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topological susceptibllity at high temperature
for N=2

» relation with U(1)a symmetry
» relation with the order of PT ? « Pisarski & Wilczek
» especially under 1st order like behavior observed for T>Tc
- adding a test for the fate of U(1)a through different handle
- implication (yet to be extended to these direction so far)
« axion : Xx«(T) @ phys.pt.
* Nr=2+1 phase diagram
 This report focuses on T=220 MeV
- two lattice spacings (last year)

- finer lattice: one volume (last year) — three volumes



Method

- DWF ensemble — reweighted to overlap

- Mdbius DWF: almost exact chiral symmetry: mres = 0.05(3) MeV (3=4.3, Ls=16)

 Qverlap: exact chiral symmetry

+ Qt measurements

« global sum of the gluonic charge density (clover) after Wilson Flow (t=to)

« Overlap Index

(@)
V

 reweighting: before / after and above 2 meas. yield 4 . values

Xt = susceptibility

- current main focus: 1/a = 2.6 GeV ™ PRELIMINARY ***
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gluonic charge on DW
gluonic charge on OV

OV index on DW ensemble

vi(ms) for Ni=2 T1=220 MeV, 323
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vi(m) T=~220 MeV discretization effect

comparing ‘1/a 1.7 Gev‘and\ 1/a=2.6 GeV|| ((3.6/m) and (2.4im)3)

compare N;=8(B=4.1) and 12(4.3) at simlar temperature (217 and 220 MeV) compare N,=8(B=4.1) and 12(4.3) at simlar temperature (217 and 220 MeV)
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- GL-DW: large scaling violation for smaller m
« OV-OV: y=0 (withinerror) for0 =m = 10 MeV

« GL-DW: >0, but, may well decrease as a
= (consistent with OV-OV with large error of OV-OV)
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vi(m) T1=220 MeV a? scaling: m=6.6 MeV

m=6.6MeV
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continuum scaling in 1st region

* M=6.6 MeV

* vanishing towards continuum limit

 caveat: physical volume is different = needs further invest.
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suggesting 2 regions

1: y: is very small (may vanish in a—0): 0 <m = 10 MeV

(— consistent w/ Aoki-Fukaya-Tanigchi for U(1)a symm.)

2: sudden growth of y;

10 MeV = m

 physical ud mass point: m=4 MeV
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resolution of susceptibility (ex: m=2.6 I\/IeV:)W@a é
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null measurement of topological excitation after reweighting
« does not readily mean y=0:
(this case <Q2>=4(4) x10-6<> 6(3) x10-3 @m=13MeV)
- there must be a resolution of y: under given statistics
» [resolution of <Q2>] = 1/Nef
- shall take the “statistical error” of <Q2> = max(A<Q2>, 1/Nef)
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Results of y«(m) at T=220 MeV; multiple volume
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V dependence at m=10 MeV is strange
*  non-monotonic
- important region, where a phase boundary was suggested w/ 323



Results of y«(m) at T=220 MeV; multiple volume
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summary of histogram: 1=220 MeV, m=10 MeV
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243x12

1000

100

histogram

10

1000

100

histogram

10

# trajectory:
sample rate:

OV index

24°x12, B=4.3, m=0.00375

T T

T LB R

T T

i

T T

T

T

T

T T T

OvV-DW
— OV-0OV

T

Lol

! AR

Lol

i

| 1 I N R
0 1 2 3
Q

-3 -2
gluonic
2412, B=4.3, m=0.00375
T T T T T T T 1
3 — GLDW| 7
C GL-OV ]
E L. L[ 1 | N R B
-3 -2 -1 0 1 2 3

~30K

100

323x12

histogram

histogram

1000

100

10

1000

100

10

OV index

32°%12, p=4.3, m=0.00375

T T

T LB R

T T

I i I i I

OV-DW
— OV-0V

Lol

! AR

Lol

E l 1 J 1 1 =
-3 -2 -1 0 1 2
Ol
gluonic
32°%12, B=4.3, m=0.00375
T T T T T
3 — GLDW| T
C GL-OV ]
E | Il | Il 1. | Il =
-3 -2 -1 0 1 2
Qt

histogram

histogram

©024°
1.5x10°1 B 8 35° -
&0 48°
< 1.0x10° —
3
5.0x10 [ . i
g i
\-.-.'.'.W-.:'.'...
T i 20 2
4812
X OV index
48°x12, p=4.3, m=0.00375
T T T T T T 1
1000 OoV-DW E
— OV-0OV 1
I \ P I
2
t
gluonic
48°x12, B=4.3, m=0.00375
L L L L L
1000 — GL-DW| 7
GL-OV 1
S |
Il I Il | =
0 1 2 3
Qt



]

<

1, IMeV

1.5x108

1.0x10°

5.0x10"

0.0

OV-OV

.....

'oX0) 243
B 32°
&0 48°

25

]

<

1, IMeV

1.5x108

1.0x10°

5.0x10"

0.0

Results of y«(m) at T=220 MeV; multiple volume

GL-DW
|
00 24°
o-04g°| M
O
Fd
g,..\'.'.'.'.g:‘.'.‘....m'
! | | | | |
5 10 15 20 25
m [MeV]



Results of y«(m) at T=220 MeV; multiple volume
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Results of y«(m) at T=220 MeV; multiple volume
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V dependence at m=10 MeV is strange

Low statistics for 483 — not really conclusive
decrease as V at m=13 MeV

but, also low statistics for 483 — not really conclusive



competing scenarios for discussion last year
vt and An-s (Ua(1) oder parameter) @ 1=220 MeV
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« KY scenario [Kanazawa, Yamamoto 2016]

 An-s: including zero mode cont. is proper

* An-s = const >0

« Ans=8Vfa2m2 for Q=0 sector (for 2V fam2 < 1)
« An-s @ lightest point only from Q=0

OV index
32%12, B=4.3, m=0.001

€ 100?
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* tension at m=10 MeV y: sudden growth



competing scenarios for discussion last year
vt and An-s (Ua(1) oder parameter) @ 1=220 MeV
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N | | | L 7 a— 0.18 ——— ‘
& p=4.3 OV-OV / N;' 0.16 | A™ on DW —=—
1.5x10°[-| — T=0 (N=2+1) T © A onOV —OS— 231 B4
KY scenario from A__; (m=3MeV) S 014 -:|3_—2>§O|\,/|£\=/ 3 N
AFT scenario & ? 012 | 00 2m§ L Q
— 8 ‘. 3 . Ar—s = / dAp(A) \2 2)2 o
< 1.0x10 - zZ o1l _. 0 (A2 +m2)? 7
= S A} _s : zero-mode subtractéd
= 2 o008 | |
)
7 @ 0.06 | s
5.0x10 - > ' b pa
/i( OO 4 - % --------- C)
S 002} i
0.0 T 0 @ ------------ O & ‘ g |
20 x5 3 0 5 10 15 20 25

Quark mass m [MeV]

« KY scenarig A .
. A incll YOlUMe study would be useful to check this

* An-s = const >0

JAns=8V fa2m2] for Q=0 sector (for 2V fam2 < 1) 3!

« An-s @ lightest point only from Q=0
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ltension at m=10 MeV y: sudden growth



~NnMnNnatinn eranarine far discussion last year

How Is this changed with multiple
volume ?
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« An-s @ lightest point only from Q=0
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ltension at m=10 MeV y: sudden growth
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discussion last year

~NnMmMnatinA ec~ranarine fAr

How Is this changed with multiple
volume ?
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~NnMnNnatinn eranarine far discussion last year

How Is this changed with multiple
volume ?
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.« toremove the UV Cut Amax dep.
- same Amax, different V data compared ‘

* Ar-§ = CONST™>U ——

Tn  —aviomol tavon coninr fiar oV Fam2 1 T | =881

Ar- 6(\/1 }\max) -N\rr- 6(\/0,}\max) = [ﬂO Amax dep ]
_8(V1-Vo) fa2 M2 — x4 = 2 fam?




competing scenarios with multiple volumes for
i given An.s (Ua(1) oder parameter) @ 1=220 MeV
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« AFK scenario: x=0 for O<m<mc
» KY scenario: y=2 fam?2

 There are no strong tensions

* Neither scenario is excluded



Summary and Outlook



Summary and Outlook

vt Investigated w/ unitary overlap fermion through reweighting from JLQCD DWF
focus on T=220 MeV and Ni=12 (1/a = 2.64 GeV): ** still preliminary **

323 lattice: phase transition like behavior at m=10 MeV (last year)
243 & 483 are newly studied
INn M=10 MeV region, volume dependence is not conclusive
likely due to poor statistics of 483 lattices
IN V—co liMit one cannot eliminate either
Yiop= 0 for O<m<me || Ywp= 2 fam?
- significant improvement of the statistics is required
- determinant breakup of reweighting factor tested (sometimes works)

- lower temperature may be easier (y:wop increases — easier topology sampling)



Thank you very much for your attention |



summary of histogram: T=220 MeV, 323x12

OV index
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Implication of y«(ms)=0 for 0 < mf< mc

axion cosmology scenario may fail for U(1)a restoration
due to vanishing / suppressed topological susceptibility
* Ailm=o =0 & dvy,/ dm"lyu=0 = 0 Aoki-Fukaya-Tanigchi
= v.=0 for smallnon-zerom OR
= exponential decay for T>T.

qu?é)C[y T < TC’
xt(T) ~ { mgAéCDe—%(mq)TQ/Tg, 1 >1T.,

c(mg) — o0 as my — 0,

axion mass and decay constant: Xt = mZ f2
= axion window can possibly be closed
Kitano-Yamada JHEP [1506.00370]
- see also for 6=t QCD non-standard case with rich implications
Di Vecchia et al. JHEP [1709.00731]



a U(1)a order parameter

syrr?metw INn switching flavor non-singlet pseudoscalar and
scalar

order parameter:

A, s = / el (x)79(0)) — (5(x)5°(0))]

= (O for U(1)a restoration

as a result, screening masses for these channel will degenerate

not a sufficient condition for U(1)a restoration



relation with Dirac eigenmode spectrum p(A)




relation with Dirac eigenmode spectrum p(A)

chiral condensate : order parameter of SU(2)a

. > 2
~(a0) = lim | () 55 = me(0)
U(1)A: 00 2
2m ,
AW—(S — /() d)‘p()\) ()\2 n mg)g r~ P (O)
very roughly speaking

- very sensitive to the spectrum near A=0

- overlap fermion, able to distinguish zero/nonzero modes, is ideal



Analytic works

- Aoki-Fukaya-Taniguchi

-+ QCD with OV regulator

* assuming analyticity of p(0)
« fa— 0 :U(1)a br. parameter

* Ywp= 0 for O<m<mc

- Kanazawa-Yamamoto

- assuming faz 0

+ expansing free energy in m

+ discussing

- contributions of topological
sectors

- finite m and V effect

* Atop— 2 fA m2

- yields AFK results

+ same assumption on p



Kanazawa - Yamamoto

assuming faz 0
expansing free energy in m

Z(Ta‘/BaM> — €XP [_%f(Ta V37M)] )

F(T, V3, M) = fo— fatr MTM — fa(det M + det M) + O(M?),

M — e 2104y, MV}; det M — e*¥4det M breaks U(1)a

other terms are invariant under U(1)a
all invariant under SU(2)L.xR

to study topological sectors 0

' — ¢ L oY i60/2
M — Me®/N;  Zo(T, Vs, M) = ¢ —— e " Z(T, Vs, Me™/?).

_ e—v4[fo—fz(m3+m§)] 7{ (21_‘9 a—1Q0 2Vi famumg cosf
T

= o7 V=2 mi ] 1o 2V famuma) .

15(2Vafam?)




Kanazawa - Yamamoto: U(1)a br. scenario

to study topological sectors
dog

Mo MaN Za(T Ve, M)= b 5o Z(T, Vi, Me?l?),

_ o Valfo—fa(m3+m3) 7{ 3_9 o—iQ0 (2Va famumy cos 0
7

_ e—V4[f0—f2(m12,,+m3)] IQ(QVZlfAmumd) :

1.0f s
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Kanazawa - Yamamoto: U(1)a br. scenario

KY tells
fixed topology gives wrong result at small V
adding all Q sector or large enough volume necessary

L

1.0f s
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T = 2V4fAm2

8 10



Kanazawa - Yamamoto: U(1)a br. scenario

KY tells
- fixed topology gives wrong result at small V
- adding all Q sector or large enough volume necessary

Wy

L

JLQCD

- does not fix topology (DW)

- zero-mode subtraction may have similar effect to fix Q=0
- for smallest m: actually effectively fixed to Q=0

T = 2V4fAm2



compare with JLQCD A with non-zero modes

JLQCD 2016 Tomiya et al]
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even for U(1)a br. case of S
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compare with JLQCD A with non-zero modes

[JLQCD 2016 Tomiya et al

N;=8, T=217 MeV

1.O————— : T

Consistent with U(1)a breaking ?77?
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4 6 8 10 0 /
L o 10 200 300
9 m® [MeV?]
:E — 2V4 fAm | | ‘Nt=8,T={217MeVT
fix V: A—0 as m2 for m—0 AN S b
even for U(1)a br. case 2 ,
: 0.1l =
fixm: AV _ /
o0&
— NOT inconsistent with JLQCD results 0 0000 20000 30000 40000
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| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry

DW—=0V reweighting
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DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
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Overlap: exact chiral symmetry
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| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry

DW—=0V reweighting
<OR>DW
O oV — 9
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det[HR, (m)]? : det[Hoy (1/4a)]”
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| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:

Mres = 0.05(3) MeV (=43, L.=16)
Overlap: exact chiral symmetry
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| attice framework

DWF ensemble — reweighted to overlap

Mobius DWEF: almost exact chiral symmetry:
Mres = 0.05(3) MeV (=43, L.=16)

Overlap: exact chiral symmetry
DW—OV reweighting Nor  Hy = s
(0)., = (OR)pw "
7 (R)pw

det[H,,(m)]* det[Hp (1/4a))?

K det[HR, (m)]? : det[Hoy (1/4a)]”

1
Doy = 5 > (L + 580N [N (A +D 5oy (1 - ) P\z‘><)\z’>a

Ai <Ath Ai <Ath

J/ \ . J/

N

Exact low modes High ?nodes



simply speaking, Inthe m—0 [imit

U(1)a restores if . and not if

with p(0)—0 and p’(0)—0 with p(0)—0 and p’(0)= 0

¢ non-analyticity at A—0 required



