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' Introduction to Lattice Field Theory I




& F_L DIFDE

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

o ROF-VDEDITFEFEICHEBELES ¢
— [R9KE]1= BEOHERFLTHEE, EXEBELXE5.
s 2ho5—15
o EHREER (Euclidean) D{ERA ( ¢+ i)
B 4 l 1 5 2 1 0 4
Sen=] d *|30ub0, bt m bR ]
o IBFLEDE

s ERERT S, [<—
v, ETEBEIFRCAEERED

== 3 () S RIERUZRIZO0 5 g ) X

2
a 4!




EFLEDIFZBDEIG (cont.)

s :Pﬁ?J:o)ﬂE : ADS—ImER )
s, ——Z<b d(nti)+dp(n—0)—2¢(n)

2
a

+a Z S’ @7 (n)+ 5 ' (n)

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

(i :unit vector in the positive p direction.

°a— 0 OWEBRT., ERBROMERE—E
Suma' Y| -2 b(n) T T2+ g (n) +N o ()| +0 ()




Gauge field

# Gauge action (Euclidean)

SG:2;2fd4xtrFqu”v, F,=0,4,—0,4,—i[A4,, A4,],

A=At ([t“,tb]zz'fabctc,tr(tatb)zléab)
(BEBBEOPTIEERN cBEDT, g4 >4 ERT—)L)

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

s F—OFRERELORFLDERZEDKLIICELM?
— U OER

U(x,y)=Pexp

(P path ordered product )

i dz,4,(2)

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 JUOER 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,vUZ—i—v,uUZ,v '
n .
s Gauge action (plaquette action) U,(n) i

1
Se=B, D, I—VReter(n) (B,=2N,/g°)
plag. C




Appendix: Plaquette and continuum action

s F—UBORTFIER nas Uilntv)
n+tu+yv
S.=B, 1-}& Retr U, (n)|  Us(n) U, (n+i)
plag. ¢ n )
o U() (EHIR) OI/E : AMS =rotation OEMS — F F
o JER[S —TIHDIBE . Hausdorff 2K OFIA A eB:eA+B+;[A,B]+---

ial A, (x)+ A, (x+0)+ial4,, 4,12+ —ia| A, (x+V)+4,(x)—ia[4,, 4,)12+ ]

trU,,(x)=tre X e

—tr eia[(Av(x+ﬁ)—Av(x))—(Au(xW)—Au(x))Ha[Au,AV]+0(a )

:tr[l-I—écleuv-l-Cj4X4—a4Fiv/2-|-0(Cl6)]
0
lim S,= ), B,tr

a—0 n,uzv

4
a
|l-=F,
2 S. Aoki, Text

w"nmw 'YUKAWA INSTITUTE FOR
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Link Integral
s F—IG DRSS
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)

IS L TARELR S DAENDE
s YU O5 SUWN)
o F=UFEHDHT, VO OEBDOZEKXDESELIFIERES.
)] dU1=1 (normalization), de U,=0
. L1
[avu,U;=+5,8,
[avu,u,uU, —NLE (N=3)

/ abc l]k




* [dUuU,=0
s LHS=R_ ¢34, MlIEHS SUN) 1751 V EhIF5HE

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

V ZEED SUN) OFTEMS, R =0
1

* [auu, U;:ﬁaajé,ﬂ.

@ LHS=T &<, U, U" BNLU, UL EE#RTBHESL, L &M T3,
LHS= | dU(LU),(LU);=] d(LU)(LU),,(LU);=T?
RHS=L, T, L, —» LT,=T,L — T$=S,38"

FEED SUN) Dueild 5D TLHFFICTONWT T [FELLTTH,

RfRICAZEBRLT S BEATHIZESH,
a=j EHBLVTHIZEESE, LHIREL 1N L5955,

™= m m  YUKAWA INSTITUTE FOR 1 0
TTTTTTTTTTTTTTTTTT



Proof of the one-link integral formulae

1
N / EabcEijk (

* [avU,U,U,= N=3)
abc __ def
=] EEE Tabcijk &B(o U éEﬁmo TUk _LadLbech Tijk

FEEDOLICHLTAELZIBOTUOVIVIEIEERFFHRTVILDH,
Eﬁm:&) Iﬁjﬁo abc __ abc
T ik —CE& &

ik

@ [i8IC abe ZMMFTHIZEY. det U=1 Z{ES5& c=1/N!

- 'YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS
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Wilson Loop

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

s Wilson loop L
D - s
w(C=LxN,)=tr[|] U] A
ieC |
o TREAH L BEAEN OL—F2EoT, -
NOOEBERITEDERELD, |
° BB | .

&HAHEZFIRA BN+ — I iRY
L ZIHBU =AM T %5,
%gfﬁ Nt DRICERILAETHRATS

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

2




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

o UL HEMMB-TOBLASLTO, L
— Wilson loop ICEENSTARTD B — >
)2 9% plaquette oD & A
HAEDHDETHIBRENHS, 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

T




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 T -sﬁc-LQCD
with Min. # of Plaquettes * MC

— Area Law (Wllson, 1974) |
SLQCD = ——Ztl‘ {{[ + U T]

@ Smooth Transition from SCL /
to pQCD in MC \
(Creutz, 1980; Munster 1980)

- L >
A _ |
N, 0 i, 2 3
=2Ndg (Nc=2
v = 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 ~

g, cont

U=1+id,a, S; ,—a D g(x)|T (aiﬂ/l q)+m|q(x)
X

X

Clirblélﬂaﬁs.:[ﬂ %E'}( ,Qxa"——>;X%'é:lai;ET;-o

15




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—TEHNSD Fermion DFEHFEI 16 EEZ 5,

s Nielsen-Ninomiya O jEH

[ Y5 RE (FITREAREN. h/SILxThtE., BRTtE. TILS—
ME, EREE ) ZilT=F 4 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

16



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—l—u_Xx—l—u Ux uXx "‘Z mX Xx

Fermion 0) 4 ﬁﬁﬁb‘éf%ﬁﬁ o 1 R DHEH 7-L'CJ:L\O
— 16 DS TS5—. (Dirac Fermion T)4 DDFT5—&%5,

@ hA(SILZH . 1 1 [ZTDULTREC, RYS-oT- 4 T DA

< 1)x0+x1+x2+x3

Xx—>6Xp(i98<x))Xx, )zxﬁeXp(iGE(x»)_(x, e(x)=(—

— BELAASLRHEESD
SERGLEE Y ) 17




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

F) . 4.\?05#
RELLEE ] 1) 18




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 | eslT 1500__ <=
r el —-= =1
12} } — ] S 1 T 2 E{HE‘
o ]
L e pd —m— 4 -
10 3[3'"'-'4},/ 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

19




& EDIZDEEH Short Summary

s F&F QCD
o UV OEBDEBAIZKY, BB —ORBEERR

o JIL—A24ER : Plaquette (7354 yb) ¥EA (or its improved ver.)
— EFER (« - 0) TERBEROY—SHE

o VA—VER: IV OEBERAWNVTT—ORMHREER TS,
8 Monte-Carlo simulation
o JEEBEIGRM QCD ZEFE IR E—[REFH K,
o KELTHT : h5—DEALAYD. /N\FOVEE., QCD 1HEFR (n=0)
o AL/ HIHREICITZZLDOREHY

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

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 KRB A postdoc [CTHEZTIIWFEWLNT—] (FASA)

GONVSN \?QS
ARLSEY =) 20
‘‘‘‘‘‘‘‘‘ 2] Hrer



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
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OCD phase diagram
in strong-coupling lattice QCD

22



Lattice OCD

# Space-time discretization of fields

# Quarks = Grassmann number on sites
KiXi=—KjKis de1=0, fd)()(:l U+
_)fdX1dX2"'d7_(1d7_(2°"exp(%DX>:det<D) 'd

# Gluons — Link variable U
i .

Uu(x):exp ig f dx A(x) ~exp(igAM)
X

[avvu,=0, [dUuU,U,=8,5,/N., | dUU,U U,=¢.&.lN,!
# Gauge transf.

X (x)V (x)%(x), Z(x)>7(x)V*(x), o
U, (x)2V(x)U,(x)V(x+{) Lattice spacing = a
)_C(X)UM(X)X(X"'ﬁ): invariant — Lattice unit: a=1

vfro,




Lattice QCD action

a Lattice QCD action (unrooted staggered fermion)

_1
L—ZZ

T Uo(X) € %= Ao Us (X)€" %

X
1 _ o, _
+§Z T]j(X) XxUj(X)Xx+}'_Xx+j'Uj (X>Xx %_(i,é
X5 ] O+—0
1My ) K X — 1 (@+igA)y v
X @0
m

2N [ '
+—- Z 1—LRetrU ,(x)| Stokes
N w
g plaq. i C J theorem 1/g2
— rotation

@ Staggered sign factor (~y matrix)
N,(X)=C-D)**(x . tX, )
v quark

@ Chiral transf. (Grassmann #)
X — expli 0e(x)] 1., EX)=CD** XX +X,X) U link ~ exp(igA)

SN .. = PQSs
O Y T P .t\ # utro,
Pt S * ) 24




Sign problem in lattice QCD

# Fermion determinant (= stat. weight of MC integral)
becomes complex at finite p in LQCD.

Z=) DIU.q.q] exp(=gD(n,U)g=S5(U))
=) DIU] Det(D(w,U)) exp(=S4(U))

(%

"=D(—u' )2 Det(D(w))] =Det (D(—w')
(ys hermiticity)

[Y5D<M)Y5

@ Note: Euclidean D =y, D+m-py, (y = Hermite, D,= anti-Hermite)

U
@ Fermion det. (Det D) is real for zero n (and pure imag. p)

@ Fermion det. is complex for finite real p.
# Approximate methods:

@ Taylor expansion, Imag. p , Canonical, Re-weighting,
Fugacity expansion, Histogram method, Complex Langevin,
Strong-coupling lattice QCD

u; B i *\vos# utro,
L YTP 2 F 25

RE .
THEORETICAL PHYSICS [ vITP kyoto 2321




Sign Problem

# Monte-Carlo integral of oscillating function

Z=f dx exp(—x2+ 2ia x)=¢ﬁexp(—a2)

0s | T || ENT—
Easy problem for humanis AR BN
not necessarily easy 0 ~Zrn e
for computers. 05 | S
# Complex phase appears T , T =epx2ian)-
from fluctuations of H and N. 3 2 1 0 1 2 3

de Forcrand

2= (Wlexp[—(H—uN)/Tlw)=2_ [ | (w-lexp[~(H—uN)/(N.T)]|v...)
— Description based on “Hadronic” (color singlet) action

would be helpful to reduce fluctuations.
— Strong coupling lattice QCD

26




Sign Problem (cont.)

8 Generic problem in quantum many-body problems

@ Example: Euclid action of interacting Fermions

S= Zwayw gZ (Py), (Py), g
X, )

@ Bosonization and MC 1ntegral (g>0 — repulsive)

exp(—gM M )=[ do exp(-go’—2igo M) (M =({py),)
Z=] D[y, ,olexp| — | D+ 2ig0)w—g20

820,

—fD Det(D+ 2igo)exp

complex Fermion det.
— complex stat. weight
— sign problem

27




Strong Coupling Lattice QCD

Pure YM
 — sc-LacD
© Mc | Phase diagram
Fluctuations
"eFr,
el o nn:
tmontical point F—4—- +
istondar — + +
Mﬁﬁggr | 5 !
.— | S sl
0 1 b 2 3 01 02 03 04 05 06 OF OB
B=2Ndg (N-=2) Kawamoto ('80), Kawamoto, Smit ('81),
Wilson ('74), Creutz ('80),  Damagaard, Hochberg, Kawamoto ('85), Mutter, Karsch ('89),
Munster ('80, '81), Lottini,  [lgenfritz, Kripfeanz ('85), Bilic, de Forcrand, Fromm ('10),

Philipsen, Langelage's ('l1)  Karsch, Redlich ('92), Fukushima ('03); de Forcrand, Unger ('11),

Nishida ('03), Kawamoto, Miura, AO,  AQ, Ichihara, Nakano ('12),
Ohnuma ('07). Miura, Nakal?o, AO, Ichihara, Nakano, AO ('14),
Kawamoto ('09), Nakano, Miura, de Forcrand, Langelage,

A0 ('10) Philipsen, Unger ('14)

28




Area Law

Wilson ('74), Creutz ('80), Munster ('80, '81)
# Wilson loop in pure Yang-Mills theory L

(W(C=LXN,)) .

:lfDUW(C)exp %Ztl“(Up"'U;) N
Z g P

=exp(=V(L)N.) V(L)=heavy-qq pot.

8 One-link integral ) 1 -
1

f dU UabU:dzﬁéad 6bc - 1/Nc g2

# In the strong coupling limit baic

! LN,
2
(W(C))=N . >V (L)=Llog(g"N) U U+
g N
Linear potential between heavy-quarks a ' d

— Confinement (Wilson, 1974)

29




Area Law

# Area law in the strong coupling limit
Wilson ('74)

# Verification of the area law
in Lattice MC simulation
Creutz ('80)

8 Strong coupling expansion
to higher orders
Munster ('80, '81),

2.

aa |

Lottini, Philipsen, Langelage ('11)
8 Weak coupling region
— g2/4w =1/ By log (q2/A2) 0.1

— a~1/q ~ exp(2n/g2f)/A

1.o_f \

SU(2), w=4&

 MC

|_
_ Strong coupling region

Weak coupling region

Strong coupling expansion connects

SCL and Weak coupling region smoothly

I

= String Tension' :

SC-LQCD

1, 2
B=2Ndg’ (Nc=2)

30




Strong Coupling Lattice QCD

# Strong coupling limit
Damgaard, Kawamoto, Shigemoto ('84)

1
SSCL:S(I;)_ 4N Z MxMx+}'+mOZ Mx
cx,J X
(M =Y. %)

@ Integrate out spatial links using one-link formula,
and pick up diagrams with min. quark numbers.

f dU Uab U:dzaad6bc/Nc

Lattice OCD in SCL
— Fermion action with nearest neighbor
four Fermi interaction

31




Finite Coupling Effects

s Effective Action with finite coupling corrections
Integral of exp(-S_) over spatial links with exp(-S,) weight — S __

-1y,
Seff:SSCL_IOg<eXp<_SG>>:SSCL_Z ( n/> <SG>C

n=1

<§."> =Cumulant (connected diagram contr.) c.f. R.Kubo('62)

—p
P e || T T —r | ' — L 7
T EORE o ET |

Ve v MM Vav- MMMM v-v+ ° MMMM MMMMMM V+V-MM  V+V-MM

Sett = 5 Z(V+ Vo) UZD[MM]H SCL (Kawamoto-Smit, '81)
l 181‘ + + ] 35
22 EDW VATV e '_a'(d—]]x_pﬂéolk #J_[MMMM]JM NLO (Faldt-Petersson, '86)
STT ,B.rs
2d r§0 WIW AW W e 4d(d—1)(d—-2) _r.j::-l].|£;-fl.|!| D[MMMM]jL MM
LETAIEANY Y
+8d(§fi s OZM VAL ([MM]J_J_& HMM]mm) NNLO (Nakano, Miura, AO, '09)
x,j=0,|k|#j
- ( 1 )"* N2 Y (PPt he) Polyakov loop (Gocksch, Ogilvie ('85), Fukushima ('04)
g*Ne 5% s Nakano, Miua, AO ('11))

. ,

"YITP "% Pz
far

i THeoRerica pHvsics VITP Kyoto Z0 gl / affer

32




Phase diagram in SC-LOCD (mean field)

s “Standard” simple procedure in Fermion many-body problem

@ Bosonize interaction term (Hubbard-Stratonovich transformation)
@ Mean field approximation (constant auxiliary field)

@ Fermion & temporal link integral
Damgaard, Kawamoto, Shigemoto ('84); Iigenfritz, Kripfganz ('85); Faldt, Petersson
('86); Bilic, Karsch, Redlich ('92); Fukushima ('04); Nishida ('04); Miura, Nakano,
AO, Kawamoto ('09); Nakano, Miura, AO ('10, '11)

4..{ y

1 gt i “n-‘_“'n, Ind—order

W o2 V. .
* laagt 2

5 4 '3 1

] F240 g Cy=0

:—,’V .*Lw |

.!_W -E"'l'_ _I:; -.:I'.- ..fi‘- ._-11l1 M [BeV] e Co=0 1st—order

Y .
Caark C’bem:icale.Eﬂﬁal,u , AO, Mlura’ Nakano,

ligenfritz, Kripfganz ('85) Fukushima ('04) Kawamoto ('09)

33




SC-LOCD with Fluctuations

# Monomer-Dimer-Polymer (MDP) simulation
Mutter, Karsch ('89), de Forcrand, Fromm ('10), ‘

de Forcrand, Unger ('11) Il =

- LI

@ Integrating out all links 1“
— /= weight sumof monomer,

dimer, polymer configurations

Zmp)= Y l_['.l' — 1)1 nh—"!ulln;l”_l”‘nwl_’ﬂﬁj
Cr

|

r w(Cp, =) =¢&(Cp)exp(+3£Lpu )
|y Crl b JI'I-L-!J'?,I'_-.! . n,!

s Auxiliary Field Monte-Carlo (AFMC) method
Ichihara, AO, Nakano ('14)

@ Bosonize the effective action, and MC integral over aux. field.

Seff: +Zm M + Z f [|0k 1:| +|3T’k ‘c|

Ck'c

. (O'+l.8n)xi}°’ f(k)zz COSkj’ 8:(_1)x0+x1+x2+x3

34



Phase diagram

# Phase diagrams in two independent methods (MDP & AFMC)
agree with each other in the strong coupling limit.
— SCL phase diagram is determined !

18 | | | | AFMC 42}{4 B
16 aT - - 1.6 b "ee 53}:4 |
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