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Introduction — Quark confinement

Confinement : colored state cannot be observed (quark, gluon, ==*=)
only color-singlet states can be observed (meson, baryon, == *)

Polyakov loop : order parameter for quark deconfinement phase transition

imaginary time
A T

; B
Lp(g[;) — tr'Te*¥ Jo AT AL(=,T) in continuum theory

Ny
— tr H U4(8, 84) in lattice theory
54:1

Finite temperature :
(anti) periodic boundary condition for time direction

1
(LP> — V Z (Lp (.’B)) :Polyakov loop F,:free energy of the system

T with a single static quark

_gF, ) = 0 (F, = o0, confinement phase)
_ o—BF,

\_ #+ 0 (Fy : finite, deconfinement phase)




Introduction — Chiral Symmetry Breaking

“ Chiral symmetry breaking : chiral symmetry is spontaneously broken

SU(N)1, x SUN)g — SUN)y|

CSB

for example SU(2)

= u, d quarks get dynamical mass(constituent mass)

= Pions appear as NG bosons

*Chiral condensate : order parameter for chiral phase transition

| #0 (chiral broken phase)

(79) |
= 0 (chiral restored phase)
- Banks-Casher relation fp :Dirac operator
[<QQ> = - wla,@o VIE}HOOW@(O))J D|n) = i\, |n) :Dirac eigenvalue equation

1
p(A) = v ; d(A — A,,) :Dirac eigenvalue density
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QCD phase transition at finite temperature

(L), x 1, : Polyakov loop and its susceptibility

(lm!))a Xm : chiral condensate and its susceptibility

deconfinement transition

chiral transition
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d ‘L 0.5F _
ﬁl . 'h f& “m |
0.2} d 0.4f :’“z;,b_f. 4 ‘:r
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L .
| = 0.3k ! f;
b E-g i}!i g ] -
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F. Karsch, Lect. Notes Phys. 583, 209 (2002)

=0
= two flavor QCD

with light quarks



QCD phase transition at finite temperature

F. Karsch, Lect. Notes Phys. 583, 209 (2002)

(L), x 1, : Polyakov loop and its susceptibility

<¢¢>a Xm : chiral condensate and its susceptibility

deconfinement transition

chiral transition

rrrrrrrrr

=0
= two flavor QCD

with light quarks

{| We define critical temperature
as the peak of susceptibility

These two phase transitions are strongly correlated(?)
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S. Gongyo, T. Iritani, H. Suganuma, PRD86 (2012) 034510
T. Iritani and H. Suganuma, PTEP, 2014 3, 033B03 (2014).

Dirac-mode expansion and projection

—

A

1.5

> g

Dirac eigenvalue equation: [|n) = i\, |n)

Dirac eigenmode: |n)

Dirac eigenvalue: 7 )\,,

1
Dirac eigenvalue density: P(A) = 17 D (A=)

Banks-Casher relation: (Gq) = — lim lim 7{p(0))

m—0V =00

removing low-lying Dirac modes(Dirac IR cut) <= | removing the essence of CSB

0.3

Afa™)

(qq)

<

aq)1r

(qq)

1 2m
=y Z A2 4+ m?

)\n >AIR

~0.02 (Ajg ~ 0.4 GeV, m ~ 5 MeV)

X This formalism is manifestly gauge invariant.




Dirac-mode expansion and projection

S. Gongyo, T. Iritani, H. Suganuma, PRD86 (2012) 034510
T. Iritani and H. Suganuma, PTEP, 2014 3, 033B03 (2014).

oniginal Polyakov loop Ag = 0.5a°"
0 + 0.2
Lp :Polyakov loop

0.1 &£ 0.1
= 0 o 3 0 & =0 (F, = o0, confinement phase)
£ o = (Lp) . .
= ik £ .01 #0 (F, :finite, deconfinement phase)

).2 0.2

0 - ~ - 0.3 L - : -

-0.3 -0.2-01 0 01 02 03 -03 02 -0.1 0 0.1 02 03
Re (L P Re ¢ ].1) IR

I ———

removing low-lying Dirac modes

After removing the essence of CSB, the confinement property is kept

3 one-to-one correspondence does not hold
for confinement and chiral symmetry breaking in QCD.




Contents

*Introduction

*Quark confinement
“ Chiral symmetry breaking

" Previous works

*QCD phase transition at finite temperature
*Dirac-mode expansion and projection

* Our work
Analytical part

* An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

Numerical part

*New modified KS formalism in temporally odd-number lattice
*Numerical analysis for each Dirac-mode contribution to the Polyakov loop



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

H. Suganuma, TMD, T. Iritani, arXiv: 1404.6494 [hep-lat].
H. Suganuma, TMD, T. Iritani, PoS (QCD-TNT-IIl) (2014) 042.

2 Ny—1 B A
Lp = ( 1)2V Z/\,,{Y‘l 1<’n|U4|”rL> on temporally odd number lattice: N, is odd
n (in lattice unit: ¢ = 1)
" Polyakov loop : L p h
Dirac eigenmode : ﬁ\n) = iAp|n)
Link variable operator : (s ) Y =U,(8)0s1 4 s
otation: < P (s] u‘ ) u( ) s+fi,s >
. 1 . .
Covariant derivative : D, = §(Uu -U_,)
.1 . .
Dirac operator D==>» v(U,-U_,)
next page~ - 2 %: S SO

derivation



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

4 9 N, = 3 case
(time)
1,2,3
(spatial) 5

In this study, we use
standard square lattice
“with ordinary periodic boundary condition for gluons,
*with the odd temporal length N,
( temporally odd-number lattice )




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

A Cz N, = 3 case
(time)
1,2,3
(spatial) 5

In this study, we use

standard square lattice
“with ordinary periodic boundary condition for gluons,

*with the odd temporal length N,
( temporally odd-number lattice )

Note: in the continuum limit of a > 0, N, > ©o,
any number of large N4 gives the same result.
Then, it is no problem to use the odd-number lattice.



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

A Cz N, = 3 case
(time)
1,2,3
(spatial) 5

In this study, we use
standard square lattice
“with ordinary periodic boundary condition for gluons,
*with the odd temporal length N,
( temporally odd-number lattice )

For the simple notation,
we take the lattice unit a=1 hereafter.



An analytical relation between Polyakov loop and Dirac mode

on temporally odd-number lattice
Polyakov loop

3
In general, only gauge-invariant quantities 4
such as Closed Loops and the Polyakov loop
survive in QCD. (Elitzur’s Theorem)
Ny = 3 case
O Closed Loops
O
All the non-closed lines are gauge-variant 4
and their expectation values are zero.
N, = 3 case ® \ 4

e.g.
TeU, 00 U_y = Ztr{U4(s)U1(S -+ 21)Ui(s + i)}5s,g+i —0 ( Tr N =0 ) Nonclosed Lines

gauge-variant s

(s|UL|s") = U,i(8)0ssps



An analytical relation between Polyakov loop and Dirac mode

on temporally odd-number lattice
Polyakov loop

3
In general, only gauge-invariant quantities 4
such as Closed Loops and the Polyakov loop
survive in QCD. (Elitzur’s Theorem)
Ny = 3 case
O Closed Loops
O
All the non-closed lines are gauge-variant 4
and their expectation values are zero.
N, = 3 case ® \ 4

e.g.
TeU, 00 U_y = Ztr{U4(s)U1(S -+ 21)Ui(s + i)}5s,g+i —0 ( Tr N =0 ) Nonclosed Lines

gauge-variant s

w Note: any closed loop needs even-number
link-variables on the square lattice.




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

We consider the functional trace / on the temporally odd-number lattice:

I =Tre(Uy PN | (Ny 2 odd) definition:
1 (S|UM|S,> = UM(S)58+,("L,3’
1 Dirac operator : P = — Z%(U# —U_,) Trey = Xstretry
2 p site & color & spinor

U, PN+~ is expressed as a sum of products of V4 link-variable operators
because the Dirac operator 2 includes one link-variable operator in each direction /4 .

A4

I = Trc’,y(Uzl EN‘l_l) includes many trajectories on the square lattice.

N, = 3 case
3 4
length of trajectories: Ny, = 3 1
odd !! ® ®




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

We consider the functional trace / on the temporally odd-number lattice:

I =Tre(Uy PN | (Ny 2 odd) definition:
1 (3|U,u|5,) = UM(S)(SS—i—,a,s’
Dirac operator : P = — Z%(U# —U_,) Trey = Xstretry
2 p site & color & spinor

U, PN+~ is expressed as a sum of products of V4 link-variable operators
because the Dirac operator 2 includes one link-variable operator in each direction /4 .

A4

I = TrC,,Y(U4 EN‘l_l) includes many trajectories on the square lattice.

N, = 3 case
3 4
length of trajectories: Ny, = 3 1
odd !! ® ®

@ Note: any closed loop needs even-number
link-variables on the square lattice.




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

A oA ) - 1 .
I="Tr.. (U4 DN4—1) (Ny : 0dd) Dirac operator : ) = 3 %:’YM(UM -U_,)

In this functional trace I = Tr. (U, PY+71),
it is impossible to form a closed loop on the square lattice,
because the length of the trajectories, V4, is odd.

[ Almost all trajectories are gauge-variant & give no contribution. ]

N4 =3 case ® ®

(—] gauge variant
4 T (no contribution)
& 1 ®

[Only the exception is the Polyakov loop. ]

Ny =3 case
I is proportional to the Polyakov loop.

4 T gauge invariant !! [I x Lp ]

L p : Polyakov loop



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

] = Trc,fy(Uél ﬁNzL—l) (Tre = Xstretrsy)
::qhbfy{ﬁu(WQIj4)N4_l}' (*." only gauge-invariant quantities survive)
= 4T1‘C(ﬁ4f)iv4_1) (" Ny—1:even,v; =1landtr,1 =4)
— 2N4_1TI‘C{U4([A]4 — [A]_4)N4_1}
4 A
— QAM—JfITC{LEyg} ("." only gauge-invariant quantities survive)
12V
— 2N4—1LP ("." Lp = —Trc{ *} : Polyakov loop)

(V = N1N5N3Ny : lattice volume)

[Thus, I = TrC,Y((ALl @N"*_l) is proportional to the Polyakov loop. ]

12V
(2q)Na—1

I =Tr,,(Ug PV~ = Lp




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

On the one hand,

12V
I = 2N4—1LP O

On the other hand, take the Dirac modes as the basis for functional trace

I = Tr, (Uy PN+71)

Dirac eigenmode

= Z(nlfh PN n) Dln) = idy|n)
= NS AN ) e S )] = 1

from . @ B (24)N4—1 Nyl (7

n

Note 1: this relation holds gauge-independently. (No gauge-fixing)
Note 2: this relation does not depend on lattice fermion for sea quarks.



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

H. Suganuma, TMD, T. Iritani, arXiv: 1404.6494 [hep-lat].
H. Suganuma, TMD, T. Iritani, PoS (QCD-TNT-III) (2014) 042.

2¢)Na—1 _
Lp = ( 1)2V Z )\N4 <n|U4|?’L> on temporally odd number lattice: N, is odd

(in lattice unit: ¢ = 1)

Polyakov loop : L p
notation: < Dirac eigenmode : ﬁ\n) = i\ |n)

Link variable operator : <S|[AJM‘S,> — UM(S)5S+,’1,3’




An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

H. Suganuma, TMD, T. Iritani, arXiv: 1404.6494 [hep-lat].
H. Suganuma, TMD, T. Iritani, PoS (QCD-TNT-III) (2014) 042.

Lp = (221)2]\; : Z /\ff‘*‘l (n|ﬁ4|n) on temporally odd number lattice: N, is odd
n (in lattice unit: ¢ = 1)
Polyakov loop : L p
notation: < Dirac eigenmode : ﬁ\n) = iAp|n) e
Link variable operator : <8|[A]M‘S,> — UM(S)53—|—[1,3’

 Low-lying Dirac-modes are important for CSB (Banks-Casher relation)
()\n ™~ 0)
 Low-lying Dirac-modes have little contribution to Polyakov loop

The relation between Confinement and CSB is not one-to-one correspondence in QCD.

This conclusion agrees with the previous work by Gongyo, Iritani, Suganuma.
S. Gongyo, T. Iritani, H. Suganuma, PRD86 (2012) 034510
T. Iritani and H. Suganuma, PTEP, 2014 3, 033B03 (2014).



An analytical relation between Polyakov loop and Dirac mode
on temporally odd-number lattice

H. Suganuma, TMD, T. Iritani, arXiv: 1404.6494 [hep-lat].
H. Suganuma, TMD, T. Iritani, PoS (QCD-TNT-III) (2014) 042.

(20)N+t Ny—1
Lp = TYa E A, (n|U4|'rL) on temporally odd number lattice: N, is odd
(in lattice unit: ¢ = 1)

Polyakov loop: L p

notation: < Dirac eigenmode : ﬁ\n) = i\ |n)

Link variable operator : <8|[A]M‘S,> = Uﬂ(s)ésﬂfl,s,

 Low-lying Dirac-modes are important for CSB (Banks-Casher relation)
()\n ™~ 0)
 Low-lying Dirac-modes have little contribution to Polyakov loop

The relation between Confinement and CSB is not one-to-one correspondence in QCD.

In fact, from similar analysis,
we can derive the similar relation between Wilson loop and Dirac mode.

Therefore, low-lying Dirac-modes have little contribution
to the string tension g, or the confining force.
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Numerical analysis for each Dirac-mode contribution

to the Polyakov loop

Numerical c(o;%rjifrla_tifn of this relation is important. notation and
? A . .
_ AVa=Lin 1T n .- (A coordinate representation
p="0r— 2 A (nlUaln) -+
it (s|0als") = U()3, 3.0
1) _ -
Lp=""r DSOSl (9)Us(s)pn(s +4) (') = gn(s)
nT s (nls) = ¥}, (s)
(Lp>, U4(3) . easily obtained *This formalism is gauge invariant. D# _ §(Uu B U_“)
Ans VT (), (s + 4):are determined from DIn) =i, |n) 1 Z 15)(s ) :site
- explicit form of the Dirac eigenvalue equation - VR
B : : s, 8 :site
Z DZJ a )‘7’6 = tAntPn(s)" i, : color
s’.3,8 a, 3 : spinor
where Z Vi )7 st ist — U—pu(8)7 05 jisr ]

U_u(5) = Uuls — 1)1




New Modified Kogut-Susskind(KS) Formalism
on Temporally Odd Number Lattice

TMD, H. Suganuma, T. Iritani, arXiv: 1405.1289 [hep-lat].

Nl,NQ,Ng . even

N4 : odd

M(s) =

71 ’72 73 721—#824—83'

=M

T(S)%LM(S + 1) = n(5)74

& “temporally odd-number lattice”

We use Dirac representation(74 is diagonalized)

/

D) is spin diagonalized

Mt

there (n- D)7,

DM = ZM $)VuDpM (s + i) =

3R

l\)ln—«

W.u

0

D 0

0 -n-D 0
0 0 -n-D

TMD, H. Suganuma, T. Iritani, PoS (Lattice 2013) (2013) 375.

case of even lattice
Nl,NQ NJ N4 . even
T(s) =%"%"73 71"
= TT(s)7,T(5 % 1) = 1,(5) Lopinor
n-D 0 0 0
= pipr_| 0 mD 0 0
0 0 n-D 0
0 0 0 n-D

staggered phase:7,.(s)

-

7.(8) = <




Numerical analysis for each Dirac-mode contribution

to the Polyakov loop

(2¢)Na—1 Ny—1/ 11
Lp=-—"r > AT n|Ugln) --(a)
27)N4—1 1,
LP:( ;V Z)\fﬁl L(n|Uyln) «--(ay

TMD, H. Suganuma, T. Iritani, arXiv: 1405.1289 [hep-lat].
TMD, H. Suganuma, T. Iritani, PoS (Lattice 2013) (2013) 375.

Dirac eigenmode |?’L>

lD|n> = 2')\n|n>

KS Dirac eigenmode |n)

- Dln) = iin|n)

(A)=(A) relation (A)’ is equivalent to (A)

lattice setup

~quenched SU(3) lattice QCD

standard plaquette action

*gauge coupling: 3 = 2Ne
g2
- lattice size: N x Ny=10° x5

space

odd
\ *periodic boundary condition for link-variables

= 5.6 , 6.0  lattice spacing: a ~ 0.25 ; 0.10 fm

~

/




ImL

2. N4_
L (2

B=5.6

|attice size : 103 X b

Polyakov loop L
0.3 ‘ ‘ —g
B=5.60, 10" x5
0.2 r
0.1 r
0 %
-0.1
-0.2
-0.3 : : ‘ ‘ ‘
03 02 01 0 01 02 03
ReL
(Lp) =0

(confined phase)

Pln) = idn|n)

Dirac eigenvalue: A

An V.S. (n|[74|n) , )\f,:f‘l_l(n\ﬁzl\n)

~

Re(n|U4|n)

(n|[74|n)

ReANa—1

-0.05 +

-02 +

04 L

1
B DR (A1

0.1 006

datafileu 12+

005 +

-01

04 |

02 ¢

datafilen 13+

ol

0 1 2

datafile u T($3 TS (NET)) "+




ImL

An V.S. (n|[74|n) , )\f,:f‘l_l(n\ﬁzl\n)

(2,i)N4—1 R
Ny—1
Lp=—F—— A 2T (n|Ugn
g A il
B — 5.6 o1 datafileu 12+ 006 ' ' j datafilen 13+
lattice size : 10° x 5 .
Polyakov loop L Q
olyakov loop _ﬂ*
03 " B=560, 10°x5 <E
02| B
0.1 Q
of & A
-0.1
-0.2
-0.3 —
03 02 01 0 01 02 03 N
ReL =
<t
(Lp)=10 =
(confined phase) \S/
—
. I
Pln) = idaln) L
Dirac eigenvalue: 5 ) 7<0
: aet
confined phase

(L) = 0 is due to the symmetric distribution of positive/negative value of (n|Ugn), AN~ (n|Uyn)

Low-lying Dirac modes have little contribution to Polyakov loop.
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Lp

(2d)™
3V
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|attice size : 103 X b
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Dirac eigenvalue: 3 ) .

Polyakov loop L
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ReL

(Lp)#0

(deconfined phase)

Pln) = idn|n)

~

Re(n|Uy|n)

ReANa—1

(n|Usln)

A V.S. (n|Uy|n)

1
D A (n]Ualn)

06

05 -
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g
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bkt

01

¥
N
3
+
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+
We
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08 r
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02+

04 |

0\,

=

A

Im(n|Uy
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Im\Y4—1
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004 ¢

002

-002 ¢

004 |

02+

04

06

+
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An

In our calculation, Polyakov loop is real, so only real part is different from it in confined phase.



ImL

An V.S. (n\ﬁ4|n) , )\54_1(71\(74\71)

Lp = w § :)\N4—1(n“j4’n)
3V n
mn
3 =6.0
lattice size : 10° x 5
Polyakov loop L
04 T T — .
B=6.00, 10°x 5
03
02 r
0.1 r
0 e
-0.1
-02
-03
04—
-04-03-02-01 0 0.1 02 03 04
ReL
(Lp)#0
(deconfined phase)
Dn) = ip|n) -
Dirac eigenvalue: 5 )\ R E
R : ; S W

In low-lying Dirac modes region, Re(n|U4|n) has a large value,
but contribution of low-lying (IR) Dirac modes to Polyakov loop is very small
because of dumping factor A\M+~1




Summary

H. Suganuma, TMD, T. Iritani, arXiv: 1404.6494 [hep-lat].

Analytlcal part H. Suganuma, TMD, T. Iritani, PoS (QCD-TNT-1I1) (2014) 042.

We have derived the analytical relation between Polyakov loop and Dirac eigenmodes

on temporally odd-lattice lattice:
Polyakov loop : Lp

(27:)N4_1 ~ Dirac eigenmode : |n) = i
Nyi—1 . g FPln) = idnln)
LP — )\n 4 <TL|U4|TZ> (N4 1S Odd) Link variable operator :
12V (S10") = Up(5)04 .
n
We use only

standard square lattice
“with ordinary periodic boundary condition for link-variables,
“with the odd temporal length N, (temporally odd-number lattice )

fconclusion: )
Low-lying Dirac modes have little contribution to the Polyakov loop
“Therefore, The relation between confinement and chiral symmetry breaking
is not one-to-one correspondence in QCD. Y

Moreover, in our paper, we derived the relation between Wilson loop and Dirac modes.
From this relation, low-lying Dirac-modes have little contribution
to the string tension o, or the confining force.



Summary

N . I TMD, H. Suganuma, T. Iritani, arXiv: 1405.1289 [hep-lat].
umerica pa rt TMD, H. Suganuma, T. Iritani, PoS (Lattice 2013) (2013) 375.
1. | We numerically confirmed the relation at the quenched level.

Polyakov loop : Lp

(2i)N4_1 ~ Dirac eigenmode : P|n) = i
Ni—1 ] g P P|n) = iA,|n)

LP — An4 <TL|U4|TZ) (N4 1S Odd) Link variable operator :
1 2V (5|U,L\s’) = Uu(8)0ss 1,

n

As the method for the numerical calculation,
we developed new Modified KS formalism applicable on temporally odd-number lattice

as well as on even lattice: n-D 0 0 0
M(S) — ,7/181752,@3,}/21 s2+s3 ’ MT pM 0 D 0
0 0 0 —n-D

In confined phase, (Lp) = 0 is due to the positive/negative symmetry in the distribution

of (n|Usn), \¥+=(n|Us|n). In deconfined phase, there is no such symmetry.

E 118213 E
S =~
£ E
i [ -
Z Z s
~< ~
QL jab]
~ o= )\
Ve

An

confinement phase (symmetric) deconfinement phase (broken)



Appendix



Relation between Wilson loop and Dirac mode

H. Suganuma, T. M. Doi, T. Iritani, arXiv: 1404.6494 [hep-lat].

We consider the functional trace on a arbitrary square lattice

J = Trc,fy(ﬁstaple @T)

(T:even) instead of I = Tr.(U; PV1~1) for the Polyakov loop
on the temporally odd-number lattice
N T A . A R N~ T A R
U4 Ustaple =Ul U—4U1
I

W (R, T)

Wilson loop : W(R,T) =

N

Staple operator: U

=U]U",Uf

Tr{U\lRL/jI4UlRU\;1r} — Tr{ljstaplelj;ll-}

N



Relation between Wilson loop and Dirac mode

_ 1 NT
J = TrUstapIeD
1 N \T

=TrU staple(7/4 D4) ("." only gauge-invariant quantities survive)
— TrLjstaple[A)I (. 7/4'1\“_1 —1 T is even)

1 1 1 T \T
= 2_TTrUstapIe(U4 _U—4)

1 A AT (*." only gauge-invariant quantities survive)
= 2—TTrUStap|eU4 (- try]_: 4 Tr= Z tr, try )

4 i AX
= 2_TW (= W = Tr{LJstapIeU;lr})

Thus, J zTr{ljstap,eIZA)T} is proportional to Wilson loop W



On one hand, we obtain foreven T

Yy

staple 2T

J=TrU

On the other hand, using the complete set of the Dirac eigen-states | n>

‘J = Trustaplelﬁ-r — Z<n |Ljstaple|ﬁT | n> T (_)lezﬂ“nT <n | Ljstaple | n>

ra
Sinnl-1  Bin)=iz,In

Combining them, we obtain a relation for even T:

W =()""22"2>" 4, (n]U e | )

> V(R):—Iimian =—lim

T—)OOT T —o0

1
—In
T

> (24,) (Ui I 1)

—  o=-lim iInW:— lim iIn

RT-owo RT RT—o RT

> (22,)"(N|Uggie I 1)



W = (_)T/ZZT_ZZ/InT <n |Ustaple | n>

o=— lim iInW:— lim iIn
RT-oo RT RT-oo RT

> (22,)" (Ui I 1)

n

Because of the factor/lnT in the sum,

low-lying Dirac-mode contribution is to be small

for the Wilson loop W, the inter-quark potential V(R) and
the string tension o, unless the extra counter factor 1/ A !

appears from the matrix eIement<n |Ustap,e | n> :

Thus, the string tension o, or the confining force,
is expected to be unchanged by the removal of
low-lying Dirac-mode contribution.



Relation between Wilson loop and Dirac mode

Setup: Arbitrary square lattice (including anisotropy lattice)

We only use the fact that
non-closed lines are gauge-variant and their expectation values are zero.

Analytical relation: connecting Wilson loop and Dirac mode

WRT) o 32 (01U e[ 1)

R R
Wilson loop : W (R, T) =THUSUT,URU 3 =Tr{U,,., U7}
A, : Dirac eigenvalue, |n> : Dirac eigenstate
conculusion:

It is expected that the contribution from low-lying Dirac modes
to the string tension (confining force) is small because of the factorﬂ.

Reference: H.S., TM.Doi, T. Iritani, arXiv:1404.6494 [hep-lat],
“Analytical relation between confinement and chiral symmetry breaking
in terms of the Polyakov loop and Dirac eigenmodes”



New Modified KS Formalism
Temporally Odd Number Lattice

. T. M. Doi, H. Suganuma, T. Iritani, arXiv: 1405.1289 [hep-lat].
N5, N5 : even ’
Nl » 4V25 4V 3 T. M. Doi, H. Suganuma, T. Iritani, PoS (Lattice 2013) (2013) 375.

N4 :odd
M(s) =9ty ystys e
/ explicit form of the reduced Dirac eigenvalue equation \
> (D)2 xn(s') = iAnxn(s)’
s’,J
where (- D)), = (.Du)3 =5 Zm; Up ()7 6ot sr = U—pu(8)7 85—

N Y

(s|n) = n(s) = M(s)xn(s) xn(5) = xn(s)" don't have spinor index

This method is applicable to temporally odd number lattice.
periodic boundary condition = M(s+ N,i) = M(s)

This requirement is satisfied on odd lattice.

*Even without use of this method, the same results are obtained.



Relation between

Dirac eigenmode and KS Dirac eigenmode

(20)N+!

(L) =5 > AT n|Ugln) -=-(a)

in odd lattice
Dirac eigenmode |72)

ﬁ\n) — z)\n|n) (s|n) = tbn(s) = M(s)xn(s)

n-D 0 0 0
KS Dirac eigenmode |n) Mmipy—| © 7D 0 0
] 0 0 —n-D 0

n- D‘n) = Z)\n‘n) (sln) = xn(s) 0 0 0 —n-D

- [Z ANa=Lin|Uy|n) = 42 )\g4l(n|f]4n)}

= {(L) _ (Qiz)))f‘\f—l Z )\54_1(”‘["]4‘”) - -(A)} relation (A)’ is equivalent to (A)

n




