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' Introduction to Lattice Field Theory I




& F_L DIFDE

s IFOBR=MMEESHE
o TR -BEF (LT —RRICITEHEE — MIERICHELS

o ROFE-WVEBDIFIERICERLES ¢
— IR KRHEI= BROKRFLETHE., EFEBEAXLES.
s AHh5—15
o EHREER (Euclidean) D{ERA ( ¢+ i)
S — / d*z 1au¢auqs + %m2gb2 + %)\gb‘l}
aﬁ%xwwf

. ﬁ%m*nillﬂ'c S [—H
v TV

Slat _ _a_ Z¢(n) Cb(n + :u> + Qb(n :u) o 2¢ _|_ a4z [ i¢4(n)

a?




EFLEDIFZBDEIG (cont.)

4 *”E?J:GM’E : RANT—I5HE;
5. ——Z¢ d(nti)+dp(n—0)—2¢(n)

2
a

+a Z S5 m ‘b7 (n) —I—Ac|>4(n)

4]

n=(n,,n,, n_):spacetime point on the lattice

A

[ : unit vector in the positive p direction.

°a—0 OIBRT, EMBROERE—E




Quantum Chromodynamics (QCD)

a QCD Lagrangian notation: Yagi, Hatsuda, Miake

L=qg(i yuDM—m)q—%trFWFW

D,=0,+igA, (Covariant derivative )

: —1 :
F,=0,4,~0,4,~igl4,, AV]Z?[DM, D,] (Field strength)

A,=A;t" (1"=SU(3) generator,[ta,tb]:ifabctc,tr(tatb)Z%éab)

# Gauge transformation

q(x)=V(x)g(x), gd4,(x)=V(x)(gd,(x)=id,)V " (x)
Fo(x)=V(x)F,, V7 (x), DJ(x)=V(x)D,(x)V"(x)
s QCD D%
o JERI#—OHEE [SUQ)| @A E BE

o ETR/LX—TIXIEEBIERAY
AAZILHFRIED BREIBN ., H5—DEALRAH

vvvvvvvvvvvvvvv
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Lattice QCD

# Space-time discretization of fields

# Quarks = Grassmann number on sites

== % | dy1=0, [dyy=1

> [ dy,dyy - d7,d iy, exply Dy)=det|

# Gluons — Link variable
e ]

U,(x)=exp|ig f dxA(x)|~expligA,)
X

D)

U+

XU

"

J"dUUﬂb:OE JAdUUabU:dZSHdeEINr:E fdUUﬂbdeUEf:EafeEbdf/Nf!

s Gauge transf.
% (x)2VIx)%(x), %(x)2%(x)V7(x),
U, (x)2V(x)U,(x)V(x+Q)
X (x)U,(x)x(x+()=invariant

Lattice spacing = a
— Lattice unit: a=1

- YUKAWA INSTITUTE FOR
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Lattice QCD action

a Lattice QCD action (unrooted staggered fermion)

1 — LL — + —u X
L:—Z[XXUU(X)B' Xx+ﬁ_xx+ﬁUD(X)e | XJ Uy, U,
2 N .
1 _ B ; — .
5 Z n;(x) !Xx UJ(X)Xx+}_XX+} U (x) XJ A v “é
X, ] O+—=®
111y 2, Lo o — 7 (@+igA)y -
X 0
2N [ ] m,
+==¢ Y 1= L RetrU,, (x) | Stokes o
g p[ﬂq - L NE i theorem Y I/gz |
@ Staggered sign factor (~ y matrix) — rotation >
(x)=(-1)**(x +...+x.
N ®)=(C1)** (X b, ) —
@ Chiral transf. (Grassmann #)
X — expliOe(x)] ., eX)=C-D* (X +X,4X)) U link ~ exp(igA)

|
=" m YUKAWA INSTITUTE FOR
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Gauge field

# Gauge action (Euclidean)
Sa = % / d*etrF,, Fy, Fu, = 0,A, — 0,4, —i[A,, A)]
Ay = A% ([t%,1°) = i fapet®, tr(t7t") = %5@)
(BEBBEOPTIEERN cBEDT, g4 >4 ERT—)L)

# Gauge transformation
Ay (x) =V (x)(A4,(x)=i0,) V" (x), F . (x)=V(x)F, V" (x)

8 F—OFREMELOBFLOERZEDKSIZHESL?
— U OER

U(x,y)=Pexp

zfj dz,A,(z)| (P:path ordered product)

YO OZEHIIHImD R TODTF—FEWE=T5
Ulx,y)=U'(x,y)=V(x)U(x,»)V " (y)
X




Appendix: Gauge transformation of U

# Proof of U(x,y) — VX)U(X,y)V'(y)
N—1
U(x,y)=lim [] 14+i A, (x,)Ax,] (x,=x+nAx)
N — 0 3=
(multiply (1+i A Ax) to the right!)
By using the gauge transformation of A,

A (x)->V (x)(A4,(x)=i8,)V " (x) X=X,

and the unitarity of V, V(x) V"(x)=1, we get
1+id", (x,)A x,
=1+iV(x,) A, (x,)V " (x,)Ax,+V(x,)0, V" (x,)Ax,
=V (x,) V" (x,.)+iV (x,) 4 u<xn)V+( 1) A X, O ((Ax))
=V (x,)[1+i4,(x,)Ax,]V" (x,,)+0((Ax))
—U'(x, )=V (x)U(x,y)V"(y)

=" m 'YUKAWA INSTITUTE FOR
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Gauge action

s YDOER U, ,=U(n,n+i)
U,,=U(n,n+i)=explia 4,(n)]ESUN) Tt
o UL HEBITTRO A TOS —SERE U =U(n+ii,n
215D T, TBACI-ERICE-TRE - A
EHE, D trace (i’]‘-wT%o n+
[lu-vin]] UV
neC neC C
s Plaquette
Lattice £ THREH/INSE loop (& o Ul (n+v
BFIIFAR Ty | n>+|,l+v
n—>n+pl—-n+{i+v—n U™ (n) U (n+(1)
qu(n>EUn,uUn-l—ﬁ,vU;—i—v,uUZ,v '
n .
s Gauge action (plaquette action) U,(n) i

1
SG:/J’ng I—VRetrUW(n) (B,=2N g°)
plaq . c

10




Appendix: Plaquette and continuum action
s F—UBORTFIER nio Up(ntv)

n+p+v
N
Se=B, 2. |1- RetrUuV(n) U, (n) U,(n+{i)
plag. N, . )

vp.v

o U (BRIB) DIBE : BES =rotation OEES -
o JER[S—IFDIFEE - Hausdorff 2D F|H oA B A+B+]

e —e€

A, B]+-

tr U V(X):tl' eia{AM(x)*Av(x*'ﬂ)*ia[/lwAv]/2+“-}><e—ia{Au(x”/)*'Av(x)—ia[AM,AV]/2+---}

— tp ool Alx )= Ax)) = (4, x4 V)= 4, (x)}+i al 4, 4,]+0(a)]

:tr[1+ia2FW+a4X4—a4FiV/2+0(a6)]

0
lim S —& Z tr a—4F2 Z tr I’
a—0 @ Nc 4 ,uy

n,UWFv n,UWFv S. Aoki, Text

w"nmw 'YUKAWA INSTITUTE FOR 1 1
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Link Integral
s F—UGOERES
Z, fHa’U Lexp(— fHdU exp|B Y w(Up+U3)]

Pe plaq.

@ dU (iﬁJ:U);Fﬁiﬂ“fE( Haar measure )
— =%

U, ,—~V(n)U, V' (n+i)

[T L TARELGE D DRELINBHE
s Y2OFERD SUWN)
o F—UFREMDAT. VI IOEHDODZEADTERIIZFIZRES,

Un dU 1=1 (normalization), deUab—O
° 1
+_
J dUUabUij_ﬁ(Saj6bi
1
| dUU U U _Weabc ijk <N 3)

N L. PQSs
SYiTPY P




* [dUuU,=0
s LHS=R &34, MlIEHS SUN) 1751 V EhIF5HE

LHS= | dU (VU),=[ d(VU)(VU),=R,,, RHS=(VR),

V IZEED SUN) OFTEMS, R =0
1

. L
[avu, Uy =~78,8,

o LHS=T = &84, U, U" LU, UL EE#RTHLIL, L' Eh I3,
LHS= | dU(LU),(LU);=] d(LU)(LU),,(LU);=T?
RHS=L, T, L, —» LT,=T,L — T$=S,38"

FED SUN) DT HDTLFFITONTT (XELITTHI,
RERICAZE#RLT S HLEAITHIZHH,
a=j EBVVTHIZESLE, LLHIREA 1/N £905B,

™= m m  YUKAWA INSTITUTE FOR 1 3
TTTTTTTTTTTTTTTTTT



Proof of the one-link integral formulae

1
m‘c’abceijk (
o EBE T, &8<. U EEHR. 5 '=L,L,L,T;

EED L IZHLTFELG I BOTUVIVETEERHAHTUVILDH
ALY R,

* [avUu,U,U,= N=3)

abc _ abc
Iy =ce g,

@ [8IC abe ZMMFTHIZEY. det U=1 Z{E5& c=1/N!

- 'YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS

14



Wilson Loop

s One link integral formulae DGHAELT,
nd L & $EI T Wilson loop DHHEEROTHET,

s Wilson loop

w(C=LxN_)=t[|] U] A
ieC
o TREAH L BEAEN OL—F2EoT, -
JUOEMERT A DEELD, .
o BERIIT Y
AR AR E N+ — oD DY, .
L EPIHEUPF=AMN) VT %465,

R Nt DRICRICA B THRATS
HEE,

(0(N)O;(0))ocexp(—V (L)N,) (forlarge N)
V ( L)=Interquark potential

15




Wilson loop (cont.)
s SRS 1R TO B |
(W(C=LxN.)=[ DUW(C)exp| =3 tr(U,+U

o UL HEMMB-TOBLRSLTO., L
— Wilson loop ICEENBTARTD B — >
)2 D% plaquette D& A
HAEHLETHEHIBLELRDHS, P || B | U |
o FEEMRNEE, TESETDLEVED N |
plaq. TEHTIZIX. Wilson loop & EPI | P | DU | B
EHEBIZ plag. TEHOHNIEKLY,
1 LN_ —— ] ]
<W<C>>=N( 2 —~V(L)=Llog(g"N)
g N LI ) i | -S| -
s SR CIXmEAl Vil Iyl

— DA —JDELAH
K.G.Wilson, PRD10('74),2445

-. = ?QS
YITP & # 16

vvvvvvvvvvvvvvv




Strong Coupling Lattice QCD: Pure Gauge

8 Quarks are confined K. G. Wilson, PRD10(1974),2445
M. Creutz, PRD21(1980), 2308.

in Strong Coupling QCD G. Munster, (1980, 1981)
@ Strong Coupling Limit (SCL)

— Fill Wilson Loop - -sﬁc-LQCD
with Min. # of Plaquettes « MC
— Area Law (Wllson, 1974)
SLQCD = ——Ztl‘ {{[ + U T]
@ Smooth Transition from SCL - Strong coupling region L
tO pQCD in MC agd "~ Weak coupling region
(Creutz, 1980; Munster 1980) : \
- L . 0.17 i"“‘.‘
A f :
N, 0 i, 2 3
=2Ndg (Nc=2
= 1/1\1c gz B 9 Mul)1ster, '80
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Fermions on the Lattice

# Fermion action (Euclidean)

—fd xq(—iy,D,+m)q, D,=0,+iA,

q cont

s }&F_ED action — Link D F|FE

oty |3 [N Uge )=+ T, g (1)
F,lat ~| T 2a

+mq(x)q(x)

o q,U OEBENST—DFE
q(x)=V(x)q(x), U, ~V(x)U, V" (x+Q)

o EHFWBET S ~

q, cont
U=1+i4,a, SF’lat—>a4Zq(x) I (ai-l-l/l q)+m|q(x)
X
X
La==y, higE. TZy,x, - x ELET,

o pas
YITP %% 18

RE 4
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Fermions on the Lattice (cont.)

s —REESESEMN, BERN ... - FT5—
o BHIFNIHES. Fermion @ hopping matrix Z Fourier Z#9 5¢&
D=iT, sin(p,a) (p,=2mn/La,n=0,1,.. L—1)

a (3+1) &x*ﬁ%J:'c D [& 16 E 0 &35, (p=0,7/a)
— BEIRILXF—TE NS Fermion DFEHEI 16 £EZ 5,

s Nielsen-Ninomiya O jEH

[ Y5 RE (FITREAREN. h/TILxThtE., BRTtE. TILS—
ME IR ) ZilT=F 8 F Fermion [Z[XSTS5—HFLE]

s BRRTTIE

@ Wilson Fermion : a — 0 TXITS5—MERICELLGZSH LS 2 RS
[S¥ BT HBEEMAS, (HATILFFREDZILY)

@ Domain wall Fermion, Overlap Fermion, ....

@ Staggered (Kogut-Susskind) Fermion

19



Staggered Fermion
s Staggered Fermion: Spinor ¥§:&- v fTHZHEAF 1 THRHE S,
q=Yo' Y1 Y2 Y3 X
— A — Xy .. X _ X;_ X, X, x,+1 X, A
> (x)y, g (x+0)=% (%) ¥3 ¥y ¥ Yo' ¥Yu Yo - Yu o yy x(x+i)
X

2x2

= ()% () Y3y Ty yy (ki) =m, () % () (2 +01)
N, (x)=(=1 )"

@ Lattice action with staggered Fermion

Z nu Xx X, uXx—i-u_Xx-l—qu uXx _I_me Xx
Fermion 0) 4 ﬁﬁﬁb‘éf%ﬁﬁ o 1 P DHEE 7-L'CJ:L\O
— 16 HDFTS5—M. (Dirac Fermion T)4 DDFT5—L135,
@ DATIER : 1, v ITDWVWTEL. YR -1y THDOAHE

< 1>x0—|—x1+x2+x3

. —exp(i0e(x))y,, x,—exp(i0e(x))y,, €(x)=(—
— BELTH/I IR HHEZED

-, QS
YITP # 20
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Lattice QCD with staggered Fermion

s Lattice QCD action with (unrooted) staggered Fermion
S LQCD =S-+35,

Zn

SG:——2 > U, +U;
g plag.

@ Spinor fEiEDS simple( §ELY) — BITH-BIENLZHAENBE

@ m=0 (chiral limit) TEXZ chiral X #EEZHD
— NAZIVIHEERS D AR A RI BE

o EfttRE (2> 0,a—>0) TIE N=4 L BERD a TIEIL—/\—
X MIEITHN TS,

@ Chiral anomaly (U(1),) [CDUVTIE controversial

+Z My A

Xx X, uXx+u_Xx+u Ux uXx

21




Monte-Carlo simulation in Lattice QCD
s SECEAE (or ERUAEE%)

S=S,(U)+qDq, Z[J]=] DUdetD(U)exp[—S,(U)+J O]
_)<0>:fDUdetD(U)O(U)exp[ o(U)]_52[J]
| DU det D(U)exp[—S(U)] 5.J

@ Monte-Carlo jETIX. BES%IZ Fermion determinant ZFE{fiL .
JLOEBOEEE MC ETRO D, 74— 028G RATOBAIS
[X. propagator Z& o1& i, 2000

04 0.6 0.8 1 1.2 ] -0
16 | | | Try | e/ | 1500__ <=
r el —-= =1
12} } — ] S 1 T 2 E{HE‘
o ]
L e pd —m— 4 -
10 3|1"IT‘},/ asqiad 2 1000 ] — N
8 r tgj 8 > - Ep
L d5
j I ! | 500_' K —_ e:l(periment
. == width
2
i T[MeV] | e i QCD
100 1 5[] EIDD 25[] 300 350 41}[] 450 5[][] 550 0
Hot QCD (2009) BMW collaboration, Sceience 322(2008)1224

22




& EDIZDEEH Short Summary

s &F QCD

o VUOEBDEAICKY, 2T —VHMTEZRER.

@ ﬁ)l/_j-/fﬁ

o VA—DER: VL OTEHE
8 Monte-Carlo simulation

o JEEBEIGRM QCD ZEFE IR E—[REFH K,

o KELTHT : h5—DEALRAYD. /N\FOVEE., QCD HEFR (n=0)

o AL/ HIHREICITZZLDOREHY

» Staggered fermion: Fast, but ugly (N =4 — quarter root, anomaly, ...

: Plaquette ( 754wk ) ¥EA (or its improved ver.)
— EHER (« — 0) TERBROT—ER

. L\T#_vﬁ%ﬂéﬁté o

A\

* Wilson fermion: Explicit chiral symmetry breaking at finite a.

* DW/Overlap fermion: large numerical cost.

s FEFETOKRF QCD MC simulation [ZFRESh = KZ=4BE,

o TR

E A postdoc [THE X TIXWMFELNT—T] (BRSA)

23



Monte-Carlo Integral: Importance Sampling

8 Metropolis sampling
= One of the typical (popular) method of importance sampling

Config. A
Sen{A)

-¢

P

B

—)A= 1

>

Config. B
Seff(B)

PA—>B= 2 [Seff(A)'Seff(B)]

@ Trial prob.: P™, =P ™  (detailed balance)

@ Pickup prob.: According to S .

Seff(A)<Seff(B)

@ In equilibrium, P(A) P, . =P(B) P, , — P(A) o< expl[-S_(A)]

w"nmw YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS

24



I Approaches to Finite Density QCD I

25



The Sign Problem

# When the action is complex, strong cancellation occurs
in the Boltzmann weight at large volume. = The Sign Problem

Z = /D:Ue_S(‘”)(S(:E) cC)—0(V— o0

# Fermion det. is complex at finite density
RHIC, LHC,

det D(p) = (det D(—p"))"

— Sef =5 —logdet D € C T, LytticeQcn
s Difficulty in studying

finite density in LQCD

— Heavy-lon Collisions, |3» >
Neutron Star,
Binary Neutron
Star Mergers, Matter
Nuclei, ... 1

-

-
V-

—
= [T
| ] LW AW |
= g
y &

A—
A—— W Vil N —
A—— . B N N R

;

O0=(N-Z)/A (or Y ,(hadron)=Q, /B~(1-3)/2)

RE
THEORETICAL PHYSICS [ VITP Kyoto 3]



Approaches to the Sign Problem in Lattice 2018

s Standard approaches

@ Taylor expansion

@ Imaginary p (Analytic cont. / Canonical)

@ Strong coupling

— Mature, Practically useful, but cannot reach cold dense matter

# Integral in Complexified variable space

@ Lefschetz thimble method

@ Complex Langevin method

@ Path optimization method

@ Action modification

— Premature, but Developing !

# Other Approaches

27




Integral in Complexified Variable Space

# Phase fluctuations can be suppressed
by shifting the integration path in the complex plain.

Z = Dxe 5@ — /Dz e 5(2) = Dx Je 5 (@)
Cr C Cr
s Simple Example: Gaussian integral (bosonized repulsive int.)
Mori, Kashiwa, AO ('18b)

/ dw =" /2 Hiwpa — / dio o~ (W=ipg)®/2—p2 /2
R R+ipq \

<
i ' | Ca=0 -]
_— eXp(_pq /2) / dZ e 05 | .;-zlll.';i.',lllﬁ'gi :.“-:I\\\ a=10 - |
A R I: o J,f’{\\'. 'I .. -; l;l : :: II'; : :E :- -IA\“\\\ -
} === _J -. I:I'..I : :I |'! : h' ; ! -illl' T 1; -. , :
\J ° SN AR RN I (i
1 @ -1} s f(x)=exp(-x+2iax) 1
> . . | X)=exp xl+_|ax)
-3 -2 -1 0 | 2 3

8 Lefschetz thimble / Complex Langevin / raun upumizauon

28




Lefschetz thimble method

E. Witten ('10), Cristoforetti et al. (Aurora) ('12), \i
Fujii et al. ('13), Alexandru et al. ('16); [Zambello (Mon)]  Thimble \/ fixed point

kil
# Solving the flow eq. from a fixed point o m
5 h P ha \ f # GLTM

— Integration path (thimble) m
Note: Im(S) is constant on one thimble ”

Cdzi(t) (88 dS
ja . N ((9,2@) Z‘(S’zz

o c R, C:;najg

# Problem:
@ Phase from the Jacobian (residual. sign pr.),
@ Different Phases of Multi-thimbles (global sign pr.),

@ Stokes phenomena, ...

29




Complex Langevin method

Parisi ('83), Klauder ('83), Aarts et al. ('11), 5
Nagata et al. ('16); Seiler et al. ('13), Ito et al. ('16); °0 % o L
[Sinclair, Tsutsui, Attanasio, Ito, Joseph (Mon)]

8 Solving the complex Langevin eq.— Configs. Rez

+ 1;(t)(n; : White noize), (O(x)) = (O(z))

dt 8,2@

# No sign problem.
# Problem:

@ CLM can give converged but wrong results,
and we cannot know if it works or not in advance.

mmy. Qs
g....Y TP 4 # 30

......
THEORETICAL PHYSICS [ vITP kyoto 2321




Path optimization method

Mori et al. ('17), AO, Mori, Kashiwa (Lattice 2017), ‘i
Mori et al. ('18), Kashiwa et al. ('18);

Alexandru et al. ("17 (Learnifold), '18 (SOMMe), '18), ' ‘l‘ I ‘I

Bursa, Kroyter ('18), [Lawrence, Warrington, Lamm (Mon)] T 1 T 1' 1

.

-

# Integration path is optimized to evade the sign problem, Hez

i.e. to enhance the average phase factor.

APF = (") ) = /dwe_s//daj\e_s\ = Z /2,4

‘ Sign Problem — Optimization Problem I

# Cauchy(-Poincare) theorem: the partition fn. is invariant if

@ the Boltzmann weight W=exp(-S) is holomorphic (analytic),
@ and the path does not go across the poles and cuts of W,
# At Fermion det.=0, S is singular but W is not singular

@ Problem: quarter/square root of Fermion det.

N LR Y 2= Qs
ALY 31

| VITP Kyoto 33.7]



http://inspirehep.net/record/1599849
http://inspirehep.net/record/1640646
http://inspirehep.net/record/1622747
http://inspirehep.net/record/1674516
http://inspirehep.net/record/1622269
http://inspirehep.net/record/1665682
http://inspirehep.net/record/1680998
http://inspirehep.net/record/1672924

Cost Function and Optimization

8 Cost function: a measure of the seriousness of the sign problem.

Flz(x)] :%/da: ’ ‘J(x)e—S(Z(w))

=I2] ([{”)pa| " —1) = Zpq — 12|

6= arg(Je ), Oy = arg(Z)]
8 Optimization: the integration path is optimized
to minimize the Cost Function.
(via Gradient Descent or Machine Learning)

629(90) o 6@00

@ Example: One-dim. integral — Complete set

z2(x) = x+1y(x), ylz) = Z cnH,(x)

n

Z = / drJ(z)eSC@) | g(z) = B

dx

7 =y ITP P08
X YiTPSRy 32

RE yoto T
THEORETICAL PHYSICS [ vITP kyoto 2321




Benchmark test: 1 dim. integral

# A toy model with a serious sign problem
J. Nishimura, S. Shimasaki ('15)

Z = /dw(w + ia)? exp(—22/2)
@ Sign prob. is serious with large p and small a — CLM fails

s Path optimization

y(x) = c1exp(—c52?/2) + ¢3), J =1+ idy/dx
@ Gradient Descent optimization

5

| /N
° ° ° —_ ' ’ o= 10
@ Optimized path ~ Thimble o | p=50, =10 *
[d [d / \
around Fixed Points Sl e
p / T m \
g-10 [ - |
15 | | I
\ /
-20 Y modified path -
5 \ __thimble - - - -
-10 5 0 5 10
Re z

Mori, Kashiwa, AO ('17); AO, Mori, Kashiwa (Lat 2017)
33
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Benchmark test: 1 dim. integral

s Stat. Weight J e®
On Real Axis

1

On Optirized Path

4
2 (x10%2)
= /
l : .
R4 ;\/_
-1 B .
RN
3 v Re ]E:g
4 Im Je
-10 -5 0 5

10

a Observable
CLM Nishimuga, Shimasaki ('15)

T
exact

100
==
< i
s OF 1
e . Sﬁﬁ@’
100 0 5 10 1I5 2:0 2:5 30 VS
an
200 J‘ ‘H‘ ‘ ‘ ‘ p=50
A 100 +|J|||||||||"l"| | - POM
& ..;:#:'F:I.:F:.'t.:,#- iT'I II| ,' iL II | I| (HMC)
@ i) _[;lllllj1l.,:|1?:.t;ll.' e SR ETED
g | |||I Ny 4
| | @
-100 ‘ ‘||||| | 1+ Exact
00 LT POM —=-
5 10 15 20

o
Mori, Kashiwa, AO ('17); AO, Mori, Kashiwa (Lat 2017)
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