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Quantum computation (Quantum Circuit) can be thought of as a
(non—unitary) non—equilibrium process.
‘l

AHAEH 1,

..“

It would be important to find a non—eqmllbrlum phenomenon where the
non—local correlation (a quantum property) emerges even during the time
evolution induced by the Hamiltonian with the strong scrambling ability.

"Non—unitary gates: /\
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Scrambling is one of the cutting-edge research topics.
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Background 7

Scrambling is one of the cutting-edge research topics.

This is closely relevant to auantum thermalization.

\Ijitat — “ ‘
This late-time reduced density matrix
associated to A is independent of initial state.

-

Information on the initial states is locally
hidden (effectively lost).

Quantum thermalization (the thermalization of the subsystems ) occurs

because the reduced density matrices are approximated by the thermal
state with the effective temperature.




Background 7

Scrambling is one of the cutting-edge research topics.

It is believed that if the Hamiltonian has a
strong scrambling ability, information
scrambling (quantum thermalization) occurs.
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Background 7

Scrambllng is one of the cutting-edge research topics.

It is believed that 2d holographic CFT, CFT
having rawtg dual, has such strong
|

scrambling ability.
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Non-local correlation

Let us consider the behavior of non-local correlation during the quantum
thermalization,

The behavior of the reduced density: trg (e7*""|¥) (¥| e"'*) ~ trze="

Divide the Hilbert space into A, B, and the complement to A and B,

‘v Quantum thermalization occurs. Tap =54+ 58 = Saus

Samla,Sp~1p,Saup ~ (la+1p) W | Jap =0
where 1 > € :an effective inverse temperature
PAUB = PA S PB
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Non-local correlation

Let us consider the behavior of non-local correlation during the quantum
thermalization,

The behavit ' '
Non-local correlation is destroyed by the dynamics.

Divide the Hilbert space into A, B, and the complement to A and

‘ Quantum thermalization occurs. Tap =54+ 58 = Saus

Su e la, Si ~ Ly Saup ~ (Lo + 1) W
| paus ~ pa & pB




Non-local correlation

Meaning of pauB = pa ® pB
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Non-local correlation

Meaning of pauB = pa ® pB

1>¢€

» No non-local correlation between A and B

For example, (O(X1 € A)O(X; € B)) = (O(X, € A4)) x (O(X; € B))
1>¢€
»Thus, quantum properties (here, non-local correlation)

could be destroyed during quantum thermalization.



Motivation

Find the non-equilibrium phenomenon where the non-
local correlation emerges during the time evolution
induced by Holographic CFT (strongest scrambling QFT).



Motivation

Find the non-equilibrium phenomenon where the non-
local correlation emerges during the time evolution
induced by Holographic CFT (strongest scrambling QFT).

|[dea

Put the holographic CFT on the curved background where
at fixed points, the velocity of massless particles is zero.



Hamiltonian on flat space
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particles, emerge at each spatial point:
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Assumptions: Hamiltonian on the curved geometry
-

N
Entangled pair

1. Entangled pairs, constructed of left- and right-moving
particles, emerge at each spatial point:

2. Entanglement entropy associated with A
x  The number of entangled pair contributing to A

3. The velocity of particles determined by the background:

d
Background: ds” = —f2 (x)dtQ + dz®  Velocity: d_:;; = |f(2)]



The system considered:
ea Spatially-periodic one with the circumstance of L

1

- . — —eH
We start from short-range entangled state: o) TEE B)
‘ Evolve the system with HqSSD—/O def(e)h()  J(x) =250 (1)
Assumptlons Hamiltonian on the curved geometry
-

1. Entangled pairs, constructed of left- and right-moving

particles, emerge at each spatial point: @

Entangled pair
2. Entanglement entropy associated with A
x  The number of entangled pair contributing to A

3. The velocity of particles determined by the background'
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During the time evolution, quasi-
particles move to the fixed points,
and accumulate there.




Long-range non-local
correlation may emergel!

evolution




" S\ /
Mutual information between
A and B can be non-zero. ‘
Time
evolution




Qur findings

1. During the time evolution induced by H,ssp, the holographic
Hamiltonian on the curved background,

The system with The system with
no correlation long—range correlation

2. During the time evolution induced by H,ssp, wormhole grows in
time and saturates to some size.



Details of our project



Note

The parameter region considered in this talk is
L > lv,t >€e > 1,

where these parameters are dimensionless and their unit
is the lattice spacing.



Note

The parameter region considered in this talk is

L>1y,t>e>1.
e | |
System size Time

Subsystem size Inverse temperature



Note

All the theories considered in this talk are
two-dimensional conformal field theories.



The setup considered

« System: Spatially-periodic one with circumstance of L

1 .
® State: |\If(t)> = \/<B’ 6—25]—[ ‘B> e_Zth—SSDe—EH |B> —_— SA ~ 10g €

e Hamiltonian: H:/Ldgjh(gp) <+—— 2d CFT Hamiltonian on the flat space
0

L . .
Hq—SSD = 2/ dx Sin2 (@)h(x) — 2d CFT Haml|t0nlan
0 L on the curved background

ds® = —f2(x)dt® + dz* 5 =)




The quantities computed

« Subsystems taken: The subsystem A contains 2 fixed points.
The subsystem B contains 2 fixed points.

« Entanglement entropy (EE): S, = —tr,p. log p,

« Mutual information (MI|) between A and B:

Iap+5Sa+5S— Saus




- £ for the single interval

In the twist operator formalism, X,
EE for the single interval results in X
, 1 (Ble o, g(X1)T, g (Xs)e ! |B)
=1 1 ’ ’
AR g Og[ (Ble> |B)

Operator in Heisenberg picture: Oy = e"HassD Q" Ha-ssD

Op, Op @ Primary operators with .n) = (2520 =4)




-t for the single interval

Transtormation of primary operator

GEH' 67’]’1701_551)(9(107 w)e—THq_SSDe—eH _ (/)(waeW,q7 mNeW,q).

=q =q _
Newa _ . L7z + gt Ez 1)
L+ mqr(z?—1)

L Lz7+ mqr (29 — 1)

L+ mqr (22 —1)

wNeW,q _ e+ — lOg [
2qm

2w 27w

(w,w) = (T +iX, T —1iX), (2,Z) =(e L ,e L)

O, Oq - Primary operators with ¢ ) =



- £ for the single interval

After the transformation of the twist operators,
EE for the single interval results in

c L? — (2g7t)? sin® qWLXi * _ (4grLt)? sin’ q”LXi
Sip A o T (- Gt ) anb P () )

L4
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(Ble On (le Wy, ) On (wX2 Wy, ) |B)

n—1 1—n (B| e2<Ho [B)

In 2d holographic CFT, this is determined by the geodesic length on
some background.



- £ for the single interval
(B e 2Hog, <w§jw’<1, wgijW’Q) 7, (w}jgw’% w}};W’Q) B)

1
1
1 —n ° (B[ e—2Ho |B)

4+ lim

n—1

In 2d holographic CFT, this is determined by the geodesic length on

some background. ‘

After employing the method of image, this is determined by the four-
point function on the torus with [, and 4¢.

N

In high temperature region, 4£€>1, this is determined by the geodesic
length on geometry with the end of the world brane (EOW).




- for the single interval
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log

n—1 1—n (B| e72<Ho [B)

The subsystem A contains 2 fixed points.

EOW1Minimal one of ||and <™
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\ BB

boundaries of A move to
blue points.

During the time evolution,
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During the time evolution,
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In the late time regime
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In the late time regime
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Mutual information

The subsystem A contains 2 fixed points.
The subsystem B contains 2 fixed points.

In the late time regime

SAuB R — + /“\\
O(1)




e late time regime

SAuB R — + /“\\
O(1)



In quasi-particle picture




In quasi-particle picture

T

In the large time region, % Bell pairs contributes to non—-
local correlation between A and B.




nithe 1ate TIMF




Wormnole growtn

If the spatially-periodic system in 1w = j—ze 0" S0y, @l

tr€—26H

Subsystem: AUB



WO rm ho ‘ e grO\/\/th Uniform Hamiltonian acting on /Hz'

—

If the spatially-periodic system in 1) = =z 3 by, @la)y,

T

Eigenstates of {*

Subsystem: AUB

H1 Ho



Wormnole growtn

1

If the spatially-periodic system in 1w} ==z "3 jay, @la),,
i Interior s

In the early-time region,
 Saub is determined by the

geodesic penetrating the interior
of black hole.

This geodesic linearly grows in
time.



Wormnole growtn

f the spatially-periodic system in 19() = ——"" ") 3y, @ Jay,,
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In the late-time region,

Saup is determined by the

geodesics connecting

the spatial points

on the same Hilbert space.
This is independent of time.




Wormnole growtn

It the spatially-periodic system in w»:@e—%m%ﬂzmml@mm

In the late-time region,

In early time regime, S4,5 can probe the interior of B.H.,

while in the late time regime, it can't.

€ spatar points

on the same Hilbert space.
This is independent of time.



Wormnole growtn

1 1 (it)

o _ (it+e) H1+H2> o ——(Hl_ —|—H2_ ) _@(H1+H2)
(W (t)) = e > lady, ® la),, m-p|U(t) = e 2\ _aSSD__aSShle” 2 D )y, ® la)y
Vtre—2¢H ! 2 tre—2¢H . 1 2

Subsystem: AUB (including two fixed points)

H1 Ho



Wormhole growth

1 (itte) 1 _Gt) (1 2 _© (1 g2
|\If(t)> = We_%(Hl—k}ﬁ) Z ‘a>7{1 & ‘a>%2 ~|\If(t)> = \/We 2 (Hq-ssD+Hq-SSD)@ 2 (H +H ) Z ‘a>%1 X |a>7-12
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H1 Ho

Even in the late-time regime,
 Saub is determined by the

geodesic penetrating the interior
of black hole.

This geodesic saturates to some
value.



Wormnole growtn
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Even in the late time regime, Saus

can probe the interior of B.H..

t o——ret T PR LA AL
geodesic penetrating the interior
of black hole.

This geodesic saturates to some

.| value.



Summary and future direction

1. During the time evolution induced by Hq-ssp

system evolves:

No non-local correlation ‘ Long-range non-local correlation

2. In the case of the thermofield double state, during the time
evolution induced by Hy.ssp, EE can probe the interior of B.H..



Future direction

« Holographic complexity
« Beyond holographic CFT
 Magic

e Simulation in Lab..



