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is restored above the QCD critical
temperature or not

OUR RESULT:
U(1)a sym. may be restored

KEYWORD : Chiral symmetry
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I .Introduction
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Sym. of Nf=2 QCD (m=0)

L:SUQ2), xSUR2)pxU(1l)y xU(1)4

/ Fp (D)) v (1)

At zero temperature:--
SU(2) chiral symmetry is spontaneously broken
U(1)a Sym. is violated by the anomaly




Anomaly = Sym. Violation by Quantum Eff.

Nf=2 massless QCD has chiral symmetries

2= [DapiDsess |- [asiw| o=

1. K. Fujikawa and H. Suzuki, Path Integrals and Quantum Anomalies (Oxford University Press, Oxford, 2004)
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Anomaly = Sym. Violation by Quantum Eff.

Nf=2 massless QCD has chiral symmetries

7 = /DAMDzZmexp B /d4x zﬁ(lD)w- Y= (Z)

e 5% «—U(1)aTrf(Chiral trf)

Rotate all R/L handed quark opposite dir.

1, i759
@be V) = —Ds

=Y
Y —

1. K. Fujikawa and H. Suzuki, Path Integrals and Quantum Anomalies (Oxford University Press, Oxford, 2004)
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Anomaly = Sym. Violation by Quantum Eff.

Nf=2 massless QCD has chiral symmetries

7 = /DAMD@EDwexp :— /d4:r: w(lD)¢: Y= (Z)

b — ' =%  <U(1)aTrf(Chiral trf)

_ -~ . 0 Rotate all R/L handed quark opposite dir.
— 17Y5

wéw _we V5P = —Ps

Action Is Inv., Measure Is not invariant.
U(1)a Anomaly, Chiral anomaly

1. K. Fujikawa and H. Suzuki, Path Integrals and Quantum Anomalies (Oxford University Press, Oxford, 2004)
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Anomaly = Sym. Violation by Quantum Eff.

Nf=2 massless QCD has chiral symmetries

7 = /DAMD@EDwexp :— /d4x w(lD)¢: Y= (Z)

b — ' =%  <U(1)aTrf(Chiral trf)

_ -~ . 0 Rotate all R/L handed quark opposite dir.
— 17Y5

w%w —¢€ V5D = —Ds

Action Is Inv., Measure Is not invariant.
U(1)a Anomaly, Chiral anomaly

DYDyp = DY/'DyY'et, T ~ i / d*z[tre" P F,, F.g]

1. K. Fujikawa and H. Suzuki, Path Integrals and Quantum Anomalies (Oxford University Press, Oxford, 2004)

15%E3A5HAEH



Akio Tomiya(Osaka U

Chiral symmetry breaking in QCD (Nt+=2, muq=0)

* SU(Q)L X SU(Q)B X U( W x U1y

SSB Anomaly

> SU(Q)V X U(l)v Residual symmetry

niv.)
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Akio Tomiya(Osaka U

Chiral symmetry breaking in QCD (Nt+=2, muq=0)

1= Qo
[ SU1L % ST x U(1)y x U(Ls

SSB Anomaly

> SU(Q)V X U(l)v Residual symmetry

U(l)an — 2?2

SU(Q)V > SU(Q)L X SU(Z)R Restored

niv.)
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Akio Tomiya(Osaka Univ.

Chiral symmetry breaking in QCD (Nt+=2, muq=0)

1= Qo
[ SU1L % ST x U(1)y x U(Ls

SSB Anomaly

> SU(Z)V X U(l)v Residual symmetry

SU(Q)V ’SU(Z)L X SU(Z)R Restored
U(l)p — 2?7

What happens on the anomaly above the Tc?
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Akio Tomiya(Osaka Univ.)

U(T)a may be restored...

Two supporting evidences

1. Finite temperature = Theories on L3x(1/T)
T=0 <— Theory in D=3 (No anomaly)
Anomaly disappears at infinite temperature
(Anomaly could be disappeared at finite temperature?)

2. Cohen’s argument (1996, Next page)
SU(2) chiral symmetry restoration may be related to

U(1)a restoration
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Cohen: SU(2) & U(1)a may be restored

(1996)

Fact : T>Tc , when m—0, chiral symmetry is restored <=> @w} =0
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Cohen: SU(2) & U(1)a may be restored

(1996)

Fact : T>Tc , when m—0, chiral symmetry is restored <=> @w} =0

Cohen :

If we assume <QE¢> — (), gap in the Dirac spectrum, it may lead XU(l)A — ()

Order parameter Order parameter of
of SU(2) chiral sym. U(T)A Sym. (Later)
> Additional

condition is needed
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Cohen: SU(2) & U(1)a may be restored

(1996)
Fact : T>Tc , when m—0, chiral symmetry is restored <=> (¢)) = 0
Cohen :
If we assume <QZ¢> = (), gap in the Dirac spectrum, it may lead XU (1)4 — 0
Order parameter Order parameter of
of SU(2) chiral sym. U(T)A Sym. (Later)
> Additional

condition is needed

Spectral rep :

2
<¢¢> — T}SI—I}O ; dA ,0(>\) \2 _Iian Banks-Casher rel.
. . > 4m?
lelglo XU = fnl?,lg() 0 dA p(A) (A2 + m?2)2
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Cohen: SU(2) & U(1)a may be restored

(1996)
Fact : T>Tc , when m—0, chiral symmetry is restored <=> @w} =0
Cohen :
If we assume <1E¢> = (), gap in the Dirac spectrum, it may lead XU (1)4 — 0
Order parameter Order parameter of
of SU(2) chiral sym. U(T)A Sym. (Later)
> Additional

condition is needed

Spectral rep :

2
<¢¢> — T}SI_ISO ; dA ,0(>\) \2 _Iian Banks-Casher rel.
. . > 4m?
lelglo XU = fnl?,lg() 0 dA p(A) (A2 + m?2)2

— Let’s check this by Lattice QCD !
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Akio Tomiya(Osaka Univ.)

Previous studies (DW type) are controversial !

. . Gap in the Ua(T)

GrOUp FermlOn Slze spectrum Correlator ‘
JLQCD Overlap !
(2013) | (Top. fixed) 2 fm Gap Degenerate | Restored
TWQCD Optimal
_ 3 fm Degenerate [[Restored %

(2013) [domain-wall No gap| e {
LLNL/RBC _ No |, :
(2013) Domain-wall (2, 4 fm| Peak degeneracy | Vlolatedr

9

What makes such difference?
Fermion, Volumes or Topology ?
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By '\'_he Way
If U(1)a symmetry is restored ?

Temperature T [MeV]

Net Baryon Density
Ref: http://personal.kent.edu/~mstrick6/

0
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If U(1)a symmetry is restored ?

Temperature T [MeV]

Net Baryon Density
Ref: http://personal.kent.edu/~mstrick6/
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By ihe way
If U(1)Aa symmetry is restored ?

Our targeto Ny =2

OOAT 2nd @ Pure Gauge

Ms |2”d Crossover Ny =1

* Physical point

1st

mu, md OO

11
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By ihe way
If U(1)Aa symmetry is restored ?

he order of the transition may be changed :
2nd—1st (Pisarski&Wilczek1983)

Our targeto Ny =2

OOAT 2nd @ Pure Gauge

Ms 2nd  Crossover Ny =1

* Physical point

1st

mu, md OO

11
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By the way

If U(1)Aa symmetry is restored ?

he order of the trans
2nd—1st (Pisarski&Wi

Our target

AN —
o

Mg IZ”d Crossover

* Physical point

1st

mu, md OO

Ition may be changed :

czek 1983)

Our target _
O 0 2nd Nf = 2

@ Pure Gauge OOp 7 -|st.Pure Gauge

Mg | 2nd Crossover Ny=1

* Physical point

1ﬂ\

mu; Md o0

Possibly realized...

>

11
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2.U(1)aSym. & Correlators
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Sym. of QCD<=>Degeneracy

SU(2); x SU(2)

(m(2)m(0)) —— (o(z)a(0))

m(x) = uh(x)ys7Y ()

=i o(x) = Pla)()
5(2) = Pa)rib(e) (@) =

) (z) Y51 (x)

Degeneracy of these channels
<=>There are symmetries

14
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Sym. of QCD<=>Degeneracy

SU(Q)L X SU(Q)R

(m(2)m(0)) «—— (o (2)c(0))

Wiy = [Ealim(@r(0)) — ($()5(0))] O perameer

If this quantity O at V —«, m—0,
U(1)a symmetry is restored.

15
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Let’s check Cohen’s argument

2m

O
(Y1) = lim dX p(\) Order parameter of
m=0Jo A% +m? SU(2) Chiral symmetry

2

: . > 4m Order parameter
7}3210 XU(1)a — 7717,1§0 ; d ,0()\) ()\2 4 m2)2 U(1)A symmetry

What happens T>Jc

Checking U(1)a Sym. restoration at T>T¢ ....
+ Directly measure Xu()a

16
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3.Dirac spectrum

(Y1p) = lim dAM

m—0 )\2 — m2

15%E3A5HAEH



p(\) :Dirac spectrum
=Spectral density of the Dirac operator

(%Q)% = Aj¥;

0, +A4A,)

p (A) : Distribution of A

—This reflects symmetry of quarks with
the gauge field!

18
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Akio Tomiya(Osaka Univ.)

Argument by Cohen(1996)

It there i1s a gap In the Dirac spectrum

(and can I%e ignored exact zero-modes)

A
.A=L4/))\

U(T1)a violation o

: 4 T 4m2p()\)
lim - fd"z{(r(2)7(0)) — (0(2)0(0))] = lim Odk(mg A
= (

Cf : Aoki-Fukaya-Taniguchi (2012)

19
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Akio Tomiya(Osaka Univ.)

Argument by Cohen(1996)

It there i1s a gap In the Dirac spectrum

(and can I%e ignored exact zero-modes)

A
.A=L4/))\

U(T1)a violation o

: 4 T 4m2p()\)
lim [d'al(n(@)n(0) = (5()8(0)] = lim [ dr
= (

Cf : Aoki-Fukaya-Taniguchi (2012)

A~0 modes are important

19
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4 Previous studies
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Akio Tomiya(Osaka Univ.)

Previous studies (DW type) are controversial !

Group

Fermion

Size

Gap in the

spectrum

Ua(T)
Correlator

U(T)a

| (2013)

2 fm

Gap

Overlap

Degenerate

(Top.fixed) | — "*°° | =~ 4 =7

Restored

TWQCD
(2013)

Optimal
domain-wall

3 fm

No gap

Degenerate

Restored ?

LLNL/RBC
(2013)

Domain-wall

2.4 tm

Peak

No
degeneracy

Violated

What makes such difference?

21

Fermion, Volume or Topology ?
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Akio Tomiya(Osaka Univ.)

Chiral symmetry on the Lat.
=Ginsparg-Wilson rel.

22
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Akio Tomiya

Chiral symmetry on the Lat.
=Ginsparg-Wilson rel.

S = /d‘la: vy is chiral symmetric <=>

Cont. - Dvys +vs =0

(Osaka Univ

22

15%E3A5HAEH



Akio Tomiya(Osaka Un iv.)

Chiral symmetry on the Lat.
=Ginsparg-Wilson rel.

S = /d% vy is chiral symmetric <=>

Cont. - D5+ =0

~—

Lat. D~s + 5D = 2a D5 D
Ginsparg-Wilson relation
a: lattice spacing

\_ J

22
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Chiral sym. on the Lat.
Lat. : D~y + v D = 2a D5 D
Ginsparg-Wilson relation
a: lattice spacing

. J

) (satisfies above) : 2 aood thinc
1. Action has exact chiral symmetry
w N w/ _ 67;’75(1—&D)Q¢

_ —, — e )
Y — Pt = e’
— The action has full SU(2) and U(1)a symmetries

2. U(1)a sym. is violated by the quantization
o as same as the continuum theory.
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Akio Tomiya(Osaka Univ.)

The overlap fermion satisties
the Ginsparg-Wilson relation exactly !

D”y5 -+ 75D e QCLD’)/5D

_1+m 1 —m
9 9 PR

HT Is a hertimitan
Dirac operator

Doy

O Exact chiral symmetry on the lattice

X Bad for the numerical simulation because of the
sign function (needs special care).

24
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Akio Tomiya(Osaka Univ.)

Previous result by JLQCD(201 3)

| ﬁﬁjﬂ e

| T=210 MeV

E Red -> Yellow ( m— light)
heenny | ] I

e m | T B=240am=001

- 0.2 i i l = 2.30 am = 0.01

B
-r~ [ =2.30am=0.025
p

= 2.30 am = 0.05

|
OGp 10 '260 ')\(Melv)' 360 ' '460 500
Simulation with the overlap (Exactly chiral)
Volume : L=2 fm & fixing topology
Finite temperature simulation!

— As a result, U(1) is restored above the Tc

Objections: Do finite volume affect near zero modes ?
, Does topology-fixing change the physics?

In this work, we change our set-up
and Check U(1) restoration -

15%E3A5HAEH



By T_he Way

I I I ] I I | ?
ldeal simulation

. Overlap action:
Large volume,
several volume

. Without topology
fixing term

26
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By ihe way

I I I | I I | ?
ldeal simulation Our set-up

. Overlap like action

. Overlap action:
—reweighting to OV

Large volume,
several volume . Large volume,

. Without topology several volume

fixing term . Without topology
fIXxing term

26
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5. Our set-up
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Akio Tomiya(Osaka Univ.)

Mobius Domain-wall fermion
= Better approximation of the overlap fermion

The overlap (Exactly chiral , used in JLQCDZ201 3):

_]-_I_m 1 —m Hr Is a

DOV _ ) 9 75S_g_r}_(_[i?) hermitian Dirac op.

Domain-wall fermion (used in RBC/LLNL)
1 digit precision chiral symmetry

tanh | L, tanh ™' (Hr)]
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Akio Tomiya(Osaka Univ.)

Mobius Domain-wall fermion
= Better approximation of the overlap fermion

The overlap (Exactly chiral , used in JLQCDZ201 3):

_]-_I_m 1 —m Hr Is a

DOV _ ) 9 758_%?}_(_1120 hermitian Dirac op.

Domain-wall fermion (used in RBC/LLNL)
1 digit precision chiral symmetry

tanh | L, tanh ™' (Hr)]

\4

tanh | L, tanh ™" (2Hr)]
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Akio Tomiya(Osaka Univ.)

Mobius Domain-wall fermion
= Better approximation of the overlap fermion

The overlap (Exactly chiral , used in JLQCDZ201 3):

_]-_I_m 1 —m Hr Is a

DOV _ ) 9 75S_g_r}_(_[i?) hermitian Dirac op.

Domain-wall fermion (used in RBC/LLNL)
1 digit precision chiral symmetry

tanh | L, tanh ™' (Hr)]

Mobius Domain-wall fermion

(This work) Edwards-Heller (2000)

3 digit chiral symmetry 1
tanh [L, tanh ™! (2H7)]

— Better approximation of the OV
(Still it violates the Ginsparg-Wilson rel. )

15%E3A5HAEH



Lattice set up

=2 fm

=4 fm

Gauge action:tree level Symanzik
Fermion :Mobius DW(b=2, c=1, Scaled Shamir + Tanh)
w/ Stout smearing(3)
code :rolro++(G. Cossu et al))
Resource :BG/Q(KEK)

LPxL | B | maMeV) | Ly | mes(MeV) | Temp.(MeV)
16> x 8 | 4.07 30 12 2.5 180
16> x 8 | 4.07 15* 12 2.4 180
16°> x 8 | 4.07 3.0 24 1.4 180
16> x 8 | 4.10 32 12 1.2 200
16> x 8 | 4.10 16* 12 1.2 200
16> x 8 | 4.10 3.2 24 0.8 200
323 x 8 | 4.07 3.0 24 5 180
323 %8 | 4.10 32 12 1.7 200
323 x8 | 4.10 16 24 1.7 200
323 %8 | 4.10 3.2 24 0.7 200

Akio Tomiya(Osaka Univ.)

Table 1: Our lattice set-up. Those with m; are obtained by the stochastic reweighting of the Dirac operator
determinant from the ensemble with the higher quark mass. Residual mass with ** is estimated by weighted
average of g; with some threshold.

Mres: Scale of violation of Ginsparg-Wilson relation

29
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6. Our results

30




Result of the Mobius DW

T~Tc

Akio Tomiya(Osaka Univ.)

T>Tc

L=16 Domain-wall Histogram(p=4.1) T=200 MeV

L=16 Domain-wall Histogram(f=4.07) T=184 MeV

' Small volume

(2 fm)

120 140

100

60 80
AMMeV)

L=32 Domain-wall Histogram(p=4.1) T=200 MeV

No clear gap in the spectrum
Even for the lightest mass (Red bar).

Large volume (4 fm)

0.015 T T T T T 0.015 I
am=0.01 am=0.01
am=0.001 ——— am=0.001 =

< oot romall volume (2 fm) < oo
< <
= 0.005 = 0.005
0 0
0 20 40 60 80 100 120 140 0 2
AMMeV)
L=32 Domain-wall Histogram(p=4.07) T=184 MeV
0.015 T T T T T T 0.015 I
am=0.001 me—— am=0.01
am=0.005
am=0.001 m——
< oo tLarge volume (4 fm)
8
=<
2 0.005 |

140

—Ua(1) looks violated?

31
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Akio Tomiya(Osaka Univ.)

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

32
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Akio Tomiya(Osaka Univ.)

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

Possible causes

32
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Akio Tomiya(Osaka Univ.)

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

Possible causes
previous JLQCD : Finite volume effect ?

32

15%E3A5HAEH



Akio Tomiya(Osaka Univ.)

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

Possible causes
previous JLQCD : Finite volume effect ?
previous JLQCD : Topology fixing changes physics?

32
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Akio Tomiya(Osaka Univ.)

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

Possible causes
previous JLQCD : Finite volume effect ?
previous JLQCD : Topology fixing changes physics?
Ginsparg-Wilson violation in DW 7

32
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Akio Tomiya(Osaka U

3.Histogram for DW

No clear gap in the domain-wall spectrum

in large volume system
—U(1)a looks violated.

Same result as the previous study by
LLNL/RBC 2013
What was wrong with previous JLQCD?

Possible causes
previous JLQCD : Finite volume effect ?
preVIous JLQCD Topology ﬂxmg Changes phyS|Cs’?

32

niv.)
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Akio Tomiya(Osaka Univ.)

Ginsparg-Wilson violation for each mode

S [d'= 4Dy s chiral symmetric <=>

Lattice : Dvys +v5D = 2aDvysD

Eigen-function of D |
gi X w;% Dvys +v5D — 2a D5 D],

gi =0 for the chiral fermion

What happens on the Mobius domain-wall ?

33
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Akio Tomiya(Osaka Univ.)

Ginsparg-Wilson relation is violated even for
improved domain-wall fermion

Violation of GW relation
DW,0V-16x8,T=180MeV,m 4=3.0MeV

1.2
94 1 N | | | | gi(DW) -
— . Vv —
08 B + : N I gI(Q- ) n X |
! - . N ++ ooy —+t n + +
|GW violation| 06 b E . T
04 + 4+ T + + + T+ N .
T+ + o+ + T +
=T i IF% +f ++J:—FF “—f—tJr# i Jii*f { E: iy #i + !._
0 *'% K—XK e R RIS i Se R czz:: S e ﬁhlw
] ] ] ] ] ] ] ]
0 10 20 30 40 50 60 70 80
A (MeV)
Near zero modes important for the issue...
34
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Observation
—lgenmodes of improved domain-wall :
Ginsparg-Wilson is violated

35
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Observation
—lgenmodes of improved domain-wall :
Ginsparg-Wilson is violated

~&

Using reweighting technique,
we switch the fermion determinant to the OV one
(toward the ideal simulation...)

35
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Akio Tomiya(Osaka Univ.)

(skip)

Re-weighting tech. enables us to change
another fermion determinant

<O>Overlap X /D@ZD?pDAM @, e_Sgaugee_"L[DOV]TP

— / DA, O e JsuseDet[D2y]

_ Det|[D3.,;
= / DA, O e =vzDet[DEy/] St o

— / DyYDYD A, OR o~ Seauge o —¥[DpwW]

_ Det[Dgy]
Det[Dfyy]

Multiplying R and taking average, we obtain
the result with the overlap determinant

X <OR> Domain Wall

R

36
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Reweighting suppress near zero-modes!

Spectral density for the overlap Dirac operator
with different fermion determinant (OV or DW)

T=180 MeV, L=2fm , m=3 MeV

0,0016 ,
m=0,001,0v(w/ dw con{)

0,0014
0,0012

0,001

p 3 3 o.0008
0.,0006

0,0004

0,0002

0

m=0,001,0v{w/ dw conf)

d

Red: Partially quenched = w/ det of DW
Blue: Reweighted =w/ det of OV

Cf: Microscopic Origin of Ua(1) Symmetry Violation in the High Temperature Phase

of QCD - Dick, Viktor et al. arXiv:1502.06190 [hep-lat]
37
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DW/OV Dirac spectrum has different shape

Domain-wall Overla

L=16 Domain-wall Histogram(p=4.07) T=184 MeV 2 fm L=16 Overlap Histogram(p=4.07) T=184 MeV
0015 T T T T T T 0015 T T T
am=0.01 am=0. 01
am=0.001 —— am=0.005 masasn
am=0.001 -

oo; 0.01 m; 0.01
[O) ()
S S
S S
& 0.005 & 0.005

0 0
0 20 40 60 80 100 120 140 60 80 100 140
MMeV) A(MeV)
L=32 Domain-wall Histogram(p=4.07) T=184 MeV 4 1] L=32 Overlap Histogram(p=4.07) T=184 MeV
0.015 T T T T T T 0.015 T T T T T T
am=0.001 == am=0.(ﬁ01 —

%> 0.01 s 001+

> >

(0] (0]

S S

S <

< 0.005 a 0.005

0 | 0 Le—=sm
0 20 40 60 80 100 120 140 0 0 40 60 80 100 120 140
MMeV) MMeV)
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7.Summary

1.1. Thanks to the reweighting, we can perform the simulation
with the overlap in large volume without topology fixing

1.2. We find, the ov and DW spectrum have different shape

1.3. We find Ginsparg-Wilson violation for DW each eigenmodes

1.4. We find gaps in the spe IM Tor OV: 1=180 IVIE =200Me

fm and 4 fm.
2. We are going to,
2.1. find a gap in the spectrum for finer lattice
2.2. do quantitative evaluation for the gap (Check vol. scaling)

2.3. check consistency with the measurement for xum

Reference:

A. Tomiya, G. Cossu, H. Fukaya, S. Hashimoto and J. Noaki, arXiv:1412.7306 [hep-lat].
Full paper Is Iin preparation: 39
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