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simulation
U(l)s SU(Nsv  SU(NfA
cost
Wilson v v X moderate
staggered v X cheep
. Im .
domain wall v v almost expensive
exact
almost
overlap v v v . .
Impossible
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- domain wall fermion (DW)— “reweighting” to overlap (OV) [JLQCD]
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Yi(mr) for Ni=2 T1=220 MeV
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GL-DW  gluonic charge on DW
gluonic charge on OV

Xt(mf) for Nf:2 T:220 Mev OV index on DW ensemble
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vi(m) T=~220 MeV discretization effect

comparing|1/a=1.7 Gev‘and\ 1/a=2.6 Ge ‘ (3.6fm)8 and (2.4fm)8 )

compare N=8(B=4.1) and 12(4.3) at simlar temperature (217 and 220 MeV)

B=4.1 GL-DW
[ |0 0p=4.3 GL-DW
oo B=4.1 OV-OV
4.0x10"|-|o ¢ p=4.3 OV-OV i R

« OV-0OV: better scaling
- GL-DW: large scaling violation for smaller m
« OV-OV: y=0 (withinerror) forO0 =m = 10 MeV

« GL-DW: >0, but, may well decrease as a
= (consistent with OV-OV with large error of OV-OV)



vi(m) T1=220 MeV a? scaling: m=6.6 MeV

m=6.6MeV
5e+07 T T T T T

O O GL-DW
O -aQ0Vv-OV
4e+07 =

N 3e+07| % ~

26407} T -

]

1, eV

16407 i

N $ L] (v=(3.6fm)3 and (2.4fm)3)
a [fm°]

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

GL-DW
OV-OV
T [ ! ' |
1.5x10°| : : igz s : 3
& 48° 1.5x10° O..O 243 _
_ L 5x10 B E 32
< 1.0x10% . &> O 483 ]
= ¢ a 8 1
5.0x10" | | % N ‘E 1.0x10 o) 7
0.0 § li ------- l l l l ; )
° ° " m[Mg/] “ = 5.0x10" [~ %
Statistics in trajectory $§
~30Kk, 30K, 10k ool BB L m
| | . | . | . |
0 5 10 [M1§/] 20 25
. m [Me
V dependence at m=10 MeV is strange

non-monotonic: cannot take thermodynamic limit

important region, where a phase boundary was suggested w/ 323
Let’s look at the histogram of Q



summary of histogram: 1=220 MeV, m=10 MeV
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summary of histogram: 1=220 MeV, m=10 MeV
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checking U(1)a breaking/restoring scenarios for
vi(m) @ [=220 MeV

OV-OV GL-DW
| ' ' ' ' ] [ ' |
O"0243 O"0243
1.5x10° |= @ 30° T 1.5x10° |m @328 -
&0 48° &0 48° B
KY scenario from A_ . (m=3MeV) ' I KY scenario from A_ . (m=3MeV) i
W sl AFT scenario |~ i AFT scenario 1
3 1Ox10 T g oo e
= ‘ = et
o5 | W ~ | — = . ‘ f
L EE5DY YA Q%LU’C%’Z L\fokb\ iy
- §¢ """""""" PTTT———— _ @ T _
g S
- % | " . $ . | . | . | . - v | . | . | . | . |
0 5 10 15 20 25 0 5 10 15 20 25
m [MeV] m [MeV]
« AFK scenario: y;= 0 for O<m<mc Kanazawa-Yamamoto

assume faz 0 (breaking param)
expansing free energy in m

. e discussing
* Neither scenario is excluded . finite m and V effect

» KY scenario: y=2 fam?2
 There are no strong tensions

in each topological sector
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Why bother 7

Because it is unsettled problem !
fate of U(1)a - analytic
Gross-Pisarski-Yaffe (1981) restores in high temperature limit
Dilute instanton gas
Cohen (19906)
measure zero instanton effect = restores
Lee-Hatsuda (1996)
zero mode does contributes — broken
Aoki-Fukaya-Tanigchi (2012)

QCD analysis (overlap) — restores w/ assumption (lattice)
Kanazawa-Yamamoto (2015)
EFT case study how restore / break

Azcoiti (2017)
case study how restore / break



Why bother 7

Because it is unsettled problem!
fate of U(1)a lattice

HotQCD (DW, 2012) broken
JLQCD (topology fixed overlap, 2013) restores

- TWQCD (optimal DW, 2013) restores ?
LNL/RBC (DW, 2014) broken
HotQCD (DW, 2014) broken
Dick et al. (overlap on HISQ), 2015) broken
Brandt et al. (O(a) improved Wilson 2016) restores

JLQCD (reweighted overlap from DW, 2016) restores
JLQCD (current: see Suzuki et al Lattice 2017) restores
Ishikawa et al (Wilson, 2017) at least Z4 restores




JLQCD, preliminary (2018)
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N=2 DIEERTZ D %A

Ni=2+1 N\ (RX M R)
Ni=3: all degenerate : R-CCS HZDIEzmF — AL HRETFA
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Columbia plot: direct search of PT / scaling

o @)

1st order

/ physical pt.
mS 4_

crossover

Mud >

Ni=2+1 or 3
either
no PT found
1st order region
shrinks as a—0
with both staggered and Wilson
or even disappear
for more information see eg
Meyer Lattice 2015
Ding Lattice 2016
de Forcrand
“Surprises in the Columbia plot”
(Lapland talk 2018)



Columbia plot: direct search of PT / scaling
OOCB_ st order
2nd order
/,ohysica/ pt. - improved Wilson
Ms * - WHOT-QCD Lat2016 (O(4) scaling)
Ejiri et al PRD 2016 [heavy many flavor]
1st oder
imaginary y = 0O
st order CrOSSOVEr - staggered Bonati et al PRD 2014
Wilson Phillipsen et al PRD 2016
O mUd o) 9
X Bénatlietél ]
o condorter external parameter
€ | — phase boundary
ors fistoder ] — point of interest
: . = detour the demanding region

0 0.05 0.1 0.15 0.2 0.25

2/5
(am u’d)



Columbia plot: direct search of PT / scaling

:E 1st order

- 2nd order
/ physical nt - imnroved \Wilaon
Ms | 4 N, = 1/(aT) =4 or 6 so far D Lat2016 (O(4) scaling)

3D 2016 [heavy many flavor]
‘ - 1st oder

— far from continuum limit onatiet al PRD 2014

1st order

0 Mia e hilipsen et al PRD 2016
U
problem not settled yet
glon e — UNTITrTIen et ¢l | |Uter

-0.5 -

— phase boundary
— point of interest
il : | = detour the demanding region
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screening mass from O(a) improved Wilson f Ni=2

mass difference between m and 6
200 FT

[ S S ‘
I G
2. 400 | :
& =600 | -

E T=T: —@—
< -800 | S linear chiral extrapolation —<— 7]
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Brandt et al JHEP [1608.06882]
- Ni=1/(aT) =16 - quite fine lattice

- T=T; - on top of transition temperature

only one existing study for Ns=2

- AMps = 0 (with a sizable error) — consistent with U(1)a restoration
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- AMps = 0 (with a sizable error) — consistent with U(1)a restoration
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