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Introduction



Basic properties of E.E.

entanglement entropy for guantum system

- how much a quantum state i1s entangled quantum mechanically
- d.o.f of the system

- quantum properties of the ground state for the system

- In finite T system, it gives a thermal entropy

For QCD theory

A color confinement changes the d.o.f of the system

deconfinement phase confinement phase
colorful 2 colorless
(gluons) ™ O(NC ) (singlet) 0(1)



For conformal theories

Central charge is ...
- an Important characteristic of CFT
- roughly the d.o.f. of the conformal system
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In Zd CFT, (T'(2)T'(w)) = (27r)2 2z —w)?

A.A. Belavin, A.M.Polyakov, A.B.Zamolodchikov NPB241(1984)333
A. B. Zamolodchikov, JETP Lett. 43 (1986) 730

In 4d CFT, (T (21)Top(z2)Tap(73)) = — }1 —Lyw,op,a8(T1, T2, 73)

+19%13%23
Tij = |Ti — ]

J.I.Latorre and H.Osborn: hep-th/9703196
Y. Nakayama arXiv:1302.0884[hep-th]
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Definition of the entanglement entropy



Entanglement entropy (E.E.)

von Neumann entropy Stot = —1rpior 10g piot

density matrix Ptot — |\If> <\If‘ |\IJ> ‘pure ground state

decompose total Hilbert
space into two subsystems

Hiot = Ha @ Hp

reduced density matrix PA — — 1Ty B Ptot

entanglement entropy SA = —1Trapalogpa @ B

At finite T, it i1s equivalent to the thermal entropy.



Holzhey,Larsen and Wilczek: NPB424 (1994) 443
Calabrese and Cardy: J.S.M.0406(2004)P06002

Calabrese and Cardy, arXiv:0905.4013

Schematic picture of E.E.

(1+1)-dim. model




Schematic picture of E.E.

(1+1)-dim. mod?l

< >




— T C1

log

c Is the central charge
in 2d CFT

At the critical point,
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Schematic picture of E.E.

(1+1)-dim. mod?l
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f: correlation length of the system



Schematic picture of E.E.
In the non critical system,

(1+1)-dim. model ,
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In the non critical case,
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Schematic picture of E.E.
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Schematic picture of E.E.

(1+1)-dim. mod?l

< >

At the critical point or | < £ in the
noncritical system

0000000 C l
:::::::: SA(Z):glogg—Fﬁ

In the non-critical system,
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f: correlation length of the system




4-dimensional CFT and QFT

Ryu and Takayanagi:PRL96(2006)181602
1 9Sa(l) JHEP 0608(2006)045

DA al

Holographic approach

(3+1)-dim. N = 4 SYM

1 N2 N?
A=~

c’ is obtained by AdS and QFT

e

Intuitively...
In short range: gluon dynamics ~ O(Nc”2) and dimensional analysis [mass”3]
In long range: only color singlet ~ O(1) and I-indepent because of confinement



What we want to know?

Nc dependence Iin the short | region
existence of discontinuity

value of Ic (Lambda QCD?)

UV cutoft (lattice cutoff) dependence

Correction terms exist in non-conformal
theory?
1 N2 N?
—S l — c ./ C
[0A] al) a2 T O
X (14+c"log(a/l))




Replica method

Calabrese and Cardy: J.S.M.0406(2004)P06002




Replica method

(L) X entanglement entrgpy:

: Sa=—1im — InTr4p’

E A N’T N ]_/T n—1 0n
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v SA(D__%LI%%l“( 7n >



Z(l,n)

Replica method

(L) X entanglement entrgpy:
: Sa=—1im — InTr4p’
E A N’T N ]_/T n—1 0n
: .0 Z(l,n)
' SA(D__iﬂa_nln( 7z )
nN .




Z(l,n)
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Replica method

A

N, ~1/T

v

A

nN .

entanglement entropy:

.0 "
Sa = —il_)ﬂll%lnTI‘ApA

Z
Sa(l) = —iﬂ%ln( (Zl’n")>

observable:

o5a(l) .. 90 0 .
5 _iﬂﬁ%ﬂl’n] free energy

Fll+an=2]-F|l,n=2
a

:/O da(SialU] = Si1|U])a

using the interpolation action

Sint = (1 — Oz)Sl [U] -+ CkSl_|_a[U]

we measure the diff. of the action density




What we want to know?

- Nc dependence Iin the short | region
- existence of discontinuity

— value of Ic (Lambda QCD?)

- UV cutoft (lattice cutoff) dependence
- replica number dependence

(add second line)

lim 2F[l n|l=(Fll,n=2]—-F|l,n=1]|)/An|an=1
n—1 aTL
An

2

(Fll,n=38]—-2F|l,n=2|4+ F|l,n =1])|An=1



Simulation results
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Lattice results for guenched SU(2)

Buividovich and Polikarpov:
NPB802(2008)458
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Lattice results for guenched SU(2)
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- In short range, 1/1"3 scaling
- discontinuity is clear!?
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Our result



Simulation setup

- Wilson plaquette gauge action =
- Ns=Nt=16, 32 B A
- 1/a=2,3,4,5,(6) '

- beta=b5.70 - b.87
- # of configuration 12,000~30,000
- scale setting r_ O =0.5 fm and ALPHA coll.
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Lattice results for quenched SU(3)

T=0, quenched QCD
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We measure ~30,000 configs.

- in short range, 1/I"3 scaling
- the coefficient is roughly C=0.2

cf.) C~0.09 in SU(2)

The Nc dependence is

0.2 32

—_— ) ——

0.09 27



What we want to know?

- Nc dependence Iin the short | region

ch as expected by AdS/CFT and field theoretical insights
— existence of discontinuity

— value of Ic (Lambda QCD?)
- UV cutoff (lattice cutoff) dependence

- replica number (n ->1) dependence



Entropic C-function
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What we want to know?

- Nc dependence Iin the short | region

N? as expected by AdS/CFT and field theoretical insights
— existence of discontinuity

still unclear, but there is a signal

— value of Ic (Lambda QCD?)

seems to be the same with Lambda QCD

- UV cutoff (lattice cutoff) dependence

- replica number (n ->1) dependence
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UV cutoff dependence
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What we want to know?

- Nc dependence Iin the short | region
N2 as expected by AdS/CFT and field theoretical insights

C

— existence of discontinuity

still unclear, but there is a signal

— value of Ic (Lambda QCD?)

seems to be the same with Lambda QCD

- UV cutoff (lattice cutoff) dependence

still unclear

- replica number (n ->1) dependence



(1/11dAl) d S/dl [fm™]

Replica number dependence
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What we found:--

Nc dependence Iin the short | region
N2 as expected by AdS/CFT and field theoretical insights

C

existence of discontinuity

still unclear, but there is a signal

value of Ic (Lambda QCD?)

seems to be the same with Lambda QCD

UV cutoff (lattice cutoff) dependence

still unclear

replica number (n ->1) dependence

seems to be negligible



Future directions for E.E. using the lattice

e QCD atzero T

would give the Lambda QCD
even in full QCD case

« QCD atfinite T

. gives the thermal entropy and the correlation length in QGP phase

. conformal window in 4dim many flavor QCD

would give the a-function and central charge
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finite T for quenched SU(3)
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finite T for quenched SU(3)
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