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1. I VR VITNAVIMNDKESIERZRTE

BEITH) ¢ pap = has)Was | ® O
EREETT © pa = Trglpas) 4 B

I ILX Y FRényiT > b O E—(ERE) :

S,(A) =

log T " nez
1_n08 ralpal m +

( lim S,, (A) = —Try[p4log p4l )
n-1

BB EDI-Hn=2&$H<
ROVIREE  1Pag) = = (DA +104105)
pa = p{T [ YapXWapl Np + g [Wap)Pupl ) = i[lT)A AN+ D440 = S,(4) = —log Try[p] =log2 >0

T ZIVRRB(H AR ¢ |Yug) = MDA 5
pa = p{T Y apXW'4pl Np =11, 4Tl = $5,(4) = —log TI'A[PE\] =0

» FREIZT VAR IAY FDKEEARTE
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(1+1)x7T. BBV ERDE V=V, U-UVy

— ZEEAM

/ %,_ / LA LEEFERADH 555,

IRV AY FDOFTEILIERE ICH L W
W e N
7 iy BEFRONRERBCEMHELAIRIELA LB

PADIVE 25 2%

5/14




1.7 RV Y/ 7 IV S F Bt

MEERAEORTI VR ITILAY FOIRDZEWE B0 |

\i%'fﬁ D [Karch, Tong, Turner 2019]

» BADTAFT RV /7 I I F 2B

7 TV IF YV DER Ry v DER

N ~ JL =72 e ~

BPRTEEF : OF jl A BFTEEF : 08

BEBORFRE - 75 - > BESOSRE « Z5
VA4

SECEEEL : ZF ECEE%L : ZB

6/14




1.7 RV Y/ 7 IV S F Bt

MEERAEORTI VR ITILAY FOIRDZEWE B0 |

\i%'fﬁ D [Karch, Tong, Turner 2019]

» BADTAFT RV /7 I I F 2B

7 TV IF YV DER Ry v DER
S ~ 7 TILIAH I _
BPRTEEF : OF - . f BPTEEF : 0B
BEBORFRE - 75 > BESOSRE « Z5

NV gild
DECRIEL - ZF D BECRIE - 28

D ECREE DO IGERD D 5

6/14




HESEFICOVLTMI~M2DFE)

Yor=2&:
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« ETF/lEmassless Thirring model (1+1kt. 7/ IH >, ASHEEER)
- HEEV =V, UV, (TOK) - BEERDOMENAENS
o BERRDOEREOFEFmNABIRSFEWZHOMIC LT,

massless Thirring model [Thirring 1958]
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Let us examine the entangling region dependence of the entanglement:

ASZ(-X) — Sz(V, /1) — Sz(V, O)

Small 4 Large A4
AS,(x)
oousf ] ASZ (X) / —— ]
0.012} — A=0 O'OO\ — =1
0010 A=01 -0.02} ] A=1.2
PP o0.008} PP I
ASQ 0.006 — A=02 ASQ ~0.04} — A=14
o.oo4§ — A=0.3 _o.06l — A=1.6
0.002} Tt
I — A=04 I — A=1.8
0.000 -0.08 w ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 . )\ —05 0.0 0.2 0.4 0.6 0.8 1.0 . )\ —_9
T £ T T
4 // 0+ L
— e — — 2 . CFT. V =1-interval [Holzhey et al 1994]
Tr = r=1 C 1 V—Uu
Sy = -g 1-+ log( ) ¢ : central charge,
x : cross-ratio of region V € e : UV cutoff

» Our result is consistent with previous work and new results
30/34
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Let us examine the interaction dependence: AS,(41) = S,(V, A1) — S,(V,0)

0.02

ERE [
0.00}

~0.02}

ASQ -0.04} The ERE increases with

[ weak coupling.
~0.06] piing

~0.08}

o104 v ]

A interaction
>
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Let us examine the interaction dependence: AS,(41) = S,(V, A1) — S,(V,0)

0.02
ERE 0.00] Unlike the perturbative regime,
t : the ERE decreases in strong coupling
'0'02;' regime.
ASy 004}

~0.06

~0.08}

~0.10—

A interaction

>

We explore the interaction dependence of the ERE, including the

non-perturbative regime.
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Today’s two topics;

Quantum Entanglement Symmetry breaking
=Quantum correlations that has no
counterpart in classical theory \ 7~ | » t 1 t 1 t
T'>T, T <T,
A B (Symmetric) (Symmetry broken)
o * quantum computation - liquid — solid transition
Applications * quantum teleportation - Ferromagnetic of spin chain
- Holography , etc - Chiral symmetry breaking in QCD , etc

| will show how entanglement can be a powerful tool for studying

symmetry breaking. 1/13
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How do we consider the symmetry breaking at the level of subsystem V(=mixed state)?

mixed state

u Symmetric or not ?

Conventional method using order parameter
- Typically, we assume a pure state |¥) (often the vacuum state).

Entanglement Asymmetry(EA) (Filberto Ares, et al, 2022]

» - EA is defined by entanglement entropy.
- EA quantify how much the symmetry is breaking at the level of subsystem.
- |t is valid for general mixed states.

4/13
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Let’ consider a continuum symmetry whose charge is Q = Q4 + Qp
where, Q4/p is charge that act on subsystem A/B.

[p4,04] = 0 Or # 0: symmetric or noton A

(. * *\ (Remove the off-diagonal

elements)

oa=| B - PaQ =
. " . PAQ = 2 l_ICIAIDAI_IQA
- 2/

qa
I1

q, - Projector onto the eigenspace of Q4 with charge q,

Pa = Pag 4=y Symmetric on subsystem A

Pa F Pao € Symmetry breaking on subsystem A

5/13
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Entanglement Asymmetry (EA) [Filiberto Ares, et al, 2022]

ASy = S(pAlpA,Q) = TF[PAOOgPA — IOgPA,Q)]
- Relative entropy (=distance between p, and pA,Q)
= S(pA,Q) — S(p4)

Important property [s. Kullback, et al 1951]
ASy =0 pg=pao (Upa,Qal =0) Symmetric on subsystem A

ASy >0 pg # pag ([pa, Qal #0)  Symmetry breaking on subsystem 4

EA represents how much the symmetry is breaking on subsystem A -
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Entanglement Asymmetry ThHhH % Z &  "Quantum Mpemba effect”
T Mpemba( L X > /N) effect

P - Y H:TJ": FEﬁ tl > B Y
m BT — BT,
. > H% FEﬁ tz > @
T, — m BT

BEDt,>t, ICEBZENDHD  HHMpemba effect
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Entanglement Asymmetry THhH 5 Z & "Quantum Mpemba effect”
= FMpemba(L X > /X) effect

YV hy H%Fﬁﬁtl Pttt
>

ARBR (REEF57E) rrett

SR DBENA VNS WEFIRRE AT ENE L -2 FREE
=+

Ve St TTRE
—

R t 1111

mED >t (BT ENDH D EFMpemba effect
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Example : Spin 1/2 chain [Filiberto Ares, et al, 2022]

z axis ¢

I N W, W W
N
0; ./ ) = e“'gzj"ﬂ T o)

4>

Consider the rotational symmetry around z axis
1 Z
(437
j
da

TT
Projector: [I =j — e~ laqa iaQq,
aa
_g 2T

1 Tr|p%
Renyi EA: AS(Y = mlog( Tr[f :;fi]>
A
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Let’s see the symmetry restoration

AS(TL) [Filiberto Ares, et al, 2022]
Quench of XX Hamiltonian 1‘1
1

— y Y

H==2) (o701 +0)a), )
J Qgreen
([H,Q] = 0) m)
W) = etftlg; ./ / )
t

0
[ Symmetry is restored

8/13
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Let’s see the symmetry restoration

Quench of XX Hamiltonian

1
_ X X y Y
H__Z (aj Oj+1 1 0; aj+1)
J

([H,Q] = 0) )

(W) = e't6; /7 )

AS(TL) [Filiberto Ares, et al, 2022]
A

A

Qred

nge en

t

0
Symmetry is restored faster ]

8/13
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Let’s see the symmetry restoration

AS(TL) [Filiberto Ares, et al, 2022]
Quench of XX Hamiltonian 1‘1
1 y Qred
—_— X X
H==3) (5% +5,) v
j Obiue
V
([H,Q] = 0) m) "
w(t)) =ette; ./ / )
t
0

Quantum Mpemba effect :

More the symmetry is initially broken, it is restored faster.

Counterintuitive phenomena which is fined by EA.
8/13
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S THRZE:

SDsEFimlc BT HEADHMZ,
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