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S5V (2)

s FHERUVSEE

@ Quark Gluon Plasma, K.Yagi, T.Hatsuda, Y.Miake
(CAMBRIDGE).

° BFLDBEDER., FREL (2T)oH—Tv/iY)
s pEAEEEE AL LAR—MRHICKS
s FEOEEBR

SRS S EBOEF QCD OEREZEMBL, V44—V RI+—IVMRTY
¥ )L (Wilson loop) . BESIRTUIvIL (BHIRILVLF—FE) DEH
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s EEE(63V)
° AREEDGZOHEBEAM (1 37H)

* BB TR, —VVVFRFZE, R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)

* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)

* }&F QCD . Plaquette YEFH. #&F Fermion . YO 5.
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!
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OCD Phase diagram

# Phase transition at high T
@ Lattice MC & RHIC
# High n transition has rich physics

@ Various phases, CEP,
Astrophysical applications, ...

@ Models & Approximations
are necessary !

+ Lattice MC works only for small p
(Tayler, AC, DOS, Canonical, ...)
or in the Strong Coupling Limit(SCL)
(MDP) Karsch, Mutter ('89),
de Forcrand, Fromm ('09)

» Eff. Models: NJL, PNJL, PLSM, ....

+ Approximations:
Large N¢, Strong Coupling, ...
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I Field Theory at Finite T I
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HEHIR S

s BFNFETOERES (Path integral)
o B%l 1, THE ¢, [CLHTFAEZ ¢ TRE ¢, ICEIET HIRIE

S =gt expl=i H(t,~1)]lq,. t.)=] Dgexp(iS[q])
5 [Q]: fq(l‘):qi,q(tf):qf dt L<q’ Q)

R q() [2OLTOM — EHRES
* R
» REFORDYICEHEDOH (c- ) TRED

’ ;;'FFFJ S DEAFFICIEEZBMBARZAVNDICLICKYIRFRIDETRZMYIA

s BOBR=FBATOBOEIE (x,t) ZEELTEBTF HE
S =(¥ Jexpl—i H (t,—t,)|¥ )= | Dpexp(iS[])
S [([)]:fwti):%’\[/m):% d*x L((I), au(l)>
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S BRIl —0) R T1E
s HEEHK

Z—Zexp —EIT) Z<n|exp —HIT]||n)
—Z<n|exp <tf—r>]| n), r—ur=] Dexp(—S[¢])

=f0de xLy(,0,6,0:b) |y popivo
LE(d)’ 51'4)’874)):_[4(([)’ @ﬁl),i@ﬁ[))

t=—it, 0,=—i0, B=1/T
is=i [ "dt[&x1=] drdx1=—[ drd’xL,

o METHFOLHEEMIEFRFEERDIRIBOMTH S,

@ 2TOREIZONTHZESDT, =0, p TRBMEREFHEDITT
FEED p(x,t) [TOLWVTRLEDHLE S,
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T YTP e # it S EE D F QCD 94— 0MEBE OFE (Kifh)



Example: Scalar Field

# Lagrangian density
L:%au¢a“¢—%m2¢2—U(¢)

Euler-Lagrange equation (principle of least action)

aL 8L u 2 aU .
T + 4+ — = _ )
a“[a(au >:| =0 — 8u6 (I) m (l) —O(Kleln Gordon cq >

0¢p

# Euclidean Lagrangian
@ Euclid fEONL—V t=-ir,x=1,g =(1,1,1,1), L, =L

LE:%8H¢6M¢+%M2¢2+U(¢)

— HEERNGVBSICRERISRBRILTHELLS,
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Partition Func. of Free Scalar Field

s BHADS—IHD BRI
o HFBROYALXDFE (K )V) ORFTEHADT—IF (U=0)&EAS
4 7—UI£4§
b(T, W Z exp(—iw T+ik-x)p (k)

Periodic boudnary condition w,=2mtnl, k,=21n,/L

Euclidean action SE:% Z (w:+k>+m’) P> (k)
n,k

o J—YITEBRIFA=Z)—FBREND,
RADAEIXEDLEN, (BREHRE)

Dop=N[]de,(k) 1,T¢
n,k
o HHRMES — HEEK /
Z=[ D¢e E—NH\/ i+ i+ m?] ‘L\‘ L

JTYITP -t\"“i
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Partition Func. of Free Scalar Field (cont.)

s HRIRILF— _
.Q:—TlogZ:%Z T Y log(w’+k*>+m’) |+ const.
n

k

E;

:%Z I(E,,T)+const.
k

s 2[R (Matsubara Frequency summation)

2, 2
n a +n 2a

1 _ m _|coth(mral/2) (7=2n)
Z ><[tanh(1Ta/2) (n=2n+1)

0E, “w+E>  1—exp(—EJT)
[(E,, T)=E,+2Tlog(l—exp(—E,/T)|+const.

0I(E,,T) 5 25 _ l+exp(—E,/T)
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Partition Func. of Free Scalar Field (cont.)
s BEHIRILX—(TSUF-RTIIvIV)

0-¥

Ak | E .
:Vf 2k+T10g(l—e E"/T)}

2m)l 2
FORIRILE— (ho/2) REIBIE

PORIRILE—EHSEREALTHRIBERT B,
BEDODENZRS,

P=—qiv=|

+ const.

i) _
7"+T10g(1—e BT

I’k kv ™" [ _OE,
(2_“_)3 3 l—e_Ek/T Ok

(O

# — FEuclid & + Imag. Time — #&tH%

= -Y TP ?QS
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Appendix: Matsubara Frequency Summation

# Contour integral technique \ ®,
SZTZg(wn=2TrnT,Tr(2n—|—1)T) C ®
n 2
-«
Res g(w
P e e A A A4 ing
e F w, € F C
(g: meromorphic ( FEH), ® :

no pole on real axis,

decreases faster than 1/®m at @ — )
C
@ Applicable to more general cases ! m v
@ Anti-periodic condition — Fermi-Dirac dist. r «
s Example: g(w)=1/(w*+E?) =
— o= *iE, Res g = £1/2iE
1 e’ P+1 C,

S =
E_
2E 71 C,+C,+C +C, =0
= LLLY .




EREEDIZEDEG Short Summary

s BFNF-HOHES
o BEBEDICE - THEDH (c- B ) ITKHRCBAERE,
° L. 2 TORBDELEDENDBE,

s et HF- P ERERK
o EHFEIICLDHEXIEICEY, FEREBHIERBSI TRETED,

o A—YYyFEIHILITKY., BEEZRZRRICKRAS.
=fZL. (&) B © (=ir) OmBAIZITHFIRHA DL 0<Tt<p)

o HEBAKIETRTORETOHFEDH
— =0, p TRAMERSHE - RRESH o =27anT

(ZZLEFUDGHEICITRAMHARELE. 0 =271 (n+1/2) T)
s BHANS—I50D 573 BELEE K
o MEERBMICOLTOMN — EORDIRILYF— + BES
s TR RECL
o 41— BA%, B8R . Hard Thermal Loop . Debye Eilk. ...
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FIorS1>

s EEE(63V)
° AREEDGZOHEBEAM (1 37H)
* BB TR, —VVVFRFZE, 2R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)
* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)
* }&F QCD . Plaquette YEFH. #&F Fermion . YO 5.
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!
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I Chiral Transition and NJL model I
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Quantum Chromodynamics (QCD)

s QCD Lagrangian notation: Yagi, Hatsuda, Miake
L:q(iy“Du—m)q—%terF“V

D,=0,+ig A, (Covariant derivative)

FWZ(?L,AV—@VAH—ig[AH,AV]:_—Z[DH,DV] (Field strength)
4
A,=A,t" (*=SU(3) generator,[ta,tb]:ifabctc,tr(tatb)=%5ab)

8 Gauge transformation

q(x)=V(x)q(x), gd,(x)=>V(x)(gd,(x)—id,)V " (x)
F,(x)=V(x)F,, V' (x), DJx)=V(x)D,(x)V"(x)

u

mm Y-TP _‘\?QS
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Chiral Symmetry

a8 Chiral transformation
= indep. rotation of left- and right-handed quarks

1 1
QLZE(I_y5>q__)q =V iqr, = 2<1+Y5>q_>q "=V rqx

‘g=(u,d,s,...), V, R€SU(N /)

axial-vector transformation

i
q%exp(—EAJQJyS)QZVAq

s QCD Lagrangian is invariant under chiral transformation
when quarks are massless.

L=qliy"D,—m)q
—>q Viy'liy"D,—m)V ,q=q(iy"D,—V ,mV ,)q

1 o
5Lq:§qzy5{2\]91,m}q—>0 (m—0)

- ; Qs
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Chiral Symmetry (cont.)

s Chiral transformation of hadrons (SU(2),)
S=gq (Scalar), P'=giy,T"q (Pseudo scalar)

6q——§9]2\1 Ysq, 56]——2 g0’ Ay, (infinitesimal transf.)

§—-8§'=5-0°P°, P°->P'""=P"+0°S

— Scalar and Pseudo scalar mixes under chiral transf.

@ P 0 AAIDEDE P, 0° ROMLOKREEE 0 LT5HL.
chiral transf. [ (S, P) Z[ETOHMEER

S =L —O)(S) = s+ P2=const. (chiral circle)
P'l \6 1 /\P

s EEFI~THFIEEZDE, 6 (J=0") & 7 (J=0) OBEEILHEE
T BTN, BORAS—PREFIIFELLGL,
— WD B RN

- ; Qs
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sigma model

s Chiral symmetric Lagrangian Gell-Mann, Levy ('60)
L:%(8u06“0+8un-6“n)—U(0,1T)
A > ) 912 Wigner
U<(T,1T)=Z(<T +r - 1) In Nuclei(?)

Nambu
@ Invariant under chiral transf.

oo=—01t, 6m=00

rrrrrrrr

@ ¢ and T masses G

fi<0-my=m,=—A f°
fi>0-(o)=f
U(U,1T)Z%Wli(p2+%><0><n‘2+0(((p,1T)4) (p=0— f)

— When a member condensates, their masses split,
and massless modes appear !

mm Y-TP _‘\?QS
Ty e ., it S EE D F QCD 94— 0MEBE OFE (Kifh) 20



Nambu-Jona-Lasinio (NJL) model
# NJL Lagrangian

L=51<iy“5u_m)q+2ci\z[(c‘Jq)er(@iysT q)] \@/
QCD [ZHUL T quark DEEEIERK S .
gluon {5 - B -
— QCD DR FfEZE R 1= A

quark DEZHE]
(m=0 T chiral sym. Z&2D)

S=qq,P=qiy;Tq
— S°+ P’=invariant under chiral transf

8 FEuclidean
(xu>E:(T:it LX), (YIJ)E:<Y4:Z.YO,Y>

. G’ [,_ v, . 2
Ly,=q(—iy,0,+m)q— Y (gq)+(giysTtq)
. Nambu, Jona-Lasinio ('61), Hatsuda, Kunihiro ('94)
IIYITP N — S
Five e (NN it e MmO F QCD E94—VME DK (KFA) 21



NJL model: Partition Function

# Partition Function

_— _ — — —¢@=
ZNJL:f DqDQexpl—f d4xLNJL] G = G, - G2G
M 2
:f DquDZexp[—f d4x{q(—iy@—l—m—l—GZ)q-l-A(Uz-l-ﬂz)}]

D
:f DZeXp[—Seff((I,Tr;T)]

u Bosonigation (Hubbard-StratonOVizch transf.)
G [,_ _. A _ .

~ 5l @9 +H@iysTgl] - (07 +m)+GalotiysTm)g

s Effective Action

2
Seff(Z;T)z—logdetDJrf d4xA7[UZ(x)+1T2(x)]

BIRESICBUT, 7234 VIiE Rl #7; Grassmann 3
ITYITPTS

-

2

EDIEF QCD &U4— 0B DRI (KH) 22



Aegendz’x: Bosonization & Grassman Integml

# Bosonization (Hubbard-Stratonovich transt.)

A2

2

S
L 2A2 -

exp

Zfdaexp

'Gz(Pa>2 ]

exp

2A°

=f d texp

# Grassman number

[ %

(0_7

AZ

2

2

GS+

« GP°
7T—A2

2

G>S*
2A°

_|_

G2(Pa>2 -

2A°

, d X -1 =anti-comm. constant=0 f d X-X =comm. constant=1

(%

m
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dXdXexp|XAX|=[dxdX

1

N!

(XAX)"=---=det 4

—exp|—(—logdet 4)]

Bi-linear Fermion action leads to -log(det A) effective action
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Fermion Determinant with Mean Field Approximation

# Fermion determinant ZUL\DMZEHE T2
— EIFA L +Fourier KLY, BHTRLZETE A AT RE

Mean field approx. 2 (x)=o0 —const

Fourier transf. q(x)= \/ﬁ Z exp(—iw, T+ik-x)q, (k)

Fermion matrix (XX AMELS,
=—iy-V—iy,0,+M=y-k—y,w+M=y-k—iy ,w+M
_ —iw+M k-o
—k-o iw+M
det D= H (w>+k>+M*)""? (d ;=4 N_N ,=Fermion d.o.f.)
n,k
2
_’Feff:_-Q/V:—EIOgZZ—Z Z 10g<wi_|_k2_|_M2>d,-/2_|_AO_2
V Vn X 2

- ; Qs
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Effective potential of NJL model
s RIFRIRET — BRRTOvIL

d’k |E
Feff:sz/r/:—asz<27T>3 2k+Tlog(1+e
FORIRILT— + VFA—OD&RELRS + FHBIE

s K22 (T=0, p=0) TOHEMKRT+IL (chiral limit, m=0)

—Ek/T>

d, or Pk AY Ll d X’
F =——1 E +>c'=A"—=LI(x)+ —M/A
off > (27T>3 T g > (x) Vet (0 )
A T(MIA)
F o d, x| 1 1

4 2 o 2
e 16172+ 5 +0(x"logx) (G,=8m"/d )

G* G’

G>G. DEE. 2ROFBME —H45 LA FED B FE0RD

/ 2
I(x)= 1 V1+x*(24+x°)—x*log Ieviax ) 1 1+x2+lx4 1+410g£ +0(x%)
167° X 8’ 8 2
O Y-TP .‘\?QS#
Trens o (2 ., EFE S MEE DR F QCD EV4—0YE DMK (KH) 25



Spontaneous breaking of chiral symmetry

s FH®IMIGSH o BNEHShS (Gap equation)
1 aFeff__df dl(x)_|_ X =0

At Ox 2 dx G

G>G  DEEHRRD o(~ q""q) DRV IRIILF—B/NKBEERS

quark BDSI AN+ RBEITNIE. o(~q""q) HiEEHEL.
BRFIA—ODEEZEAHT, (Nambu, Jona-Lasinio ('61))

/7 —
Ty e ., it S EE D F QCD 94— 0MEBE OFE (Kifh) 26



Chiral Transition at Finite T

s Effective potential at finite 7 in NJL

F d d x?
T=—LI(x)-—4P(M,T)+
A 2 A’ 2G
d, d,m7(T 201 2( T )2
S S X TT 4
=— - ==+ ——|1——(=| ||[+O(x"1
167T2 90 8 A 2 G2 Gi 3 A (X ng)
Stefan-Boltzmann THANDODEEMAIE
o dk K 1
TS (2m) 3E exp(E/T)+1 AFeff =1,
T=T,
— T<3"2 A/n OEF{HET.

DA IIVIBERINECSHITT G
AEREETD T>T,
HAZIVIHEEE 2R

ITYITP

e 2, it S EE D F QCD 94— 0MEBE OFE (Kifh) 27



HA1S/L 165 ENIL $BE Short Summary

s HLZILxFRE

@ JA—UBENPENEEIZ QCD NE DXt

o BRMGI/SILHEHEOBENSNFOVEEZEAHT,
s -3 F5 =aEE (NJL)

° Dx—0-BIF—I DI ABGEIMERIZIE, V+—0-RIA—I (¢""q)
giﬁgﬁﬁ (WA ER) LT BRFI+—VDHEEE

°* AREETIIVA—IDREMNRICLYRRELNBOON, HHRETH
aHSHA D (DAL HFRED [EE) .

s FTRIEERS

o FRBERIZHLVT Fermion (X A[#7% Grassman TERT,
( Fermion determinant, EAEREH)

o VA—URIDHEEERADRYAEIZKSEEL
(Hubbard-Stratonovich transt.)

\PQS
Y TP # rRiE S DK T QCD EV+—VMEDHEE (KE) 28



Appendix: Finite u
s ARZEEDFSIC. PEEARITESIEDLLIN?
s Example: Relativistic Mean Field (RMF)

S=g,0+y (g,w' +g,0'T)

s Euclid 1&+ {EFERTUIvILDEA

Z=[DyDyD® expl—: d4x(L—uc/J+c/J)]
=[DyDPD® exp|— [ d*x(@Dw+L,...(®)]]
= D®exp|—S4(®, T, )]

D=—iyd—uy +M+2>
s BRNER

Su=S8"+8 == logdetD, ,+ [ d*xL
n,k

meson

|
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Appendix: Finite u (cont.)
s —{RIFIZBZERE — Fourier EHRICKY D ZTOvIx A1k
D, .=y (miw,~(u=V")+y k+M+g,o
—det D=|(w,+ip P+E?|
W=p—g.,w'—-g,p'T, E*=K+M*? M =M+g, o
s RRREHEMERIT

FH=— ff dnk) [E +Tlogll1+e *)/T)—|—Tlog(1+e_<E*+“*)/T)]

FoR  HF(&F) RAF (R%F)

Adk Nf

-|2‘|:|;ﬁl*)bﬂ@—(i*z?o)»—jb\bﬁhé
— FHE RMF TI3ER

s mkE 0 0)*%‘“‘

(F)
eff

(dy=d ,I2)

|
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FIorS1>

s EEE(63V)
° AREEDGZOHEBEAM (1 37H)

* BB TR, —VVVFRFZE, 2R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)

* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)

* }&F QCD . Plaquette ¥EFH. VI8 #8F Fermion
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!
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l Introduction to Lattice Field Theory I
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¥ F L DIF DI

s FOBEGE=RIEEHE
o BT -EFEICECTEFT—RICITEE — BEMIZHELS

o ROFWLHBDIEIFEICHEMLTIRS P
— IRGRTI= AROBFLTHES, EFBRELES

8 AN7—&
o EHEHR (Euclidean) DA (@ Eif)

cont fd X (l)a (l)_I_ m (l) +_A(l) :|

E *ﬁ?J:UM’FFﬁ
» BHERT S IT—H
S ETESHEITRUHMHEERD

: 1)—2
Slat:_%z (l)(n) )—Hl)(anz A)=2(n +a4Zl —I—%df(n)
n,u !

- ; Qs
|
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tEFLDIZBDEEG (cont.)

= *ﬁ?J:G)ﬂE : AHT—I5E; ®
S __qu d(n+i)+p(n—p)—2¢(n)

2
a

4/

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

+a“Z ~m’ 2 (n)+ 7 ()

{1 :unit vector in the positive u direction.

®a— 0 OWBRT, ERBROFEAEL—

1 2 2 |
Suma' T |5 b X S5+ g (n) + b (n)*[rO(a)
n | H i

u

:f d4x[—%qb(x)@“5“q5(x)+m7q5(x>2+Aq5(x)4

4/
@ - FOHMHEERD,
"Y TP \PQS
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Gauge field

# Gauge action (Euclidean)

1 . |
SG:2g2fd4xtrFqu“ , F,=0,A4,—0,4,—i[A4,, A4,],
A= At ([ 8)=i f ot e (£8) =25,

2 ab
(BREBRESTEEHEN cHEDT, g4 >4 ERT—IL)

# Gauge transformation
Ay (x) =V (x)(4,(x)=i0,) V" (x), F,(x)=V(x)F,, V" (x)

o F—SFEMEEORT LOEREEDESIEDH 2
> U oE

U(x,y)=Pexp

JOOZEHIEHmD R TOY —OFEMEZI(TS
U(x,y)=U'(x,y)=Vx)U(x, )V " (»)

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

X
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Appendix: Gauge transformation of U

# Proof of U(x,y) —» VX)U(X,y)V'(y)
N—1
U(x,y)=lim [] [14+iA4,(x,)Ax,] (x,=x+nAx)
N -0 p=(
(multiply (1+i A Ax) to the right!)
By using the gauge transformation of A,
A (x)-V (x)(A4,(x)=i0,)V " (x) X=X,

and the unitarity of V, V(x) V"(x)=1, we get
1+id4',(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) Ax,+0((Ax))

=V (x,)[1+id,(x,)Ax,]V" (x,,,)+0((Ax))
U (x,y)=V(x)U(x,y) V" (y)

|
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Gauge action

s YOOER U, ,=U(n,n+j1)
U, ,=U(n,n+j)=explia A,(n)|€SUN) , nt i
o Uf/ﬁﬁﬁliﬁﬂﬁ‘ﬁﬂ)ﬁ?@ﬁg—’)%?ﬁi U'Jr :U(nﬁ—ﬁ}n)
21750 7T, IEACEERIIZE->THEE - e
EHE.ED trace ld:’f—‘)’F% n n+
Il]u-=vn(]] vy
neC neC C
# Plaquette
Lattice ETHRE/IMS loop (& U
BHEAR n+ <”+;>+u+v
qu(n>EUn,uUn-l—/fl,vUZ—Fv,uU:z_,v ) | '
# Gauge action (plaquette action) & U (n) n+ [
u

S.=B, 1—NLReter<n) (B.=2N,/g")

= lag. c
m-m _‘\?QS p
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Appendix: Plaquette and continuum action

s F—UBDRTFER s Up(n+v)
n+p+v
Se=B, 2, [1—NiRetrUW(n)} U, (n) | U, (n+0)
plag. c
U % n—l—u
o UQD) (BHE) DIZFE : AFES =rotation DEFE wFo

o JERMRS —DBDIFEE : Hausdorff 20D FI A oA B A48+

e —¢€

A, B+

tr U, (x)=tr oA A (xR +ial Ay, A2} ia{A,(r+9)+ 4, (x)—ia[4,, 4, )2+

ja[(4,(x+i1)= 4,(x)=(4,(x+9)-4,(x))+ia[4,, 4,]+0(a)]

=fre
=tr[1+ia’ F, +a' X,~a' F 12+0(a")]
B 4
lim §.= Z ﬁgtr[l—a—Fiv}
a—0 0ty 2 S. Aoki, Text

|
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Link Integral

F—UmORRES
Z fHa’U L EXP(— fHdU LeXp| B, Z

Peplaq.

@ dU ld: "‘J:GJ;FQI’E}HIJ’EF ( Haar measure)
— F—O %
U, .~V U, V' (nt+i)
L?]‘L'C;F%f i) }R'U# MNILE
s )29/ 5 SUNN)
o F—UFREMDHT. UV IEBRDSEADES XIFITRES,

:dU1:1 (normalization ), deU =0
. , 1

Javu,U;=+5,0,

JUU LU, U, —Nis (N=3)

/ abc z]k
2Ty TP&\?QS#

o e
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* [dUuU,=0
o LHS=R_ &<, WlIZEMS SUN) 1751 V Ehi5E

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

VIZEED SUN) O5EREMS, R, =0

s [quu, U;:% 5,6

@ LHS=T% &84, U, U" BLU, UL LEM®-TS&5 L, L' EHT5,
LHS= | dU(LU),(LU); =] d(LU)(LU),,(LU);=T?
RHS=L, T, L, —» LT,=T,L — T$=S,5"

EE®D SUN) OTTEEMRT 2D TLBEEIZONT T ILEETH,
FHEICEZRLT S LEEAFTHICHH,
a=j EBLNTHIEEDE, KBRS UN E503,

|
m™m m m  YUKAWA INSTITUTE FOR
" THEORETICAL PHYSICS

bi

40



Proof of the one-link integral formulae

1
N / Eabcgijk (

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

abc __ def
Tijk _LadLbech Tz'jk

o ELE T &8, U ZELH.

EEDOLISHLTARELZIBOTUVYIVIEEERAFFTVILDH,
H%ﬂ’ﬁlﬂﬁo Tabc_ abc

@ [AIC abe ZMMTTHIZEEY., det U=1 #FES5& c=1/N!

|
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Wilson Loop

s One link integral formulae DEAELT,
sR¥E S FEIETD Wilson loop DHIFEEZRODTHET,

# Wilson loop

w(c=LxN,)=t[[] U] A

o ZEEAML . FEAR Nra))lz—le%O'Cs '
Y OEHERITEDLE=LD, .
-V el X Y
HAHRFZICHIENENIF—I D BTRY, g
L 2V E=RNIV T %5ES,
%gﬁﬂ Nt DRICRICGAETEHANT S

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

mm - _‘\?QS
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Wilson loop (cont.)
s REE SR TR _ _
(W(C=LXN.))=[ DUW (C)exp| 5 tr(U,+U})
g P

@ YUOEBMNE-TLSEFSLTO, L
— Wilson loop [CEFENETARTD e — >
)2 9% plaquette oD o& A
HAEHETHIDELDH S,
o FEEMHINEE, TESETOLELED
plag. THEHTIZIX, Wilson loop % N, 4
EEMIC plag. TEHNITKLY,

1
g'N
mis S E TIEmiELR
- 97— DEALCIA® Vi L Ll

K.G.Wilson, PRD10('74),2445
Rt S MEE OB F QCD EO+— U ME DK (K ) 43

<W<C>>=N( ) SV (L)=Llog(g’N)
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Strong Coupling Lattice QCD: Pure Gauge

# Quarks are confined
in Strong Coupling QCD

@ Strong Coupling Limit (SCL)
— Fill Wilson Loop
with Min. # of Plaquettes
— Area Law (Wilson, 1974)

1 _ 1
JE'rL'[:ECD = — F Z tI‘ |:L"|: ‘I— LI&]
L]

@ Smooth Transition from SCL

1.0

TT'I—F'

aa

K. G. Wilson, PRD10(1974),2445
M. Creutz, PRD21(1980), 2308.
G. Munster, (1980, 1981)

| Strong coupling region \*

—

SC-LQCD
e MC

\

to pQCD in MC Weak coupling region |
(Creutz, 1980; Munster 1980) \
-— 0.1 i
A [ \
N, 0 i, 2 3
B=2Ndg® (Nc =2)
Y . =1/ Nc g2 Munster, '80
TUYSTP -t‘?u‘.* — = .
Tl gﬁ%ﬂépﬁiﬁm*ﬁ% QCD th_O&f%ﬁ@*E (KM8) 44



Fermions on the Lattice

# Fermion action (Euclidean)

Sq,wm:f d4xq(—iyuDu+m)q, D,=0,+iA,

s IEFED action — Link EHDFFE

)—-U. q(x—p -
Spiu=a' Do) S 1, Sl Rt g

@ q,U @%ﬁﬁb‘%’f—’)*ﬁ
q(x)=V(x)g(x), U, ,—~V(x)U, V" (x+i)
o EHBRT S ~

q, cont

U=1+id,a, SF’lat—>a4Z g(x) Fu(i—l—iAuq)—l—m q(x)
X

0x,
I'\=—iy,
os :huﬁs FE'Y N x4—>x0&l./$-§-o
Em - \?
T YTP* # G S R DI F QCD &EV4+—VMBE DMK ( KFh) 45

1 YSICS wITD W "y
| YITP Kyoto £ A2



Fermions on the Lattice (cont.)

s —RESTSEN, BEAM... > FT5—
HEZEDZS . Fermion O hopping matrix % Fourier £#55&

D=iTl, sin (p,,a) (p,=2mn,/La,n,=0,1,...,L—1)
a

(3+1) RFEHFLT. D [ 16 B 0 &B3, (p=0,n/a)
— EIRILFX—TEHND Fermion OFEFEFEH 16 £H#% 5,

s Nielsen-Ninomiya )

[EYEEE (ETBEAETE., h/J/ILu#HE. BirtE. TILS—F
P, W) Z5T=-T#F Fermion [ZIFFTS5S—NFET S

s RRFE

@ Wilson Fermion : a —» o0 T TS—HERIZCELLAELSIZ 2 BRI
X9 ABEEMRASD, (HAALTILHTFEIZELY)

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

@ Staggered (Kogut-Susskind) Fermion

mm - _‘\?QS
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Staggered Fermion

s Staggered Fermion : Spinor #8&- v T8 EAFn THRH 5.
X=Y3Ys Y1 Yod
— xu—l—l X3 A
=g (x)y, g (x+0)=X(X)yy Yy Vi Yovuye vy vy X(x+ i)
- X e 2x +2 X 41 AN 5 A
ZUH(X)X(X))@ Yu+r1Yu Y+t 'ZY3 (x-l-/,l)—nu(x)X(x)X(x-l-u)
Xotx,++x,_,
n,(x)=(-1)

@ Lattice action with staggered Fermion

Z n (X)X, U, X,.,—X Uqux]JrZ mX X

Fermion @ 4 ﬁEﬁ?ﬁ‘é’C%ﬁlﬁ o 1 RN DAEE X.’CJ:L\
— 16 @DFTS5—h. (Dirac Fermion T)4 DDHFTS5—E4H5,

@ AASIVER: o, P IZOWTRL., BYEol= y THEDELLIE

Xx—>€Xp(i9€<x>)Xx, XxﬁeXpU@E(X))?_(x, E<x):<_1>xo+x1+x2+x3
— BEBLEHASILEREEZED

o @0S

Er YTP y # it S EE D F QCD 94— 0MEBE OFE (Kifh) 47
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Lattice QCD with staggered Fermion

s Lattice QCD action with (unrooted) staggered Fermion
\) LOCD — Sp+8¢

1 _ _
Sr=5 > ()| U, X=X ULLX |+ Y. mR X,
X,

X

SGZ—% Z tr[UerU;
8 plag.

@ Spinor &S simple( ELY) — FBHTHY- BB E A EE

@ m=0 (chiral limit) TE#EL chiral X}fEEED
— DA IVIRERFS D) am A AT HE

o SEMSEE (z - 0,2 0) TIE N=4 1255, HED a TEIL—/i—%
PR TS,

@ Chiral anomaly (U(1),) ISDULVTIX controversial

- ; Qs
|
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Monte-Carlo simulation in Lattice QCD

s HERIS (or E£RUAES)
S=S,(U)+qDq, Z|J]=] DUdetD(U)exp[—S,(U)+J O]
H<O>:fDUdetD<U>0<U>exp[ Se(U)] _s52[J]
| DU det D(U)exp|[—S(U)] &

@ Monte-Carlo %A TI., EHE%(C Fermion determinant ZEE{fL .
O OBEBDELIE MC iETRDD VA— 05 SUEEFDHEICIT.

propagator Z& o1 (ZFET 2000-
04 06 0.8 1 1.2 -0
e T e 1500- |
e et — _ ~: $& 2
12 - > ] -5 :
12 : 3D-"'T‘if,f’ asqtsj : : % 1000— _— N
d | Bk
6 L asq | :
Al | 500__ K ; z:i(g;nment
i TMev] . i QCD
100 15[] EIDEI 25[] 300 350 41}[] 450 5[][] 550 0 |
Hot QCD (2009) BMW collaboration, Sceience 322(2008)1224
] Y-TP .‘\?QS#
- oA TIUTE R gﬁ‘f‘n (= Fﬁﬁm*ﬁ% QCD t77.|' 7¢%£®$ﬁl ( j(@ ) 49
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B LEDIZDEG Short Summary

s }&F QCD
o VOOBEHDBAIZKY., BEEGETS—IXIMEZRE

@ J)IL—#*24ERA : Plaquette (734 vbh) ¥EA (or its improved ver.)
— EHER (« — 0) TEHEEBROTS—EH

o VA—VER VO OEBEZRAVTT—OXMMHIEER TS,
8 Monte-Carlo simulation
o JEEBIERE QCD ZRZFICRE{E—REF R,
o KELGHIN : VA—VDEALASH ., /N\FRVEE., QCD #HHEs# (n=0)
o AMFILHRIREICITZSDDOREHY

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

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

*+ DW/Overlap fermion: large numerical cost.

s HEFETOHEF QCD MC simulation [ZFERShi-KELMHEE.
o [KZRHELS postdoc ITHEX TIELMFELNT—= ) (FARIA)

mm - _‘\?QS
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FIorS1>

s EEE(63V)
° AREEDGZOHEBEAM (1 37H)
* BB TR, —VVVFRFZE, 2R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)
* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)
* }&F QCD . Plaquette ¥EFH. VI8 #8F Fermion
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!

- -lzsd-— (1.5 h, 437 B E5a<EDM)

2 BEERTF QCD AMROEELRERER~— BRERY -
v Y TP"‘ i BIESEB DT QCD £V — B DR (K ) 51



I Strong Coupling Lattice QCD I

- vQS
""Y:TPO
|
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Lattice QCD (1)

s QCD Lagrangian

_ . 1 v
thlf(l)/“Du—mo)(I/—Etr(FwF“ )

w = Quark, F = Gluon tensor, m = (small) quark mass

a8 Lattice Action ut T U ¢
= e—>0 O
Socn =S¢+ S +m, XX v, &0 o8
1 if ’ U T L
Se=—— 2. Tr|U(x)+Uj(x)] O<—®o
g P=(x,u>v)
1 _ 1= .
S,=> > ()X, U(x0)X,.—n, (x)X U (x)X,]
X, H

n,(x)=(=1)"""""""(u>0), exp(u)(u=0)

y = starggered fermion (quark)
U= link variable [1 SUN ) (gluon),

Ny :Qilark chemical potential
. . \
T YTP y \ it S EE D F QCD 94— 0MEBE OFE (Kifh) 53
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Lattice QCD (2)

8 Full QCD MC Simulation
— Monte-Carlo Integral of Det (Fermion Matrix) over links (U)

@ Big Task!
Matrix Size= 4 (spinor) x (Color) x (Space-Time Points)
Eigen Values are widely distributed

@ Complex Weight with finite p
[dXdXdUexp(—S,+X Ax)=[dU| 4 4N N_ N/

8 Quenched QCD
@ Assuming Det =1 ~ Ignoring Fermion Loops
@ Works very well for hadron masses

8 Strong Coupling Lattice QCD (g >> 1)

@ Pure gluonic action becomes perturbative
— Approximate but Analytic evaluation of Fermion Det.

- ; Qs
|
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s SRR RE =1/g’ TORE = T35 7YMITO R

o EADHT, T37vkZ 1/g* DEFHDIL,
— S&R#E S R (g>>1) Tl gluon M hopping RWZ SIS,
* BiREREDFIR
» READOREEEZ 5.
*» TS5y D (Do) BBEiE 5 X 5.
» VFA—OERZERL. YU OBSRICBRD TSN IA—0 K9 T (= Uy)
DA EHLEEEZS.

* Y ORPERT .
— 7A=Y DBEHER (X OREDEKLY)
ZEI I DB ERIT
— 9F—Y LRI VDAEMER (FREEDEEL)

* BEIZIHELTOA—VRBMEEEREZRYEL.,
Fermion fT5IRXZ&&.

* B VOB R EET (FREEOERIELY) .
> BAL-HBIBIZOLWTEHEHEELS,

|
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Strong Coupling Limit

s SREESHEIRE (g — )

o I3 yhEN 0 - TAEND) D HZEMILITRS Al fE
. Xx—i—;fl U: Xx]

p x4

1
= DU, ,exp —2—[17“X U, X, 5N,

:fDU[l—%< X U, X. )X x+/JU X)

ptx+i

@ 49FA—DIE - 24N, 6 9F—VIE - 3@&EN

48

= JA—OBDVIENRZES (1/d BEH)

1
[I_W(Xxxx-l—u)(x

- 1

b X“>_|_...]

x+ptx

l+M M,  +] (M, =X.X,)

X X

4N,

1
~exp|— M M, ,+
eXp[4N

N UJQ? BRI EYNROCOEZER

S

3
nu<

U, X

H x—l—u)

1

2

1

&—O

nx’u)?xU X

X, U

O—=9

—1

__nx’u

2

X

x+p

U’ X

x+u

uetx

| \
Y TP* # RIS SEEDE T QCD £+ —MBE DR (X )
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Strong Coupling Limit (cont.)

s SECRA A
LseL= fDXDX exp(—S. ) /?rUJ X xX+u

_mZM—4N > M. M., _——ZMV M+mZM
cx,u xy

X

|
2T AN
J Hubbard-Stratonovich transf. (FBIHENDEA )

lMVM

V <5y,x+ﬁ+5y,x—[1>

;(O'-I-M)V(O'—FM)-FlMVM —%O'VO'—O'VM
—f Doe —f Doe
:EZO' V.,o -I—ZO' V. , M +mOZM
X, X,y
L1183h48l o = const. — Fermion ﬁ?ﬂ'ﬁb‘iﬁko
|

1
:Ebgo' —7logdet(mq1)=§b0(7 — N log(b,o+m,)
(m,=b,0+m,b,=(d+1)/2N )
"Y TP vns

|

W
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SCL-LOCD: Tools (1) --- One-Link Integral

# Group Integral Formulae U Uy

Uy
+ 1 M(I) M H
- (x+j)
f du U abU cd |\|C 6ad 5bc B=eXXXI/6 B=eXXX/6
1 _ 1
de UabUch 6 € ace € bdf deUdbUCd N, N Oad O
1
IdUU.{Ib U-::'d Uef 6 aceEbdf

J dU exp(—aX(x)UX(y)+bX(y)U" X(x))

=[dU[1-abX(a)'U,X"(y)X(»)ULX"(x)+--]

=1+ab(XX)(x)XX)(y)+-=1+abM (x) M (y)+--
)+

Quarks and Gluons — One-Link integral
— Mesonic and Baryonic Composites
2TYITP
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S CL-LQCD: Tools (2) - 1/d Exeansion

# Keep mesonic action to be indep. from spatial dimension d
— Higher order terms are suppressed at large d.

D (XU X)(XU;X) ——ZM M (x+7)=0(1)
—>Moc1/\/E,Xocd_l/4
X)(XU . X)> N /ZB B(x+7)=0(1/Vd)

D (XU X)X ij)zaz M*(x)M*(x+7)=0(1/d)

J
We can stop the expansion in U,
since higher order terms are suppressed !

|
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S CL-LQCD: Tools (3 ) --- Bosonization

# We can reduce the power in ¥y by introducing bosons

exp(%Mz):f dO'eXp(—%O'z—O'M)

Nuclear MFA: V:——;(Jj ) (@ :—U(¢¢)+—;U2
exp —% ]fd(pexp[— —chM]

Reduction of the power of y
— Bi-Linear form in y — Fermion Determinant

||
b Y TP
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S CL-LQCD: Tools (4 ) --- Grassman Integml

# Bi-linear Fermion action leads to -log(det A) effective action

f dXdXexp|X AX|=det A=exp|—(—logdet A)

f d X-1=anti-comm. constant=0 |, f d X-X=comm. constant=1

fdde(eXp[)_(AX]:fa’de(%()_(AX)NZ---:detA

‘ Constant o — - log o type potential I

-. N

||
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Effecitve Potential in SCL-LOCD

s Effective potential

Fo=tp o’—N log(b,o+m,)

eff — 2 o
FruTHER (HI3)VBR m =0)

aFveff b Nc O N 2
— — — — — —_—
00 a o v ‘Nd+1

o TR SRR E T ER IR
(1/d E&BH. zero T treatment .
EIFEL) [THEWNT, BLSILHFRIEA
BREMIZENBSCEMNRESNT=, Kawamoto, Smit, 1981

Strong coupling limit lattice QCD [,
DA —VDEALIASD . AL T IV X FRMED B RN
EWLVSIEERTIN OCD O 2 KAIEZEHTIICEREAT 5

mm Y-TP _‘\?QS
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Effective Potential in SCL-LOCD (Zero T)

8 Effective Pot. at Zero T

Kawamoto, Smit, 1981 F (o)
Kluberg-Stern, Morel, Napoly, Petersson, 1981
1 )
F(o)==b,0"=N_ logo

2

Spontaneous Chiral Symmetry breaking
at T=0 is naturally explained !

‘ No Phase Transition ? I GE G

# Grassman integral at each space-time point
in Zero T treatment
— “Temporal” Correlation w4
and Anti-periodic Boundary Cond.
would be important at Finite T ! N=1T

Let's go to Finite T Y
YITP«® Y - ‘
Ty e S0 AW it S EE D F QCD 94— 0MEBE OFE (Kifh) 63
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Strong Coupling Lattice QCD: Finite T treatment

s RREHHEMOEENSSHINDESIC, HREIAROEREH
( Boson DEAHAEREHE. Fermion [ZTDOWTOHOREHEREH)
[ZKENFEA. Zero T treatment TIXERUYANSHLRLY,

4 Finite T treatment
Damgaard, Kawamoto, Shigemoto, 1984, Bilic et al., 1992, Nishida, '04,; Fukushima, '04,

Kawamoto, Miura, AO, Ohnuma, '07;
175K

o BEAMOULIEEL, RESEREHERYANTITLSA

2#HET 5.
o BRULIMS, KUV LROEHIER

1 _ R _
S(;):EZ(e“XxUO(x)XH@—e “XH()UO(x)Xx) X V"X

X
ZUV (x,y)o +ZX m)X, ..
xy x,T,T' -

m, =V, 0+m

@ N xN_1T9DTHNXZERHHIDLENH S,
JIVITP% - :
7 RFES R DK F QCD £UA— VB DER (KFE) 64




SC-LOCD: Finite T (cont.)

# Fermion determinant (Temporal gauge)

For constant o, X is obtained as

Xy=exp(E IT)+(—1)"exp(—E,IT)

E =arcsinh(m,)

sinh (N +1)E_/T)
sinh (E_/T)

—det D= +2cosh(N ul/T)

mm Y-TP _‘\?QS
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Effecitve Potential in SCL-LOCD: Finite T treatment

Damgaard, Kawamoto, Shigemoto ('84); Faldt, Petersson ('86);
Bilic, Karsch, Redlich ('92); Fukushima ('04); Nishida ('04)

s Effective potential

ux. T 1
‘sinh((N_+1)E IT)
V =—T1 - i ———+2cosh(N ulT
7 S| sinh(E,/T) cosh (N u/T)

E =arcsinh(m,), m,=b,o+m,=b,=d/2N,

o MESHEEOAREEDRKL (1/d EBR. FE¥IGER) [THT,
s BR-EBETHASIAFFENB RNICHA.
* &R or BEETHIETS
CEMRSN =,

Strong coupling limit lattice QCD(Finite T treatment)
— QCD [TE3<KQCD HRHREZREICLT=,

mm Y-TP _‘\?QS
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Eff. Pot. in SCL-LOCD (Finite T) (cont.)

s What can we discuss by using F__?

(| TT=002, ... 1.2 =0 |
@ Behavior of Feff at finite T and p )
. S
@ Phase diagram Sl
Note: These are the results with : : |
staggered fermion ! 0.4 | T=Tyep WiLpep=0, 0.5, 1.0, 1.5 -
0.2
£ 0 J
1.2 - & e
a=A) Ist — = -0.2F Jj = — __// i
1 == 2nd --- — 0.4 % —
“~._ | TCP o |
08 \ ) LT=0 Wi (0)=0, 0.5, 1.0, 1.5
E 0.6 a=l) K S S S
0.4 ione local min.) \“., "% 1k
0.2 NI = . el
I i itwo local min.) -2 T o , , ,
0 — 0 1 2 3 4
0 0.1 0.2 0.3 0.4 o
WT,
Y-TP \00S Kawamoto, Miura, Ohnishi, Ohnuma ('07)
o m .‘
- o neeion # gﬁ‘f‘n (= Fﬁﬁm*ﬁ% QCD t77.|' 7¢%£®$ﬁl ( j(@ ) 67



Effective Potential in SCL-LOCD (Time dependence...)

a8 Zero T, no Baryon Kawamoto, Smit, 1981

1
fégf) = Qb(o) 2 == N, l()g(bgD)U—F?Tl{])

8 Zero T, with Baryon
Damgaad, Hochberg, Kawamoto, 1985 10

1
Fégb) = 22(0) o2+ Féﬂ“)(-lmqg’ T, i) \
o )

# Finite T, no Baryon
F ukushinia, 2004; Nishida, 2004
f(? = —bErT)UQ + Fég)(mq) 7

-------

w5
# Finite T, with Baryon _3 9
Kawamoto. Miura, AO. Ohnuma. 2007
Feff = ZT;J 24 Fég)(mq) + AFéﬂc (go0)
F(e_j’ljz(mq):_ log Sinhslil]}\i<+l() )(/T>>/T>+2cosh(Ncu/T)

Ty e ., it S EE D F QCD 94— 0MEBE OFE (Kifh) 68



Evolution of Phase Diagram

# Phase Diagram “Shape” becomes

closer to that of Real World,
R=3 n /T ~(6-12)

@ 1985 — R=0.79 (Zero T / Finite T)

T s Damgaad, Kawamoto, Finite T
Shigemoto, 1984 T =1.1 GeV

— Conjecture !

Damgaad, Hochberg,
Kawamoto, 1985

s _ . . .
1992 — R=0.83 (Finite T & pn) - Finite p
B . . q
@ 2004 —» R=0.99 (Fllllte T& ].l) 1985 n =290 MeV
@ 2007 — R=1.34 (Baryon)
1.2 g, =l) | C:’.I=".l
3 — : 2 —
. o | 2004 1 2007 0.2
--------- o 0.8 0.6
- f=3 § _nd order o F‘: I __
| Finite T& p | =
. . g1 -
| Finite T& p : G0 ” 04 1 :
- : 02| Baryon.Effects
1992 B ol
T i— e ki 0 01 02 03 04 05
. % 02 04 06 wT,
Bilic, Karsch, Quark Chemical Potential Kawamoto, Miura, AO,
Redlich, 1992 Fukushima, 2004 Ohnuma, 2007

- ; Qs
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Bta S 1BRIEF OCD: Short Summary

a Strong coupling limit of lattice QCD (SCL-LQCD)

@ SCL-LQCD describes
“confinement of quarks”
and
“Spontaneous breaking and restoration of chiral symmetry”
analytically based on QCD (with staggered fermion).

s LOLGEDAS, BLOMBEEZZRA TS,
o EMBEET N=4 L% staggered Fermion [Z&3ERik,
B gggﬁ%%%ﬁ%ﬁo F1-1/d BEADEXEIEDOH ., hhDo—Fk - BT TEY
o BFMMWLBILFmBOSIE, Np /T ~1 BEL/NSVNIEFKRELME,
(Te=200 MeV £F3HE, Ny =200 MeV << M
— RFEMENLLY, (Baryon mass puzzle))

- ARBEEHR

- ; Qs
|
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EhESELA—FEE
s BRIIIHBEELAR—FCRELET,
@ 2/3(4a7) LI EHELE-AFIREME
o Fhso AlX2RLlE
LiR—MEIREZEOTIRE LTSS, #8)Ik1 8148,

@ FRYMELE=NIJL 22 DERAMSHRELT, FOEE(T=0 ) TOEZR
T ILERD L,

o VOHESZEFIALT, Wilson L—T O ELZRESEETRD & &
iﬁé#ﬂiﬂﬂfd)ﬁ%l:mzt /g fENEDESIZHEZOhAINEEY
@ bag BEREBFERICEWTHER N ECSHEEL bag constant B

WTRE. N\FAVHIX3I DDINMAEEZ. VA—0- T IL—F 2 TlE
HA—HDIL—IN—¥%E3ET B,

mm - _‘\?QS
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Towards the Real Phase Diagram

# When we increase “Reality” variable,
Phase diagram “Shape” may be approximately explained.
Real World: R=3 n /T~ (6-12)
SCL-LQCD: R=(0.79-1.34
SC-LQCD with finite g (=6/g*)~5 — R ~4.5
Expectation before Calc. Calc. with 1/g? effects

T 2nd order Strong Coupling Limit
TCP

NLO(NLO-A)

1st order

f 15T
/ o Baryonic Effects y
T [ f_:"l ; - '_’_ 0 ; : I";.;;;;: "'"'y"‘/ .1-_
" 4 CEP | 0= 2
c:mss”;;;F I o0 _ 4 p-2Nyg’
Fodor-Katz LL ' 0.8 6
Forcrand-Philipsen MC / Real World
L eal Wor, .
' Miura, Nakano, AO, Kawamoto ('09)
Reality (1/g°, mg, Ny, ..)  KKawamoto, Miura,

AO, Ohnuma, 2007 Gluon Contribution is
important at High T

mm Y-TP _‘\?QS
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Backup

- T QS
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Effective Potential in SCL-LOCD (Zero T)

# QCD Lattice Action (Zero T treatment)

Kawamoto, Smit, 1981
S:X—F SF +My X X Strong Coupling Limit X 04—.

—>—l()_<X)VM (XX)-l—mOXX One-link integral o +X
12 (1/d expansion®) _' du
— EO-VMO'—I—)_((VMO'-FmO)X Bosonization Vv A <
: XX M G
Fermion
N EUVMU—NC;10g<VMU<X>+mO) Integral —

d 1
= L NTEbgaz—Nclog(bUUano)

. . * d = Spatial dim.
Effective Potential

Fermion Matrix = Just a number

— Simple Logarithmic Effective Potential for o

Vazlb o’—N log(b,o0+m,) (b,=(d+1)/2N)

2 o

||
"N | Y T »
|
m™m = w  YUKAWA INSTITUTE FOR 74
" THEORETICAL PHYSICS VITP Kyoto 252




Effective Potential in SCL-LOCD (Finite T)

8 QCD Lattice Action (Finite T treatment) Ut T U, 1
Damgaard, Kawamoto, Shigemoto, 1984, Bilic et al., 1992; 1 e—»O0
Nishida, '04,; Fukushima, '04; Kawamoto, Miura, AO, Ohnuma, '07; | — Uv+ U O=—0

_ g v —
SZX-I- S(FS s S<Ft)-|— M, XX  Strong Coupling Limit U, LU X
v_1 by iyt _yy
SF_EZ &' XUy (X)X, 5~ "X Uy (X)X,[]=XV dU

X+0 X+0

X

13 v v (\/ 1 Spatial-link integral XX MO XX
2<XX)VM(XX)+X(V +my)X (1/d expansion, no B) M
1 _
— 5 02 V M 02 —l_ X <V<t)+v M 02 —I_ mo ) X Bosonization «%nVﬂM\V“fﬁmx H G
Fermion and Temporal-link Integral e"X U, X ?
1
~ L'N|5b,0"+V (0, T, ) | | ©
Effective Potential dX,dU,
0C
We need to evaluate Det. (Nc x Nt) -
— It is POSSIBLE ! 56
ZIYITP S
nRiE S MEEDEF QCD EUA—UYME OMHER ( KF) 75




FIorS1>

s EEE(63V)
° AREEDGZOHEBEAM (1 37H)
* BB TR, —VVVFRFZE, 2R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)
* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)
* }&F QCD . Plaquette ¥EFH. VI8 #8F Fermion
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!

- -lzsd-— (1.5 h, 437 B E5a<EDM)

2 BEERTF QCD AMROEELRERER~— BRERY -
v Y TP"‘ i BIESEB DT QCD £V — B DR (K ) 76



Finite Coupling and Polyakov loop Effects
on the QCD Phase Diagram

mm Y-TP _‘\?QS
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OCD Phase diagram

# Phase transition at high T — Lattice MC, RHIC, LHC

# High p transition has rich physics
— Various phases, CEP, Astrophysical applications, ...
but Lattice MC has sign problem at finite density.

QGP '%,_ Hadronic
o & Matter

MeV

‘. i I[Jﬂ||

o v ..
o O \
o. _. @ Strange Matter

L-G Mixed
Nuclear Matter

- ; Qs
|
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Experimental & Observational Approaches

s FAIR / Low E prog. of RHIC < )8 % |
aim at searching for baryon rich = M \ -~ Quark-Gluon-Plasma
e 0 ) |— LE
QGP and Critical End Point. 2 |3+ 2
Ewl T _
# Neutron Star observation of o ™ Hadronen ﬁu:'.//
° ° i'T
radius & mass (simultaneously) /} o
reveals EOS of dense matter. e s
Laohbe o
" FAIR
/
/ / A ..x‘.m#.-n 1 300
ffff A ]
II-' G FT+ I'I g
saM [ ] T _
|I I I", || |
i xl\\ "'*!;\H Hadronic Gas
| .Ih‘-‘l__._—-____ ¢ 0 250 500 750 6ZI.O(I)
10 — 15' - IED Baryon Chemical Potential i (MeV)

Radius (km)

Ozel, gl_ecﬁy_g(,& uver, arXiv: 1002.3153 [astro-ph.HE] RHIC
Ty e ., it S EE D F QCD 94— 0MEBE OFE (Kifh) 79



1 b) ————————
700 Water 30 T Celn, . -
600 : R 25 —nl ﬁ? : ) II.' i
o1l |
< 50 E wop | Y r | ]
S = 0937 24 26 28 50 '
& “0 515} . ]
& (= 3 T ;
3 00 g 10k v Avg :ﬂ;‘ ® 1%(;1 l
200 / Sold | - 5 - AF “:% . .
100 ()L . . N . ; . . X j 2 4 "
00 05 1.0 15 20 25 30

i
¥

0 3 Pressure [GPa]  To0 it
ressure. (Fa) Kawasaki et al, 2001

Critical End Point /e%p
T .

......... QGP
~ 170 MeV [ @S

Color SuperConductor @ %

©

5~ 8MeV

L
.

L-G. Coexistence

Normal Nuclear Matter

@ Strange Hadronic Matter

mm Y-TP _‘\?QS
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How can we attack QCD phase diagram ?

a8 Lattice QCD Monte-Carlo [T T T T
simulation with some prescriptions - mmm aueriTeon P
@ Taylor expansion, Analytic cont., ;‘i HHHH} endpoint ]
Reweighting methodd, Canonical = 160 | E
ensemble, vee : hadronic phase B‘K .
— HESMEERITIRAL i P N

jiiibﬁﬁﬁéh—c('\éo 0 200 4(1? (fd{i%) 800 1000

but R%:35 I —TTRESHEE B

Z.Fodor, S.D.Katz, JHEP 0203, 014
s Effective models of QCD

@ Nambu-Jona-Lasinio (NJL),

Clural Comdensate

Polyakov NJL (PNJL), Random
matrix, .... "
— MC-LQCD Tht 57 REZ flg 4
=B7—5EEHL. ERltE o™
EO-A3hER
but FEXRETLHEBKREFHE 8 T [MeV]
_ K. Fukushima, PRD77('08)114028.
1IVITP % o
Fivr e (PN, EFE S MEE DR F QCD EV4—0YE DMK (KH) 81



Another Approach: Strong Coupling Lattice QCD

s BESHEE T IL—F> DOERBIEIX/NE
— Plaquette (7' IV—F2IL—T) ODEEVNERRI AN Z BRI
— 1/82 ORBERDT, TI—F2 DOBEHEBITHIZEST
# Pure Yang-Mills / 5@#G &R TOXEZLET)
@ 9FA—ODOFEALCAH Wilson('74), Munster ('81)
* AAZIILHFEDB N LEE
* MC HEIZXSHHEE

""'ehff Fi .te T, U(3) 1'54:.._

—_

__ sc-LQcD

0.6 1.0t
_ Strong coupling region 4
l3=ﬁ - F
. agu
) 0.5
0.1
0 [
, | I [ ‘\ ‘
Damgaard,Kawamoto,Shigemoto ('84) de Forcrand, Fromm ('10) 0 B=12N dgﬁ (N2=2) 3

- ; Qs
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Towards the phase diagram in the real world

s Fermion 28 IHE . @S HBMR (Strong coupling limit; SCL) Tl&
REGZRIHZEINO =58 ...
° BFEMWIR (g > )
@ Staggered fermion (:E#TEET N — 4)

o BITEFTE TIX Larged &4l (1/d BEAD LO) +F19i5:a4L

@ Polyakov loop ( FEEACLAHHERDHEFER ) 22 FH 0N
— JERACAHMREER A L TEELY

o /NUFVEBRIE (N p <M, ; BMEHTEEHIHEER)
s HEESHR-RY7a7)—THRE=SLBESHKEF QCD

NLO (1/g?): Miura,Nakano,AO,Kawamoto, PRD80('09),074034.
NNLO (1/g*): Nakano, Miura, AO, PTP123('10)825.
Polyakov loop: Nakano, Miura, AO, arXiv:1009.1518

Miura, Nakano, AO, Kawamoto (LATI0)

— BEOD QCD HEOHERIAH-TIEDLEE

- ; Qs
|
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Strong Coupling Lattice QCD

s Lattice QCD action
1 - 1 _ _
SLQCDZEZ [V;__Vx ]+m02 Mx+zz n]x<xx Uj,xxx_Xx+j U;_xxx)
X X X, J

1 + T ° —
+— Z (UP T UP) ——0
g P . ‘5 O«——o : y
vt V- \-*'ﬁﬁ Xaotj Ul Ul
Mesonic composites anad e
Mx:)?xxx’ V::eu)?xUO,xXx—k(A)’ V;: UO xXx

s Effective Action & Effective Potential (free energy density)
7= fD X, X, U, U,;lexp(=S o)

= | D[X. X, U,lexp(—Sgc ) (exp(—S)) (U ,integral
Nf D|X,X, Uo]exp(—Seff[X X, U, P ) (bosonization)
~exp(—V F (@, T,u)lT) (fermion+ U ,integral )
o oyg" 20S
T YTP y # RiE S B DEF QCD &EV+— VB DOMEE (KA ) 84

1 YSICS wITD W "y
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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)

DR OE

MMMM MMMMMM VIV MM VIV-MM

SCL (Kawamoto-Smit, '81)

) 1 jn0i0ks [MMMM | jicx NLO (Faldt-Petersson, '86)
x,j=0k=04kF]
STT ﬁ.wr
W W~ +W W™ MMMM | i [MM|.
2d r;D i 4d(d—1)(d —2) .r.j::-ﬂ.|!§-lll|!| u:r[ ikl ]" /
24, 1125 11K
+gd£fi 0 Y ViV« V_V_]j.r([MM] ik T MM] jhr+;:-_|_{“j) NNLO (Nakano, Miura, AO, '09)

x, j=0,|k|#j

Ty e ., it S EE D F QCD 94— 0MEBE OFE (Kifh) 85



Cumulant EFi

= eXp Lx {_1}:&
— 1!

n! 2

8 Cumulant EH

1"
sy =y 1
n=>0 N
s Connected diagrams 'C*“@EFaﬁ

partition o«

@ 5E—I8 — (Volume)" — exp DEIZFEESHE NLO 1§

@ RENDIE — (Volume)' — DI/ T/HELY
— B{ES R ~ V5R5—RH

2.

(Sgy="2_ 1I(S&).=(5e)i+ gy (Sede™ (Se). +

0 (Sede (Se)e

(S= X ——(Sa)

ko 42k, 4 tnk =n K11k 2! 3!

. I 0 (56 (Sl (Sg)e
<eXp(SG)>_Z kl/kz/kn/ <SG> 2/ 3/ n/

=exp

|
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Finite Coupling Effects (cont.)

s {iskEN = Hubbard-Stratonovich (EHS) Z#t

@ B73% Composite DFED S RHIAIHE
Miura, Nakano, AO (09), Miura, Nakano, AO, Kawamoto (09)

exp(x A B)
=[ dpd pexp[—a(@’—(A+B)p+d —i(4—B)p)]
~exp|—a(@ Y —AY—P B) | ionary
s FREETEHIR

° REIBEHRYIAATERDEIL (FREARD hopping NZEIL)

o H$ho+—rBEDZEIL (4 Fermi+ 8 Fermi + 12 Fermi)

 FBIERERTUIYILDEL (RIMVHZEIFEYIS)

@ RYMLAAS5—HKE

s
? Y . —o | et ﬂc
L A ;ﬁ: P
o3 — =% i —
V+t v MM ‘ MMMM V-1 MMMM MMMMMM VTV-MM VIV-MM
W=w
mmy" Qs
YiTP<® #
- ok wSTTUTE 8 gﬁ%ﬁéﬁﬂiﬁ@*ﬁ% QCD t771'—7¢%'§0)1‘ﬁ ( j(ﬁ) 87
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Effective Potential in SC-LOCD with Finite Couplings

s Effective Potential in NLO/NNLO SC-LQCD
Miura,Nakano,AO,Kawamoto,PRD80('09),074034; Nakano,Miura,AO,PTP123('10)825.

— (X) ~ |~
Fg=Fg (0, w0.)+ Vq(mq’ i, T)—N_logZ,
o~(M) (chiral condensate), w_~—0F /0 u=p, (quark number density)
b~00+m0
A~ o
Z.(1+4B._@.) 2N
Su=p—p=log(Z 17 )~B,w,x[1+BL a*+..]

><(1 —I—E(Uma)(rz—ﬁfrmcicrzwi#...)

mq—

V. (m,u,T)= —L—log[fD Idet (G|

=—Tlog Sinhsfrﬁl[(—ﬂ() )/(T))/T>+2003h(Ncu/T)

E_(m)=arcsinhm (quark excitation energy )
NLO/NNLO SC-LOCD

= ow model of quarks non-linear couplings

RS THEDEF QCD EVA—VME DMK ( XFE)

- T QS
|
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Polyakov loop effects in SC-LOCD

- Polyakov Loop 1= ) () &) )

P= NLtrL L= Texpl—zf dx, A ] THU (T, x)

C

@ Order parameter of the deconfinement transition in the heavy

quark mass limit.
A.M. Polyakov, PLB72('78),477; L. Susskind, PRD20('79)2610; B. Svetitsky,

Phys.Rept.132('86), 1.

@ Interplay between PL and y cond. is known to be important in

effective models
A. Gocksch, M. Ogilvie, PRD31(85)877; K. Fukushima, PLB591('04),277.

Polyakov loop will definitely affect QCD phase transition.
— Let's evaluate its effects in SC-LOCD

mm - \?QS
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Effective action with Polyakov loop

# Polyakov Loop action in the leading order of 1/g*

@ After integrating out plaquette action over spatial links, we get
N,
g21N N’ Z [Px P, .+ h.c.] (LO in SC expansion)

x,j>0

L=

@ Polyakov loop coupling with fermion

AS,=—

c

ZNH.[dL(x>e_ASpd€tC[1—l—Le_(E ”1+L E—l—u)/T]
1 [ dPdP H(P,P)e 5|14+ N_Pe 5T 4 N P2 ity o 3tEii]
[l—i—N Pe —(E,+@)/ +N Pe E+u)/T+e_3(Eq+m/T}

Finite Polyakov loop [ enables one- and two-quark excitation

mm \?
T YTP.:mé it S EE D F QCD 94— 0MEBE OFE (Kifh) 90



8 {LERTUIYIL-TIL—F>2 & Fermion OFES

qy()(ing"'U)q

- gd, [HEERTFU v L ORBEH LS

exp (/T )—exp|(u+ig )l T]=e""exp ifﬁngdT

s RIVYRV-TFI3—~DEE
L=diag(exp(i0,),exp(i0,),exp(i0;)) (0,+0,+0,=0)
—det(1+Lexp(—(E—u)/T))

3 _
:kljlllJrexp(—X—l—iQk)]:1+Ncle_X—|—Ncle_2X—|—6_3X

(X=(E—-p)/T)
— BRORIV7ZAT- V=TI 04—, 20—V D% T

|
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Effective potential with Polyakov loop

# Haar measure method

@ Replace the Polyakov loop P with its representative value /, and
Haar measure is included in the potential.

Fq=—N.E—Tlog [1 + Nte™E-RIT | N fe=2E-BIT z-f—“if'f‘—fi'i--"T}
— T log [l + F"I"_f_-ft'f_”f_'ﬁ’];?_ + Nfe  2EFA)T 4 t’f._ji”_'ﬁ“]'”_] — N.log 4, ,
U, = — 2T8,0f — Tlog [1 6004 (0% B) -3 [fﬂE] |

E. M. ligenfritz, J. Kripfganz, ZPC29('85)79; A. Gocksch, M. Ogilvie,
PRD31('85)877; K. Fukushima, PLB 553, 38 (2003); PRD 68('03)045004;K.
Fukushima, PLB591('04)277.

# Bosonization method

@ Introduce the auxiliary field / = <P>, and integrate out U =L.

; 1 Nr _ =

x_;[}

— Weise mean field approximation
c.f. J. B. Kogut, M. Snow and M. Stone, NPB 200('82)211 (no quarks)

mm - \?QS
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Polyakov loop potential

# Deconf. phase transition
I=0atlowT —/~1athighT 1
is mainly governed by U,

B=2N/g’=4.0, /T 4=0.9,1.0,1.1
T, 4=0.7491

0.5 - Bosonization

\\

s Integral over U,
in Bosonization method

@ Fluctuation of PL
— smooth potential

@ No singularity at /=1 T, 4=0.6127
o=

@ 0 bar
Correlation of / and / Haar measure

7 . 7 =Ty
(1,1,)=1 evenat [=1=0 =
— meson excitation is favored 0
-0.5 '
0 0.5 1
QS £
mm - \?
T YTP.‘ # RIS MEEOKF QCD EU9A—OYBE DMK (KA) 93
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Chiral condensate and Polyakov loop

# Chiral and Deconf. transition correlate !

s SC-LQCD w/o PL: quarks are confined.
— PL promote quarks to deconfine !

(cf. Quarks are not confined in NJL

— PL confines quarks in PNJL.)

# Tcis suppressed with PL

1

Order Parameters

Polyakov Loop

00 200 300

Temperature [MeV]
2
, _ PB=2N//g"=4.0, u=0, m=0.05 Fukushima ('04)
6/N.wPL —— 14 , f
6/N.w/o PL -----. o @ eV —— |
mD_aaﬂ[Mew ______ -
1 b———emmim — —
0.5 ¢ = osf ]
o 06F e - -
0.4 | ! .
0 0.2 F / e
0 0.5 1 Dm D.I‘IE — (}IZ (}.IZE 0.3
T T[GeV]

]Xg ano, Miura, AO, Latl0 & in prep. Sakai, Kashiwa, Kouno, Yahiro ('08)
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Critical Temperature at u=0

8 SC-LQCD w PL seems to be > 5 m=0.0

qualitatively promising. , | B(%F (SICfNL ﬁ—g;%g; ——

Is it quantitatively good ?
@ Improved from SC-LQCD

w/o Polyakov loop.
@ Polyakov loop suppresses T . 0 e, e
0 1 2 3 4 5 6
(cf. PNJL) 12N Jg?
@ Quantitavely, not bad for p <4
inT_(B)
@ In the “scaling” region (p>5), we Nakano, Miura, AO, LAT10 & in prep.
do not see further bending of T_ %l ¢ 53?”5-' M F 09)
. . de Forcrand, M. Fromm ('09),
in SC-LQCD. Ph. de Forcrand, private comm.,
S.A.Gottlieb et al. ('87),
D'Elia, Lombardo ('03),
Z.Fodor, S. D. Katz ('02),
R.V.Gavaiet al. ('90)
"I RY A= _‘\?QS
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Quarkyonic matter

McLerran, Pisarski ('07), Hidaka, McLerran, Pisarski ('08), Kojo, Hidaka,
McLerran, Pisarski ('10), Glozman et al('08), Fukushima ('08), Abuki, ..,
Ruggieri ("08), McLerran, Redlich, Sasaki ('09), Mitfm, Nakano, A0('09),

# Quarkyonic matter

@ T, is governed by gluons at large N _,
while high density matter is realized at p~m_

Deconfined

T

Chiral
" Transition

Hadron

Quarkyvonic

— deviation of deconf. and chiral transitions m g

@ SC-LQCD with PL (Haar measure method)
shows large region of “quarkyonic” matter

1.2

0.9

IP 0.6

0.3

e ;;;} T
0.7 0.4

|
- Miura, Nakano, AO, LATI0, in prep.

.8

5.5
3
4.5
4
1.5
3
2.5
2
L3

0.5
0

| L -

dl /dT
Chiral Trans, ——-- 7]
Peaks &

(B, w)=(4.0, 0.5)

;;:

0.2 0.3 0.4 0.5 0.6 0.7 0.8

|
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Comparison with Other Models

Abuki et al. (08
, Grozman et al. (08) uki et al. (08)

-
g Quark-Gluon Plasma by QUARE — GLUCH MATTER
£ | saep 2 ' T 200
E Critical
= Point ..‘_‘» 150 -
ORI z f
W\ . = 00f
Hadronic Phase %‘E“ QA L
L Matter e L
_!“:I " = = _F
o 50
G L -t +
Liguid-Gas ' 9 r [ Hadromie - hike Quarkyomnic
.- (. o ol like
b g s e b s s
KO i
Nuciesr Supeeit” moson suparsamrast - Baryon Chemical Potential i o 100 200 300 400 500
Gluonic phase, Mixed phase u D.IE‘]

Fukushima, Hatsuda ('10)

_F ulkushilmal ( 08) |

' 5= Chiml Crossover ]

— 200 /
=
- 3 - F
T T T T T T = .._
I i, g S,
02 L LT . — % L . ‘I'E_:.“
ey, E_ 100k & Chiral Crossover . H“-,,‘\M i
0.15 - k- N _ ~
IP % G Critical End-Point |
g * - : ]
= 01 ) — | | | | I:E
chiral ——— v 0 200 400 800
0.05 - quarkyonic =:=:=- ' QY Cnearkc Chemical Potential [MeV]
decon‘fl I '
CEP =
0 | | | |
0 005 0.1 015 02 025 0.3 0.35
u [GeV]

Miura, Nakano, AO, LATI0, in prep.  pef erran, Pisarski, Sasaki ('09)
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e ER. K73z )—=7 Summary

# Strong coupling lattice QCD (SC-LQCD) has been developed to
describe the QCD phase diagram at finite T and p.

@ Approximations: double expansion (1/g% 1/d) and mean field.

@ Recent development: NLO and NNLO in 1/g%, Polyakov loop

effects
cf. Jolicoeur, Kluberg-Stern, Morel, Lev, Petersson ('84)
— NNLO at T=0 treatment (no phase diagram study)
Gocksch-Ogilvie model
— SCL-LQCD + phen. string tension

s SC-LQCD may serve a qualitatively competitive framework
to effective models such as PNJL in some aspects of the QCD
phase diagram.

@ NNLO w/ PL (bosonization method) roughly (i.e. 10-20 %
precision) explains T in MC simulations for p < 4.

@ NLO w/ PL (Haar measure method) predicts the existence of the
quarkyonic matter.
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|
m™m m m  YUKAWA INSTITUTE FOR
" THEORETICAL PHYSICS

e

IBIE S B DB F QCD EVA—IVMEDHEE (KA ) 98



FIorS1>

s EEE(63V)
° AREEDGZOHEBEAM (1 37H)
* BB TR, —VVVFRFZE, 2R, BHZO 5 R
@ h4Z I HERENILIER 2a7H)
* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH
° BRFLDFOEH/AM 33YEH)
* }&F QCD . Plaquette ¥EFH. VI8 #8F Fermion
? IMFEHRFQCDHA,5a<7H)

» BBREESHBIR TO string tension EFFARTUIvIL,
mtESEM. RU7a7-—7

° BEEEME® QCD A#ER (6a<H)

* Bag #8238, Quark-Meson #2%!, Polyakov loop extended Quark-Meson
(PQM) #=E, Polyakov loop extended NJL (PNJL) #%!

- -lzsd-— (15h, 47 EE5I<EDM)

2 BEERTF QCD AMROEELRERER~— BRERY -
v Y TP"‘ i BIESEB DT QCD £V — B DR (K ) %



Effective Models of OCD
at High Density

mm Y-TP _‘\?QS
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Effective Models of QCD

s Effective model &% ?
o BEFICIL ...

FEHISBHELUNERSL. tOEREFLHAEZSAHRE

° FEVHITEMRTIE....

FTOEROAFELEZEEL,. EHEIHIVEER-BR%

iBR g AR
s Effective models of QCD

® Quark |E:BERFI+—0E0A—VRDOHEEERIZEKY,

NFAVDARYML - IEE 258
@ Bag RE : RAITHEBMPRZENERLTNLHEE A,

current quark [Z&Y/N\NFAVDRARIKFL-FREMEE %R
@ NJL B :94—IBDOIhASIW R TREHEEER — SSB &N [E1{E

@ Quark-Meson 1&# : Jx—/LdhfilF — ySSB &ED

&

@ Polyakov loop extended Quark-Meson (PQM) %, Polyakov loop
extended NJL (PNJL) & — NJL, QM {#& + RYy7azjl—F

mm - \?QS
T YTP.‘ # RIS S EEOEF QCD EVF—0MEDOFE (K )
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Bag v fiid

# Bag model
o NASLRFHEMNEEL - BB R E
LR DTS DA — P DR HAS VT A T
3x AnR WO EBIRRMNGRZ
M, = R + 3 B+ }q
Hr—H0  EEREG EEER. ©
BT rL¥— EEEES HIST. Cq @
IRLE— RAYOHMF ‘\
DE. ..
@ BkfiD bag DR TIF—YD Diraceq. # \
BNER: x=2.04 ... _ s
o B: DASLAMIMEMBNDZLIZSY ARl

BONBSIRILX—FE : B~ (220 MeV)*

Chodos, Jaffe, Johnson, Thorn, Weisskopf ('74)

mm - \?QS
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Bag #8Z (cont.)

s Bag model EOS

° BRIRHIEZ
= NAZIRIELS BRI -REZ (MENER)ITHART
BOIRLF—EE

L:Lparticle_B — T“ _Tg;/rtlcle g“VB
(F—OITRILF—)
@ FIFMLDEN (Stefan-Boltzmann Al)
7
— =" Tx
P=Q/V = 9OT gB+8FgF)
@ DA—D T IWN—F2TS5XT: 04—, TI—F 2 LEBROEZ
p 37 w4 371’
0P~ 90 1 T CeerT 3

2

2
o NFOVAR:BUOBEHE - SEEO 8T P, =21 T ¢, =21 7

yiTpasesy 90 30
Ty e A RIS S EEOEF QCD EVF—0MEDOFE (K ) 103




Bag #8Z (cont.)

s HHECH:
@ YA—9 G N—F2-TF5X<7

» FIFATFELGTNIL, BEERPEZEE

MENEZLVERF=EDOEZE
» RENMKELGNIE, KELTZEHED
= EAITEZS
DOF=2(spin)X2(q,q)*3(color)
X 2 (flavor )X 7/8(Fermion)
+2(spin)x 8(color)

e N\FAHE
> MEKEZTENREHORE
(RIFLLADIEAILO)
* BULVRIFOBHREIX/PNEIL
— E& =/\FAVH. §& = QGP
E MR FLL G- LESHHIEER
IRIILXF—FBEIIKRE<EE

ENDREGHEBE2HZEZLDOS

Pressure

F'y

Tc T

Bag Model

Hagedorn

-

o Energy Density

- ; Qs
|
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Polyakov loop extended NJL model (PNJL)

# NJL model + Polyakov loop
K. Fukushima, PLB591('04)277,PRD77('08)114028.

1
2G

Q}J‘]L/{L’T (?\f = ’mq]

3
2 Nf[(;l) {Ep+T1n[1+e—(Er#}/T} TIn[l +e” me:r]}

{E2RToIvIL-TIL—F4>2 L Fermion DFES
gy (igd,+u)q
> gd, [HELRTU v ORBESLEES

exp (/T )—exp|(u+ig )l T]=e""exp

ifﬁgAOdT

P - ]_ 2
Q/V —Igluc[ﬂ]—l—@(u Mq)

— 2N Ng [(EL{EP + TL_TI'C 111[1 + Le_(E”_*”*’T} T T\'l Tr.In [1 1+ LTe(Ep 'Hﬂ]fT] }

27r)3 N.
. . \f“‘?
. Y TP :‘m$ SRS R D F QCD £U4A—UMEDHER (Kifh) 105



PNJL model (cont.)

8 194+—%9 . 29+r—H DOk

L=diag(exp(i0,),exp(i0,),exp(i0;)) (0,+0,+0,=0)

—det(1+Lexp(—(E—u)/T))
3

=1 1ll—l—exp( X+i9k)]:1+Ncl€_X-|—N07€_2X e "
(X=(E—p)IT)
- 7I-:IJ 7:7)1/_7’ l bﬁﬁm—e‘&n lis 1'_ ......... Pnl'l-akmLu-:nII:
1 quark, 2 quark DEIfEZEEFT Y\ Chind Condensate | "
i | ‘:_.-"“:-. )
e _ ‘ / - -
" s
2 r.f
P | / .
b 0 =__":-F_-J:--____:-i_‘1~===j—.-...
peT ot S 100 300 300
T MEV] Temperature [Mal]
. Y-TP _‘\?QS
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Quark Meson Model

8 VA—VEhMFETETRTHIEHELELTMYANSER

(~ RYELE=NIL & + ARV D Kinetic term)
B.-J. Schaefer, J. Wambach, NPA757('05)479

, | 1.
[A[®] = /EEJ’I {a}[jﬁ@# +g(o+iTmys)]g + E(_ﬁ#r:r]

(0,7)* + Va(o® "‘r’?)}

l.“\:'ll—"

9

m’ N AN, o
2.1{524_??2] _|_Ii{g.z_|_ﬁ2}2

Va(o?+7°) =

o BY5AHFIHE,

o WYAABFERD
DMEEELTRESNS,

140 proeresn,

120 |

100 |

a0 b T |I

T. [MeV]

a0 t
15 - A

60 |
10 -

- "--'x
40 5L y .
2':' B I:I - 1 1 1 -I J
240 250 260 270 280 290 s
0 a0 100 150 200 250 300

n [MeV]

0

- ; Qs
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Polyakov Quark Meson model

s Quark Meson model & Polyakov loop Z#E&L-1EE

B.-J. Schaefer, J.M.Pawlowski, J. Wambach, PRD76('07)074023
V. Skokov, B. Friman, E. Nakano, K. Redlich, B.-J. Schaefer, PRD82('10)034029.

. . 1, | R =
L =GP —g(o+ivs77)) g+ 5(8.0)° + 5(0u7)* —U(0,7) — U(D, D)

A : ; :
U(o,7) = E(crz + 72 —v?)? —co D(®) = yu0y — i70Ao(P)

T o 2+ 1BP) - B@® 4 8%) 4 2 (02 4 [9]2)°
s PORIRILE—FRYANLZLOIRYEL |
(B.-J. Schaefer et al. ('07)) TI&. o8
2 flavor DHASILEBIR TH1 XABIER = 0
s PO/RIRILEF—ZEHMYANDSE ﬂl%:—; E%‘igf{: ! ||
HEROXRED QCD MDD FEE—H, [ —ieey, /1 |-
(V. Skokov et al. ('10)) Ry By Ta—

T [GeV]

- ; Qs
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Model dependence of the critical point

# Bag model

° /\FOVHEE QGP HERIDEHET
— QCD HERIILDOTH—R

8 Chiral Effective models (NJL, PNJL, QM, PQM)

@ HhMZIIHELTEE
— JORA—/3\— (n=0) H 51 RIPEEFE

o BEBERFHEEFEREXEL 0

b

1
130 ”
T, L ]-;E‘_;'.__T.‘_:: ¥
H:EL‘ 17 L_i,.-" . __*5“:|j__-
. .
_ DuLgp e
T . & 4L
o9 Lsiop CITO2
L]
WILEb
. NILO] »
&
LIS WIL3S
:I 1 1
0 100 400 g0 804 1000 1™ 1400 1600
. MW
mmy" Qs
ol Y TP "\? # + AL F= [V
Tiner osaeeor by gﬁ%ﬂ (= F"iﬁ@*ﬁ% QCD tOT_O&f%ﬁO)*E ( j(ﬁ ) 109
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BEEREWED QCD FXNHEE Short Summary

s HEEWMEOHEEILRRE
= ZLDEEARESN, REW TS,

s Bag 1EE
@ QCD EXDELZDYANERADIVTIIVEER
o HHEERIIEIC1R

. ISR © v
o THASILATHED B SEt0RA na %L
SU(N), x SUN)_ — SUN)), o
£UE P
o JI—VERIZEPEEBREO 2 o
BYEHYZEREA
@ A RICOVWTIIEREBEREFELX
0 HMud 00
o @0S
E YTP y # it S EE D F QCD 94— 0MEBE OFE (Kifh) 110



RS EEDIEF OCD E0F—0YE DIHEE

s BERNBRODBEHL
o HREEDBOERAM

* BBRORTR, A—V)vFRZE, 2R, BRBEOSERAR

* WMV HEBENIL =E

* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& A5 /LB

* IBFLDZOEEAF
* #8F QCD . Plaquette YEF
* B AEHEF QCD

N U Vb*ﬁﬁk *ﬁ% Fermion

» BRE SRR TO string tension EFFIART I vIL,
RS RE. RU737-L—7

o I —

BFEEHEF QCD MoMEDHRERBAERAN— TKERE -
° EEEMHED QCD AR

s SEAEALI=CL : BRIRS ., AR

REVSF. FORIRILEY—,

OB, AT ILHFRE, RV E. RYT7aTIL—TF &,

- T QS
|
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Report

# Credit is given according to participation & report.

Solve the problems below. The required number of problems to
be solved are,

@ Those who attended 4 lectures or more — one or more

@ Others — two or more
Deadline: Jan. 14.

@ Derive the effective potential in NJL. model at T=(, starting from
the bosonized NJL action.

@ Obtain the Wilson loop expectation value at strong coupling by
using the one link integral formulae. Also discuss the 1/g*
corrections.

@ Obtain the transition temperature as a function of the bag constant
in the bag model EOS. Assume that hadronic matter consists of 3
species of pions, and that the number of quark flavors is 3.

- ; Qs
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FIorS1>

s EEE(63V)

° AREEDGZOHEBEAM (1 37H)
* BB TR, —VVVFRFZE, 2R, BHZO 5 R

@ h4Z I HERENILIER 2a7H)
* AL SILXFRtE. Nambu-Jona-Lasinio (NJL) #& hLSJLIBEEH

° BRFLDFOEH/AM 33YEH)
* }&F QCD . Plaquette ¥EFH. VI8 #8F Fermion

? IMFEHRFQCDHA,5a<7H)

TN
» BREESHBIR TO string tension EFRRT I vIL Bin:
S EE. RU7a7-—7 VIO RERET
° BEEYHED QCD :ﬁfﬂjﬁi (6 @) *Eﬁni@ld:ﬁz.éy

] -lzs— (1.5h, 437 EE5aTEOM)

2 BEERTF QCD AMROEELRERER~— BRERY -
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Can we see QCD phase transition
in Compact Stars ?

mm Y-TP _‘\?QS
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I/ FTEBER
s s+ 8

@ Cold -dense (~ 3 p ) matter (static, v-less)

@ Many new forms of matter have been proposed !

s BWE
@ Warm (T ~20 MeV), dense (~ 1.6 p ), dynamical, non-eq. v

@ Important site of nucleosynthesis
s 59—V RGBIE

@ Hot (T ~70 MeV), dense (~ 5 p0), dynamical, non-eq. v
s BH-BH, NS-BH, NS-NS @& — #{EHE*IH

Nuclear matter at various densities and temperatures
is realized in nature !

- ; Qs
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Neutron Stars

s BEEYHEEDLSGREN?
o BRFDEREKE CS,,°P,)

o n GfE. K&, QGP , h5—&8{E. Quarkyonic P H. ...
@ NROVES

Tsuruta, Cameron (66); Langer, Rosen (70) quark-hybrid traditional neutron star
Pandharipande (71); Itoh(75); - : 5 5+ -
Glendenning; Weber, Weigel; — Sa—AY
Sugahara, Toki; Schaffner, Mishustin; 97"- OWE % = 7'|-
Balberg, Gal; Baldo et al.;Vidana et al.; S Cond i i il

Nishizaki,Yamamoto, Takatsuka; P A

Kohno,Fujiwara et al.; Sahu,AQ; / \¢f /Ql:l“/ Pl ;ﬁﬁﬁ
Ishizuka, AO, Tsubakihara, ;’Eé
Sumiyoshi, Yamada; ... B
color—superconducting L i 3
— Nobody says ey o e
“H b BTl N
yperons do not appeai csL —|10™ gom 3

> e

KRR #ie

nucleon star

in Neutron Stars !

strange star
AL SO H—7
o 518 . R~ 10km

. eas F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193
. . \
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X-ray measurements of Neutron Stars

# Neutron star mass (M)-radius (R) curve uniquely(*) determines
NS matter EOS.

@ Radius measurement: R, R 1
flux + temperature — apparent radius D D \/1 —2GM | R’

@ Eddington flux would give another info.

x10°

@ Bayesian TOYV inversion — EOS 220

10°E

180
160

—
o

,_.
= =]
T T TTTTTT

_"_-L__I_;\I_-_ﬂ___—_&jtz-:_ I TTTTIT

Thermonuclear Burst - i 140

. . . 120
in X-ray Binaries

100

0
|
.
|
P (MeV/fm®)

=]
o

=)
o

EXO 1745-248 AN {5 |
4U 1820-30 YOV A N T -

D
& o

1 ]
A}
| ]
[
]
1 11 L 1 11111l | I [ L 1 1
III|III|III|III|III|III|III|_
]
=
=

I|III|III|III|III|III|III|III|III|III
200 400 600 800 1000 1200 1400 1600 1800
e (MeV/tm")

=]

N If’x =
||I
|I

0 5 10 15 20

Radius (km) A. W. Steiner, J. M. Lattimer,
- Y.O eli\gagx & Guver, arXiv: 1002.3153 [astro-ph.HE] Ed. Brown, arXiv:1005.0811
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Tolman-Oppenheimer-Volkoff (TOV) equation

# TOV Eq. = General Relativistic Balance of pressure and gravity

___— P(r+dr)

G (e(r)/cedr) M(r)/ r2

it G(E/CQ + P/c?)(M + 4xr3P/c?)
e r2(1 — 2GM/rc?)
& T
d?“ = e dr = dE dr
{'F P
=, = EOS

Neutron Star Mass = M(R) where P(R)=0

‘ When you make a new EOS, please check the NS mass ! I

m
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Some Results shown in NFOCDI10

s Bayesian TOV conversion g ——
(Lattimer, Brown, ...) o EEEEEEEE' ....... :

@ Some NS observation of M&R _ :; N e S

@ Determine “Plausile” NS EOS 5 M | S :

@ ESADIAVE o5 '\H :

8 Quark-Hadron admixture ol T T

(Sagert, Pagliara; oW e w 15. ”
Schaffner-Bielich) s agert, .P?.g.l.l.ara

@ Small B 50000 Steiner. Lattimer & Brown 2010 1
— Larger NS Mass

2 5
- : 1
A
(4
[

|
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RX J1856-3754 By Lattimer

Waler & Lattimer (2002)

Mass (Mg

.--.D ‘I‘|'?":I:‘IE D 1‘|'?:I:1E '-.|::-

—Elc:n 1|:|- ”'3

,:ﬁ-__E m 10, .'.2'-

& 16 12 14 t 10 12 14
Radius (k) Fadius (km)

M | afimer NESCD 208 18 Bniery 2010 — 0 2336
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LETTER N

A two-solar-mass neutron star measured using
Shapiro delay
P. B. Demorest’, T. Pennueci”, S. M. Ransom’, M. 5. E Roberts” & 1. W. T. Hessels™”

Neutron stars are composed of the densest form of matter known
to exist in our Universe, the composition and properties of which
are still theoretically uncertain. Measurements of the masses or
radii of these objects can strongly constrain the neutron star matter
equation of state and rule out theoretical models of their composi-
tion™*. The observed range of neutron star masses, however, has
hitherto been too narrow to rule out many predictions of “exotic’
non-nucleonic components™ ®. The Shapiro delay is a general-relat-
ivistic increase in light travel time through the curved space-time
near a massive body”. For highly inclined (neardy edge-on) binary
millisecond radio pulsar systems, this effedt allows us to infer the

signature. We calculate the pulsar mass to be (1.97 %= 0.04
rules out almost all currently proposed* hyperon or boson con-
densate equations of state (Mg, solar mass). Quark matter can sup-
port a star this massive only if the quarks are strongly interacting and
are therefore not ‘free’ quarks'>.

are therefore not “free’ quarks®™.
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Numerical Simulation of Supernova Explosion

s v radiation hydrodynamics HETT T T L e

. [kim]

@ Baryons, Electons, Photons (Hydro)

+ neutrinos (Boltzmann)

@ 1-dim. (Spherical Sym.)
— Exact v transport leads
to failed supernova explosion failure " ===
( Sumiyoshi et al., 2005) R

R. Buras, M. Rampp, H.-Th. Janka,
K. Kifonidis, PRL90(03)241101

[ki]

@ 2-dim. Hydrodynamics — merginal
(Janka et al., 2002)
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Numerical Simulation of Supernova Explosion

# Recent developments (approximate v transport)
@ Light progenitor (8-10 Msun)
— Successful explosion with simultaneous calc. of nucleosynthesis

@ Heavy progenitor (15 Msun)
— Standing accretion shock instability (SASI) causes late expl.

There are some successful examples, but not conclusive yet. I

700 2.0
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-11.0

10.5

laccretion rate @ shock| [Mg/s]

= loo

0 200 400 600 800
ton [ms]
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Can we detect Quark Matter ?

# Supernova EOS with Quark-Hadron Coexistence

@ Quark matter=Bag model, Hadronic matter= RMF with free pions

— Earlier Collapse to Black Hole (Nakazato, Sumiyoshi, Yamada, 2008)

@ Transition to Strange Quark Star — Second Shock
(Hatsuda, 1987; Sagert et al., 2009)

) 1 I I —IE Neutrini_lu
w CD *Ei @wj g | ' |- - & Antineutrino
*f' Q A f# 2 T '
= [ |
10 g S Zosp| W !
: Y ) A
| | j {'i: Il = _
l: : 10% 3 P B w ¢ —  Neutrino
1 I ___.____,_.-r-‘_‘:_ N 5 I — - -wi Antineutring
. 1{_':.]-‘ |: g ﬁn 1
1 - = 3 =
= 0.1 101 = - ED.E
E 3 £ S 1
P I B e
@ iz L i 0 ;
o 10 £ | | |—& Neutrino
= = / ﬂhﬁ E 3 3 0 - — & Antineutrina |
0.01 = 10 2_/ | 225- |- —wit Neutrinos ||
- # oof I .
10 5 & & 1 & 8 § § 1§ 8 6 § 19§ | I i1 | i ﬁ o = 1:'.:""..\-.-:_ - ———
= e r 1o E15_| s N ———
O 0.5 1 1.5 2 0 100 200 300 400 J,. T
baryon number density [ fm—? ] time [ ms ] 10 S 53 3 =
%F ﬁrﬁﬁ Time After Bounce [s]
= Nakazato, Sumiyoshi, Yamada Sagert et al., 2009
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Black Hole Formation (Failed Supernova)

s “Hot” rather than “Dense” in BH formation process !
T ~70 MeV (~1/3 of QCD phase transition T.)

Fe core Collapse Core Bounce fv v-trapping t A / E_L losion
pe~10' glem’? p.~3x10™ g/em? p~10' glem? f e /" p~6x10M glem®
T~1 MeV T~10 MeV T2 MeV i s~ T~10 MeV
/ / Y ~0.46 Y ~03 / / '
e-caplure e i
TOWWY b .S'J:-m:.i:wave
]-EI B 1 1 1 1 I 1 I I I ED I I I 1 I I 1 1 1 ﬂ5 B 1 1 I I I 1 1 I 1 |
- P10 gem]{ [ TMeV] 4 F ]
3 \ 1 sol ,-'f\._ =] _ ﬂ'4:_ B /\'7?/X é
C %" i - x i - ]
o 1 /SN 103F -3 500 ms
i 1Y /7N ok ,f 680 ms
- . 3[}__"_{-’r E\ ] - /E (BH ‘t:ﬁilﬁ-"ﬁ)
r ] e [ q O1F .
'D_ = |:|'_ R T N BT S St e 'DD': N TR R R N N NN N .
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> $z Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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Nuclear Matter Phase Diagram

BH formation
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Thank you !
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