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Chiral Symmetry Breaking and Confinement
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simultaneous chiral and deconfined phase transtion at finite temperature J




Chiral Symmetry Breaking and Dirac Eigenmodes

o Dirac eigenmode = chiral symmetry breaking

Banks-Casher Relation — sanks, Casher ('s0)

(@) = = lim lim Z{p(0))

m—0V—oco

p(X):Dirac spectrum

o What about the correspondence between
Dirac eigenmode and confinement ?



Dirac Eigenmode and Confinement

Related Works
@ Dirac spectrum sum and Polyakov loop
— Gattringer ('06), Bruckmann, Gattringer, Hagen ('07), Synatschke, Wipf, Langfeld ('08), . . .
Polyakov loop —> Dirac spectrum sum with various the boundary condition
@ Dirac eigenmode and meson mass — Lang, Schrick ('11)
removing low-lying Dirac eigenmodes from quark propagator
—> meson remains as bound state
@ Dirac eigenmode and interquark potential — Gongyo, T, Suganuma ('11)

expanding Wilson loop in terms of Dirac eigenmode

In this talk
Polyakov loop in terms of Dirac eigenmodes




Dirac Operator and Eigenmode

Dirac operator [ = "D,

@ Dirac eigenstate |n) and Dirac eigenvalue \,

Dln) = Anln)

@ Dirac eigenfunction
(z|n) = Yn(z)
lD%(ﬂU) = )\n'ﬁbn(x)

We calculate Dirac operator, eigenvalue \,, and eigenfunction v, (z)
numerically in lattice QCD.
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Dirac Eigenmode Matrix Element

Link-variable operator Uﬂ

<$|Uu 1y) = Up(®) 0245,y

matrix element of the link-variable operator (m|U,|n)

(m|Uyln) =Y _(mlz){@|Uyle + i) (@ + fln) = Z@DT z)thn(x + f2)

x

e |n): Dirac eigenstate, 1, (x):Dirac eigenfunction
Din) = An|n), Dipy, = Aathn,

@ matrix element : <m|U |n> —> gauge invariant

(m|U,In) — Zwm
_Z¢T

= <m|Uu|n>

V(@) Uu(@)Vi(z + p)V (2 + f)pn(z + fo

¢n($ + f1)
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jection Operator
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Polyakov Loop Operator in Operator Formalism

Link-variable operator (A]#

<$|Uu 1y) = Up(®) 0245,y

Polyakov loop operator in operator formalism

AL
Lp= WTTHU‘l

V :spatial volume, N;:temporal size

coincides with standard definition

Lp = WTrU4U4 Uy

1 ~ N ~ A A
WtrZ(ﬂUﬂf—i— AT+ A U7 +2-4) -

—ter Z,1)UL(E,2) - - Us(Z, Ny)

(7 4 NA|U4|Z)
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Dirac-mode Projected Polyakov Loop

Dirac-mode projected link-variable operator

U = PUL =" |m)(m|Usln)(n|

neAmeA

|m):Dirac-mode eigenstate

IR/UV Dirac-mode projected Polyakov loop

1,
(LP)IR/UV = 77 TTHUf

:—trz Z Z TL1|U4|TL2 n2|U4|n3)---

n1EAng€A ny, €A

(nn|Uslna)
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Procedure of Polyakov Loop Analysis

1.Evaluate Dirac operator eigenfunction (KS-type fermion)

4

1 N

~ 9 Z [ )0z4p1y U;L(w - N)‘sz—u,y}
m(@) = 1, n(a) = (—1)%*'% for > 2

[D]m,ywn (y) = Mtn()

2.Calculate Link-variable matrix element

(m|Uln) = Zw* )n(@ + 2)

3.Calculate Polyakov Loop without IR/UV Dirac-mode

ni,,ny, €A

(LP>IR/UV— TI‘HU4 =—tr Z (n1|Uslnz) - - (n, |Us|na)

v
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IR Dirac-mode Projected Polyakov Loop

IR Dirac eigenmode cut
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IR Dirac-mode Projected Polyakov Loop

IR Dirac eigenmode cut

largely reduced
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IR Dirac-mode Projected Polyakov Loop

IR Dirac eigenmode cut

largely reduced
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IR Dirac-mode Projected Polyakov Loop

IR Dirac eigenmode cut
@ chiral condensate |(gq)| => largely reduced
@ Polyakov loop L ~ 0 =—> confining phase
@ interquark potential => confining potential

(Lp> ~0 i <LP>IR ~0

03 60 Diréc moae cut‘ R QQbar potential — cf.arxiv:1202.4130
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Polyakov Loop in Confined/Deconfined Phase
IR Dirac-mode cut J

Polyakov loop without IR Dirac-mode
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Polyakov Loop in Confined/Deconfined Phase

IR Dirac-mode cut

Polyakov loop without IR Dirac-mode —> almost unchanged
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UV Dirac-mode Projected Polyakov Loop

UV Dirac eigenmode cut

e chiral condensate |{¢2))| => unchanged
@ Polyakov loop L ~ 0
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UV Dirac-mode Projected Polyakov Loop

UV Dirac eigenmode cut

| = unchanged
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Dirac-mode Projected Polyakov Loop at F

-
.M —-— e
O
(]
o
g It
m . e
O |3
m e m m-e
= N
(&) I
3 e
> <
- [
@ N )
<] o <]
An(aq)
-
- —— e
3
O
o ——e-
©
m .-
[
O
) me
=
@) .
o
- [
© o =
<] o <]
¥(dq)

58 59

55 656 57

5.4

59

57 58

5.6

55

5.4

High Dirac mode cut

Low Dirac mode cut

14 /15

SIS
SRS

55

SREEESRES
e

0.03

o =
= =3
[S] S}




Summary

we study the Dirac-mode dependence of the Polyakov loop
using Dirac-mode expansion method in lattice QCD

Dirac-mode dependence of Polyakov loop

@ no specific Dirac-mode region for zero/non-zero Polyakov loop
(Lp) ~0 = (Lp)ir ~0and (Lp)uy ~0
(Lp) #0 => (Lp)ir # 0 and (Lp)yv # 0

@ consistent with interquark potential analysis

confining potential persists without IR/UV Dirac eigenmode

Outlook

@ Application of the Dirac-mode expansion analysis
for other quantities.
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Lattice QCD Simulation Parameters

e SU(3) lattice QCD at the quenched level
o lattice size : 63 x 6 and 63 x 4

@ The total number of the KS-fermion Dirac eigenmode
63 x 6 => 3888
63 x 4 => 2592

o 3=54~6.0



Chiral Condensate With Dirac-mode Projection

chiral condensate

_ 11 2m
(7q) = 4V Z A2 +m?2
A>0
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(3-dependence of the Dirac Spectrum

Dirac spectra
Low-lying Dirac eigenmodes vanishes for T > T,
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Dirac-mode Matrix Element

Absolute value of Matrix element |(n|U,|m)]
@ No characteristic behavior

@ IR-mode enhancement ?




Dirac Spectrum Sum and Polyakov Loop

Gattringer ('06)

<LP>:$ 2;>\Nt_(1+i)§)\ft_(1_i))\z_)\Nt

N;:temporal size V = L3 x Nj:lattice volume

Dirac spectra with
@ \: periodic boundary condition
@ A, : boundary condition — phase factor +i

@ )\_: boundary condition — phase factor —



Operator Formalism of Lattice QCD

Link-variable operator [A]”

<$|Uu 1y) = Up(®) 0245,y

Wilson loop operator W

A LA
W H,uk

k=1

TeW = tr Z<x|W|:c>

=tr Y (@|Uulz2) @l Upsls) - @1]U,, |2)

Ty, L2,y..0y Ty,

_trZUﬂl M2x+/11 NLx+ZMk

= (W> -trl



Dirac Operator and Eigenmode

Dirac operator [ = ~+"D,,

@ eigenstate |n) and eigenvalue A,

Dln) = Anln)

@ eigenfunction

(z|n) = tn(z)




Dirac Eigenmode Projected Wilson loop
Wilson loop operator

WE HUA% = UMUM"'UML

Dirac eigenmode projected Wilson loop operator WP

p1 2

= > 1) (02| Uy In2) (02| Uy Ins) -+ (0| Uy Iny1) (nsga |

ni,ng,,npy1€A

PP _ TP _ [P [P TP
wF=1[0F =ULUL - U},

v

Trace of Dirac eigenmode projected Wilson loop
W, = TrH U;i

= > tr(m|Uune)(na|Up,lna) - - (np| Uy, Ina)

n1,m2, ,nL€A




Dirac Eigenmode Projected Inter-Quark Potential

Trace of Dirac eigenmode projected Wilson loop

TW?! = Tlrl_[Uflc

= > tr(m|Uune)(nalUp,lna) - - (np| Uy Ina)

n1,m2, - ,npEA

Dirac eigenmode projected interquark potential

1 2
VP(R) = - lim —In {TrWP(R, T)}




Procedure of Wilson Loop Analysis from Dirac-mode
1. Evaluate Dirac operator eigenfunction 1, (z)
Z 77u [ w-i-u Yy U;E(x - ﬂ)(sx—u,y

M) = 1, (@) = <—1>ml+-~wu—1 for 1> 2

2.Calulate link-variable matrix element

(m|Uln) = zw Yn(T + 1)

3.Calculate Wilson loop with IR/UV Dirac mode cut

Wl = Z tr<”1|Uu1 |”2><”2|ﬁu2|n3> T <nL|UML|n1>

ni,ng, ,np€A




Lattice QCD Result

6* with 3 = 5.6 at quenched level
lattice spacing a ~ 0.25fm, a~! ~ 0.8GeV

Low Dirac mode cut Low Dirac mode cut A, = 0.5
0.05 - - - - -
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Low-lying Dirac mode cut — chiral condensate => largely reduced
But => confining potential
confinement does not relate to xSB via Dirac eigenmodes.
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