scale



Consider
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L̄ = lim
T!1

1

T

Z T

0
dt L(t)

The CFT is unitary and has a Gap
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�tH
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✓
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. . .
◆

Non Perturbative from Gravity Point of View

For BH background L̄ ! 0, Reason:

No Gap in the presence of a BH.



r * *
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exp (4     r   /      )*π β

Veff Veff

*oo − r =       R / 2* π r    * = π R /2
r = 0

In a Thermal AdS Background a gap is formed and
now

L̄Bulk ⇡ exp(�S) > 0

Behind the Horizon



FLUCTUATION

DISSIPATION
DISSIPATION

FLUCTUATION



e-S

exp(eS)

exp [ log(2π/Δφ) eS ]

C(t)

1

C(t) =
e2SX

mn

⇢m |Bmn|2 ei(Em�En)t C(0) = 1

|Bmn| ⇠ e�S/2

⇢m ⇠ e�S

detailed Poincaré time scale
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ERB

Volume and Length Grow linearly with time.

Can grow up to time/size of order eS.



 Upper Bound Exp(#S)

Reason:

A SPATIAL Correlation Function has a Lower Bound

Due to “Recurrences” 

Exp(-L(RB))= Exp(-S)

Which Translates into an Upper Bound 

A  Very Large Upper Bound 

for the Volume of the ERB



What is the Boundary  
Phenomenon? Time 

Scale?

This All Goes on Well After Thermalisation
Time Scales .

Behind the Horizon



Given:

An Initial Simple State- I

Simple Operations

Definition: The complexity of the state is the minimal

number of given operations to construct F from I
(also Complexity of the operator)

Universality classes?  

Complexity of state F 



Classical Complexity

(0,0,0….,0)

0 to 1 , 1 to 0

On S Sites 

Maximal Classical Complexity is Proportional to the Entropy- S



Quantum Complexity



                         Number of cells is

     

There are O(S) choices at each step so the 
number of states one can reach in n steps

is of order S^n  



The complexity is bound by

Exp(S)log(1/ )

No “Real” Upper Bound



ε

Μanifold of pure states with ε-resolution U(eS)
U(eS � 1)⇥ U(1)

Complexity✏  log[#cells] ⇠ eS
log(1/✏)

Claim: Most states have this maximal 
Complexity.



Claim- BH:  Complexity increases till time

Exp(S) and reaches the value Exp(S)

Well beyond log S and S scrambling 

and thermalisation times.
 



State in General then Black Hole Bulk



Note the Similarity



C(t) =
e2SX

mn

⇢m |Bmn|2 ei(Em�En)t C(0) = 1

|Bmn| ⇠ e�S/2

⇢m ⇠ e�S

C(t)

e-t

S

time

e-S

fast oscillations  
of amplitude e-2S

1

Page time scale



g 

• BULK



In the BULK Maximal 
Volume



g 

• BULK







SKY Model and others -explicit  
calculations



Claim- BH: When Complexity increases
 

When the future is NOT singular the increase is Robust

When the future is singular (BH)

the Complexity decreases

Not robust



Volume of ER  bridge 

slogan: As complexity of the state evolves

the geometry behind the horizon is “created”



Geometric Complexity

I

U



Problem: Depends on Metric



Problem: Depends on Measure  
and Metric



We Search for a Definition 

of Complexity Without Some Arbitrary Tolerance

Ruth Shir's  Talk

 



K Complexity
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Circuit 
Complexity

Geometric 
Complexity

K-Complexity








