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(1 Summary of Main Results (Just 3 pages)
(1-1) Our setup

Take a locally excited state in a given (d+1) dim. CFT:

‘O(x)> =e -O(x)‘ O>.

UV regularization \

of local operator A primary state with dim. A

(Note: ezlattice spacing)

Ao

— Total energy : I T,(x)dx" =
£

Then we consider its time evolution:

‘O(x,t)> = ‘ O(x)>.



(1-2) What to Compute

The growth of (n-th Renyi) entanglement entropy

ASY = Mo -5 0)] .

For simplicity, we choose
A = a half space .

This calculation will show

D¢ propagations and generations
of quantum entanglement.



(1-3) Summary of Main Results

(i) Integrable CFTs [Massless Free Fields, Minimal Models etc.]

AS™y  ASY (¢ = o) = finite = log[ D(O)].

(D(0) = quantum dim.)
= Propagation of entangled pairs
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[
(ii) Holographic CFTs [AdS3/CFT2]
AS

AS (1) = %logé

>t =Productions of entangled pairs




@ Free Field Theory Calculations [Nozaki-Numasawa-TT 14]

(2-1) Replica formulation
The n-th Renyi EE can be expressed in terms of
2n-point correlation functions on 2n :

AS( = L-[log<0(r,,9f)0(re,9:)..-0(;;,0,1)0(re,¢9;)>2

l—n

~n-10g(0(1,6,)0(1,6,)).. }
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(2-2) Results in free massless scalar theory

ASY for O=¢: (e k=1
2 dim. (0=¢"?)

0.6

6 dim. AS () (0)

Interested
guantities !
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Note:
AS;”)fis ‘topologically invariant’
under deformations of A.

Operator
:
I
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AS" for O=¢" in d+1>2dim.

TABLE L AS;")f and ASY, (: ASS”) for free massless

scalar field theories in dimensions higher than two (d > 1).

nlk=1 k=2 k=1
2 [flog 2 log = — log (557 Zizg (le)Q)
ASTY | 3 1og 2 5 log 22 - log (% Z;:o (lcj)B)
Remli,
Entrgp :
2m—1 l m
m\ log 2 ﬁlogﬁnﬁﬁ ﬁlog(g—iﬁ, Zj: (:C5) )
ASY |1 Nog 3 log 2 |tlog2— 2 37 1C; log i C;

von-Numann EE

EPR state !

[For a proof: Nozaki, arXiv:1405.58754]




Heuristic Explanation

First , notice that in free CFTs, there are definite
particles moving at the speed of light.

= ¢~ ¢ + ¢ + |L=A|R=B

left-moving  right-moving
k k ' k—j
¢ ‘VaC>sz:O ij'(¢L)J (&z) ]‘VaC>

- 2_k/2zl;:o‘\/ kcj‘j>L‘k_j>R

(”)f - —nk .
= AS! - nlog[Z Z] GC)) l Agrge with
) — replica
AS} =klog2—2" ijokcj'bg[ij]-_ Calculations !



@ Rational 2d CFTs [He-Numasawa-Watanabe-TT 14]

(3-1) Free Scalar CFT in 2d

Consider following two operators in the free scalar CFT:

() 0,=e™, = AS®/ =0

10,)=¢e""|0), ®e“*|0) =Direct product state
(i) 0, =e" +e7, = AS(" =log2.
10,)=e""|0), ®e'™*|0) +e7*|0) ®e**|0)

z\T>L\T>R+\¢>LH>R = EPR state



(3-2) Rational 2d CFTs (e.g. minimal models, WZW models)

2" Renyi EE = 4 pt. function: <O(oo)0(1)0(2)0(0)>.
(i) Earlytime (0<7</):(z,z)— (0,0).

Chiral Fusion

(ii) Late time (t > Z) : (z,2) = (1,0). Transformation
z>1-2z

This allows us to prove AS;’”’) =log D(Q) for any n.
quantum dim.

Ex. Ising model : A4S [I]1=48S"[&]=0,
AS™[o]=log V2.




@ Holographic Analysis X

A locally excited state
~ A falling particle in AdS. A
A, = mR /2

[e.g. stress tensors agree with the CFT. | \

<«

We can find an analytical metric

Boundary

using the Horowitz-ltzhaki map.

C [ [Holographic Calculations: Numasawa-Nozaki-TT 13,
ASA ~ —lOg — |. Caputa-Nozaki-TT 14]
6 E [Large ¢ CFT computations: Asplund-Bernamonti-

Galli-Hartman 14]

C
cf. AS,~—logt , = 4
f 473 g1l ,forlocal quenches Soint

in the sense of Calabrese-Cardy 2007. [Holographic Calculation: Ugajin 13]




(B Finite Temperature Analysis  [Caputa-Simon-Stikonas-TT 14]

Consider a local operator excited state at finite temp.

(i) Integrable CFTs = Only O(g/B) differences.

(iif) Holographic CFTs (=AdS Blackholes)
= EE saturates at late time !

O<t<< fB: AS) = Clog(tj ,
6 & 'Freefall
—_—
t>> f: AS) = glog(ﬁj .
¢ BH

AdS Boundary Horizon



A Sketch of Time Evolution




