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(qq)~0 o QCD phase diagram
T &K O & (for u, d, s quarks)
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e o ©
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Phase transition
(crossover)

(qq) # 0
Chiral condensate ,
(chiral symmetry breakin
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U(l)A Sym m etry(in vacuum, broken by anomaly)
IS restored above Tc ?

* Above Tc, chiral symmetry breaking by (gq) is restored
=How about U(1), symmetry?

J Ar_gs = jood4x [ () (x) — 6%(x)8% (x)]
0

U(1), breaking

T, Temperature



Cf.) S. Aoki, H. Fukaya, and Y. Taniguchi, PRD86

If U(1), is restored...

Colombia plot Is modified?

mS - OO0 mCTi(?) Nf — 2 World

Conventionally,
at mu,d - 0,
2"d with 0(4) /

1st order? rc ssover

2"d order, not

0(4)? =
mu’d’S =7 O

mu,d,s — O

(Pure gauge)

1 world

Nf=

mu,d — OO



U(1), symmetry above Tc
=Long-standing problem in QCD

Gross-Pisarski-Yaffe (Dilute instanton gas model, 1981) restored at enough high T
Cohen (1996) w/o zero mode (or instanton)=restored

Aoki-Fukaya-Taniguchi (theory, 2012) zero mode suppressed, restored in chiral limit
at N = 2

HotQCD (DW, 2012)

JLQCD (topology fixed overlap, 2013) restored

TWQCD (optimal DW, 2013) restored

LLNL/RBC (DW, 2014) (restored at higher T?)

Dick et al. (overlap on HISQ, 2015)

Sharma et al. (overlap on DW, 2015,2016,2018)

Brandt et al. (Wilson, 2016) restored

Ishikawa et al. (Wilson, 2017) restored

JLQCD (reweighted overlap on DW, 2016) restored

Gomez Nicola-Ruiz de Elvira (theory, 2017) restored

Rohrhofer et al. (DW, 2017) restored

= Many suggestions from lattice QCD (and models)...




U(1), symmetry restoration by JLQcD Collaboration
=overlap fermion (exact chiral symmetry on the lattice)

valence/sea quark Setup
G. Cossu et al. PRD87 OV on OV
(2013) (Topology fixed sector)
A. Tomiya et al. PRD96 ERLOIFOVY 1/a=1.7GeV
(2017) Py OF D (a=0.11fm)
OV on (reweighted) OV e
In progress R ond e %a{igzdggf?n\;
OV on (reweighted) OV (EherSktice)

18/Apr/2019 YITP workshop



Outline

1. Introduction
2. U(1), and topology from Dirac spectra
3. Results

3-1: U(1), susceptibility at finite T

3-2: Topological susceptibility at finite T

3-3: Mesonic correlators at finite T
4. Summary i ) t\
U(1)A
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Chiral condensate and Dirac spectra

Banks-Casher relation:

PN i
(qq>—n,}gn0f0 p(1) P T

. ,
p(){) = ‘}l_l)’l;lovzlr < 6(/1—/1) >

with interaction

§ “
*
.
“
L

$““ 3
.* p(A)NA
e W/0 interaction A

)

18/Apr/2019 YITP workshop 8

/ (qq) (g
p(ﬂ) e (qq_> &
(qq) <qq)

Chiral condensate
Induced by low modes

p(O) = —(ﬁCI)/T[ ‘___.-----'




G. Cossu et al. (JLQCD) PRD87 (2013), 114514

T-dependence of Dirac spectra

-
Low T:
p(0)#0 __ . o
= Spontaneous chiral = 0s i iy a0

\symmetry breaking LILE - B-218am - 001

%m
(qq) =

T= 180~ 190 MeV

2 - lim = = 0.01

= ().F rl'-‘i = 2 20 am = 0.01

<qq> rhﬂri"lﬁﬂl SRR § = 2.20 am = 0.025

U T =2.20 am = 0.05

Critical Temp.
a0

ngh T = [T L B =2.40am = 0.01

- =< LU % J F = 2.30 am = 0.01

p(O)—O = [ +- :'5=2,30 zn:=0.025

= Chiral Symmetry o Tt T I B = 2.30 am = 0.05
\restoration - 00 2 3( ) 500

.\ Low energy High energy




U(1), susceptibility and low modes of
Dirac spectra

0'e) 2m2
ATL’—5 7 f d){p(){) (AZ +m2)2

o & N

Low.mode contribution Is
enhanced by.the factor of 1/1*

o

Cf.) Banks-Casher relation: {(gq) = ,1,{“},[ dA p(1)
~%Jo

A% +m?



S. Aoki, H. Fukaya, and Y. Taniguchi PRD86 (2012), 114512
{ A. Tomiya et al. (JLQCD) PRD96 (2017), 034509
ote:

U(1), susc.=Low modes+Zero mode?

00 2m?2 1 Im2(1 — A(l)z 2
A = di p(1 = N )
-6 ]0 p(1) (A2 + mZ)Z |» 1(;‘18 = Rl — mZ)Z z /1(1')4

-------------------------------------------------

The factor of 1/A*enhances| | © ~ YV7 il
zero-mode contribution?

“
.
.
.
*
*
o*

“‘ ““

»* .

*
»
*
.
*
.
»
o,
.

subtracted
zero mode

-
Ll
a
‘s

In V — oo limit, we know zero-
mode contribution is suppressed:

2N,
A?)Vmode =~ Vmz2 (x 1/\/7)

New order parameter: zov _ yov _ 2No
we subtract zero mode "®6 T T8 pyn2
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JLQCD, preliminary (2019)

Overlap Dirac spectra at T = 220MeV

mq =2.6MeV 32°x12, B=4.3, T=220MeV, m=0.001(2.64MeV)

L on DW ——
Lon OV C—

-Low modes suppresse

>

100 150 200
Overlap Dirac eigenvalue |A| [MeV]

mg =26MeV 32°x12, p=4.3, T=220MeV, m=0.01(26.4MeV)

on DW —— |
on OV 1

Il Low modes enhanced
: l.l.'"“

I'I

50 150 200
Overlap Dirac eigenvalue |A| [MeV]




JLQCD, preliminary (2019)

U(1), susceptibility at T = 220MeV

A% on OV (UV subt.
A,_s is almost zero
=1|n the chiral limit,
U(1), will be restore

32°x12, B=4.
T=220MeV

N'_I
>
(b}
O,
0O
=
<]
>
=
o
e
o
()]
(@]
w
-
w
<
=
)

20
Quark mass m [MeV]

=At m, =2.6MeV, we found suppression of 10*GeV?
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p(IM)) [GeV?]

o do A An. OV (LI cLiht ) -—Q—-J

32°x12, B=4.3, T=220MeV, m=0.001(2.64MeV)

0.045 \
0.04 Lon DW —

0505 -on OV = 1 | Large mass region

0.03 | _ B
"002 | i | | =large A,,_s by low mode
0.015 + i

0.01 - LT | enhancement
0 a0 P 1
0'00(5) 1 ) ...!.....i|.||iI||I|||||I
100 150 200 250 N
Overlap Dirac eigenvalue |A| [MeV]

| =Z22ZUNIEV
Small mass region 1
=small Zn—8 by low mode 00is - | 32 x1}/%.3, T=220MeY, m-

: 0.04 |
suppression 0.035 |
0.03 |
0.025 |
0.02 |
0.015 |
0.01 |
0.005 |

0.06

0.04 r

p(M) [GeV7]

0.02

Overlap Dirac eigenvalue
.

O — — T ] | | |

0 5 10 15 20 25
Quark mass m [MeV]
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U(l)A Suscepti blllty (Volume dependence)

A% on OV 24x12
A% on QV 32x12 —@&—
A% on OV 48x12 —@—

Ni=12, =4.3
T=220MeV

Finite V effect
enhanced?

10 15 20
Quark mass m [MeV]

=For small m,, V-dependence seems to be small
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U(1), susceptibility (=220, 330MeV)

A® on OV (T=220MeV)
A% on OV (T=330MeV

1°=32° B=4.3

0.0002

NI_I
>
()]
O,

[l@]

&
<]

N
=
=
—

o
()]
(@]
(V)]
-
(¥p]

<
=
-

__

100 150 200 250
Quark mass m [MeV]

= With increasing T, U(1), Is more resotored
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Topological susceptibility and zero

mode of Dirac spectra
(QfF)

Xt =

#of Dirac zero mode (Index theorem)

Trivial sector

Q:=0

Nontrivial sector
Q, = +1,+28

e

Cf.) Gluonic definition: Q; =

L-hand : R-hand

Qr =Ny —1n_

V )
/ Topological charge()isr%
p(1) t




JLQCD, preliminary (2019)

Top. susceptibility at T = 220MeVv

32°x12, B=4.3

© GL-DW
GL-OV
OV-DW

© OV-OV

=For small mg, y; =0

= Around m,~10MeV, we found a jump (critical mass?)
Cf.) S. Aoki, H. Fukaya, and Y. Taniguchi PRD86 (2012), 114512
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Top. susceptibility (volume depend.)

=For small m,, no volume dependence

18/Apr/2019
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JLQCD, preliminary (2019)

Top. susceptibility (T=220, 260, 330MeV)

1.6x10°8 N
T=220MeV b

1.4x10° T=260MeV
T=330MeV —E—

8 gluonic w/o reweighting

1.2x10
1x108
8x10’

6x 10’

4x10’

2x10’

60 80 100 120

m [MeV]

=With increasing T, y; IS more suppressed
18/Apr/2019 YITP workshop 20




Mesonic correlators esiorn, =2)

<T[ )) (O' O))

SU(2), X SU(2),
—

14 1
| g Also,
O t i
U(l)A ‘ diggr;r?]nnec e U(l)A ‘ g:;;?;]rrr\]ected
B  su), xSUER), 2 AN’
S

Vs
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PS'S(Connected) COrre|atOrSZ U(1), partners

24x12, PS
24x12, S
32x12, PS

x_,y_,z)

N=12, p=4.3
T=220MeV

X
=
O

| -
O
—
o
)
| -
|-
Q
&)
©
=
©
Q
0p]

=Small m,:U(1), restoration, Large m, :U(1), breaking
22
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PS'S(Connected) COrre|atOrSZ U(1), partners

24x12, PS
24x12, S
32x12, PS

x_,y_,z)

N=12, p=4.3
T=220MeV

X
=
O

| -
O
—
o
)
| -
|-
Q
&)
©
=
©
Q
0p]

=Small m,:U(1), restoration, Large m, :U(1), breaking
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\VAVANY/ COI’re|atOrS . Chiral partners

[ - ,

‘ Ty T T
24x12, V . m H
24x12, AV~ +—e—i

32x12, V —E—
32x12, AV +—6—

X,y,Z)

Ni=12, p=4.3
T=220MeV -

X
=
O

| -
O
—
o
)
| -
|-
Q
&)
©
=
©
Q
0p]

—
o|
»

0 2 4 6 8101214161820 22 24 2628 30 32

nk=><1y,z

=Small m, : Chiral restoration, Large m, : Chiral breaking
24
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\VAVANY/ COI’re|atOrS . Chiral partners

‘ Ty T T
24x12, V . m H
24x12, AV = +—o—i

32x12, V —E—
32x12, AV +—6—

X,y,Z)

Ni=12, p=4.3 :"' N Ic]glil:l I:IIIEI"E|
T=220MeV - TTAN 230

m=0.01 12 16 20

X
=
O

| -
O
—
o
)
| -
|-
Q
&)
©
=
©
Q
0p]

—
o|
»

0 2 4 6 8101214161820 22 24 2628 30 32

nk=><1y,z

=Small m, : Chiral restoration, Large m, : Chiral breaking
25
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Correlator ratios(Cg/Cpg, C,\/Cy)

1.1 . — 1.1

U(1), symmetry =24 8 Chiral s mmetry 2 -
= N=12, p=4.3 L=%2 —o— g Ni=12, L=82 —o—
2 1.05 | T=220MeV _ Z 105 - T=220MeV _
A m=0.001(2.64MeV) A m=0.001(2.64MeV)
K S
O 1 BEEEEG -~~~ - - L oemmEEEE - - - == = 1 GEEIE]E]-E)EI%EEEEE]@E@EEE 5[50 clcICICIOISIoTS S
= T S P N i
X L T 9
> ;l_ . -
A < [ Small m,: Chiral restored
% 0951 Small m,: U(1), restored | z U9 ‘
S I A S
(breaking<3%)
09 1 | | | | | 1 09 I I I I I 1 1
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
r]k=x,y,z r]k=x,y,z
1.5 . ‘ 1.5 . . - ‘ :
- =24 —H— || 24 +—F—
N 1; i H(q%sgmdrmaetry l[:iz e | 14y ﬁhlqazls mmetry Lo o]
= 12| TioooMev L=40 1 = 137 T=220MeV L=40 1
3 1.] - m=0.01(26.4MeV) 1 L 121 m=0.01(26.4MeV) .
£ i - S
2 09 : s 1
Q 08 ] = 1=
Y 07 | Z 09|
x 0.6 1 A
& 05 . g 08y
% 04 ] Z o7l
o—03 | > 0.6 |
La%ée ’ | ‘
llb 0] ‘ ‘ ‘ ‘ . ‘ 0-5
16 20 24 28 32 36 40 0O 4 8 4. 6 40
U(l)A breaklng J e C2h|r ? brea Ing
=X,y,Z
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PS(Disconnected) COrre|atOr @ @

from Dirac modes

beta=4.30 (T=220MeV) w/o reweighting threshold=0.08

0.010000 T T T T T T

m=0.01,1=2

m=0.01,1=3
2
3

Large m,: strong m=0.00375, 1=

correlation? m=0.00375, L=ﬁ
t

0.001000

PP disconnected

0.000100 E

\
Small my: weak

correlation

0.000010

= Large m,: Correlation becomes strong = screening masses?




JLQCD, preliminary (2019)

P Spisconnected) SCreening mass

beta=4.30 (T=220MeV) w/o reweighting threshold=0.08

T T T T 1
| Small m,: heavy screening |m=0.01,1=
I=

I
32
mAss =>m‘“5~7OOMeV m-0.00375 o

TE2X8 PR

Large m,: nght screening
mass = mé%¥~420MeV

10 12

PP disconnected effective mass

dis__.,,con
= Small m,: mpg'~mpg

= Large m,: mE¥~420mev] < mEZ*[~700MeV]
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Scalar pisconnectesy COrrelator

from Dirac modes 1 1

Small m,: Large m,;:

beta=4.30 (T=220MeV), m=0.00375(26MeV) OV/DW reweighted threshold=0.08 beta=4.30 (T=220MeV), m=0.01(26MeV) OV/DW reweighted threshold=0.08

L=24 w/o reweighting *
L=32 — @
L* %" w/o 1'eweight'mg Gt

=)
Q
-
ol
]
=]
=
=]
o]
@\
o=
D

o
L
o
o
L
=
=
S
]
172]
.2
s}
%)
1%

w/o rgweighting
sh(0.12*(x-14) )+U (](](]{

=Large m:
m25~300MeV < m&¥~420MeV !?

= Long-distance correlations by scalar particle?
(Finite volume effect between L=24 [-1.8tfm] and L=32 [~2.4fm]?)

AS



PS Conn. (1) — PS Disc. = n’ correlation

Strong Disc.
Small m,: :

Strong Conn.
= Light
(~150MeV)

(~150MeV) Large mg:

Cancelation: | ~ ) - /
] <4 Heav ’ A X
\\\\\ PR bl \ R
\ V. .
\\\\ /” ( A h AN ,/
\:\ /5/ Cancelation: 2 _# strong B
\:‘%\H%Vy N 'Y (~420MeV)
~
Heavy 1 (~700MeV) Weak Disc.
Heavy 1
(~700MeV)

@ (~700MeV)

NOT cancelation:

Light




S Conn. (6) — S Disc. = o correlation

Small mg:

Large m,:
Strong Disc. 9 9

Weak Conn. =
Heavy 6(a0)

NOT
Cancelation:
Light o

/
+ Strong Disc.
(~300MeV)

(Cancelation:

N\
4 .
N~ ~
~ f@:’, Heavy o ]

Weak Disc. Heavy o(a0)
~750MeV) NOT »

cancelation:
@ Lighto

Heavy &(a0)
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Summary:U(1), and correlators

A% on OV (UV subt.) 24x12 —¥—

A® on OV (UV subt.) 32x12 —@— N=12, p=4.3
A®Y on OV (UV subt.) 40x12 T=220MeV
A®Y on OV (UV subt.) 48x12 +—&—

U(1), breaking: mpe* < mg°™
SU(2) breaking: m{°" < mgy"*
Light Disc. scalar:

con
\m

dis dis
s <Mpg < Mpg

_(

U(1), resto. :mpg" ~mg®" Finite volume effect by
SU(2) resto: mi°"*~mg9" Disc. scalar?
" Small correlations

O
o
N

NI_I
>
()]
O,

O
=
<]
=
=
O
et
Q.
()]
O
(/)]
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<
=
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-

#

10 15
Quark mass m [MeV]




Summary and Outlook

* In high-temperature phase (T > T;) at Nr = 2, we
found that

* U(1), susceptibility is strongly suppressed in the
chiral limit (for T=220-330MeV)

* Top. susceptibility shows a critical m, in a few 10
MeV (for T=220-330MeV)

 Long-distance (disc.) correlations at large m,,

* Another symmetry for mesonic correlators
=Next talk (by C. Rohrhofer)

Near T, (N, = 14?, chiral transition?)
e Nr =2+ 1 sector

18/Apr/2019 YITP workshop
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Valence quark @_and Sea quark «"e

DW on DW OV on DW OV on OV
@ " g @ o g 2 e g
O DWW % g DW % g oV
@ () @
o 9 o & LS
DW o?/\
g o [ g o e g oV ol
oW D?NW v oo SQO.V ov a
1000) DW o QN
& D.W @ D.W P oV
Almost good chiral Fake zero-mode Exact chiral symmetry,
symmetry appears as an artifalglt but, \fry high cost
p(Aov) (physical +) fake i U

zero-modes

J

DW / OV reweighting

=can remove fake zero mode

A. Tomiya et al. (JLQCD) PRD96 (2017)
034509




A. Tomiya et al. (JLQCD) PRD96 (2017) 034509

DW/OV rewelghting removes fake zero-modes

OV on DW: L=32"x12 Partially quenched Overlap B=4.24 (T=195 MeV)
y 0.015 — -+ _
Fake zero-modes by g _am=0.01
5 i Er‘r‘l:[{.ﬂlll:!;’j:
partially quenched am=0.0025 mm—

60 80 100 120
AMeV)

L=32"x12 reweighted Overlap f=4.24 (T=195 MeV)

( . v =0.01 - v
OV on OV: o
— [am=0.0025 m— I B i

removed fake zero-modes
= Only physical

\zero-modes survive!

60 80

A(MeV)

18/Apr/2019 YITP workshop 36
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U(l)A SUSCGpti blllty (DW/OV reweighting)

A®Y on DW (UV incl.)
A® on OV (UV incl.)
A®Y on DW (UV subt.)

32°x12, B=4.
T=220MeV

C\II_I
>
()]
O,

O
=
<]
N
=
o
'
o
()]
(@]
(V)]
-
(¥p]
<
=
-

Quark mass m [MeV]

=DW/OV reweighting is crucial in small m region
18/Apr/2019 YITP workshop 37



S. Aoki, H. Fukaya, and Y. Taniguchi PRD86 (2012), 114512

A. Tomiya et al. (JLQCD) PRD96 (2017), 034509
Note 1:

U(1), susc.=Low modes+Zero mode?

2m?

(1% + m?)?

Dpos = j dA p()
0

Po-mode (/1) i Z 6(/1)

0—mode

S

2

Azero f d/l_ z 5(/1)(/12 mmZ)z

0 mode

0 mode N
1 _ 2Ny (Nivr) = 0(V) e
Y z m2  Vm?2 (Np ) = 0(VV) Voo EETO
0—mode

Zero mode contributions in A,;_s will be suppressed in V — oo limit

18/Apr/2019 YITP workshop 38
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Note 2:
U(1), susc.=Physics+Ultravioletdivergence ?

TL’ 5= j d/‘{p(/’{) 2)2 |» AOV(s-OCm InA + --

The term depends on cutoff A and
valence quark mass m

p(A)~A3| | ~1/2%

We assume valence quark mass
dependence of An_(g (for small m):

7T(g(m)— +b+cm + 0(m*)
Zero mode m?InA
(dlsappears inV - ) (disappears in m — 0)

= From 3 egs. for A,_s(m,), A,_s(m,), A,_s(m3), a and c are eliminated
= A,_s~ b+ 0(m*) (, that depends on sea quark mass)

18/Apr/2019 YITP workshop 39



