Phase diagram and hadron properties
in the strong coupling lattice QCD

A. Ohnishi, N. Kawamoto, K. Miura
Hokkaido University, Sapporo, Japan

Introduction

Hadron Mass in a Finite T treatment
of Strong Coupling Limit for Lattice QCD

Finite Coupling Effects
in the Strong Coupling Lattice QCD

Summary

Ohnishi, Colloquium, 2007/10/02



Quark and Hadronic Matter Phase Diagram
RF%-ANEAY I+ —)DIFERIKBAEXEAVNTFRAER

(B EEBIZE (C), KA. AKX F5)
97— . n\Foy, [BFRED I EEEDESC EOS Y
24aZC13 /&) gigﬁz(gg %ﬁ
(RHIC) i (SCL-LQCD)
N/ %ﬁﬂ /
® 90
Hadron csd YRV ﬁ-:fg

(EOS with Hyp.)
Ps

24aYE12 AR .
Fragments

21aZD11 IA'E
(Fragments) (E hyper £%)
Strange Matte
24aYE11 # R
(Chiral RMF)

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 2



Hadron Mass in Nuclear Matter

Medium meson mass modification

may be the signal of partial restoration of chiral sym.

Kunihiro,Hatsuda, PRep 247('94),221; Brown, Rho, PRL66('91)2720;
Hatsuda, Lee, PRC46('92)R34.

and is suggested experimentally.
CERES Collab., PRL75('95),1272;
KEK-E325 Collab.(Ozawa et al.), PRL86('01),5019.
Also at RHIC (PHENIX Collab.)
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Hadron Mass in Nuclear Matter

Can we understand it in Lattice QCD ? Asakawa, Nakahara, Hatsuda,
hep-at/0208059.
Finite T: It is possible ! N _ s |
Finite p: Difficult due to the sign problem. 3 RS v —
Strong Coupling Limit of Lattice QCD S | \
— We can study finite (T, p) ! J{J&,

Hadron masses in the Zero T treatment
Kluberg-Stern, Morel, Petersson, '83; Kawamoto, Shigemoto, '82.

To do: Finite T, Baryons with finite T, 1/g? corr., ...
I'T " 5=0  o=0.1" | \This Talk

SCL (no B)

3 .
08 :5,.15] ----- Ohnishi, Kawamoto, Miura,l
S ¥ hep-lat/0701024
0.4 r
0.2 & Strong Coupling T
0 N B /\FAY propagator %
001 02 03 04 05 HELTIELLVED
Kawamoto, Miu/"a, ‘Ohnishi, Ohnuma, ~
PRD75('07)014502 b=6/g
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Strong Coupling Limit of Lattice QCD |
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Strong Coupling Limit of Lattice QCD

Chiral Restoration at p=0. Phase Diagram with Nc¢=3

Damgaard, Kawamoto,
Shigemoto, PRL53(1984),2211
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Previous Works in Strong Coupling Limit LOCD

Strong Coupling Limit Lattice QCD re-attracts interests
c.f. Nakamura @ JHF Symp. for high density matter (2001)

Ref T U Ne Bayon CSC M
Damgaard-Kawamoto-Shigemoto('84) Fnte 0 UN) X X 1
Damgaard-Hochberg-Kawamoto('85) 0 Fnte 3 Yes X 1
Bilic-Karsch-Redlich('92) Fnte Fnte 3 X X 1~3
Azcoiti-Di Carlo-Galante-Laliena('03) 0 Finite 3 Yes Yes 1
Nishida-Fukushima-Hatsuda('04) Finte Fnte 2  Yes(®) Yes() 1
Nishida('04) Finte Fnte 3 X X 1~2

*: bosonic baryon=diquark in SU(2)
+: analytically included, but ignored in numerical calc.

Baryon effects have been ignored in finite T treatments !
— This work: Baryonic effects at Finite T (and u) for SU (3)

A. Ohnishi, YKIS06, 2006/11/29 '



Strong Coupling Limit Lattice OCD

QCD Lattice Action
Z~| D[X,X, U]exp[—fs o+ S +S v m M|

-.:—Z [TrU +Tr Um
g

b“‘——znj XU, (x)X,_,—X_, UT(x)X,]

X+ X+ . X

b“‘——2|e“x Uy(x)X, s—e "X Us(x)X,]

B=eyxx/6 B-exxx/ﬁ

Strong Coupling Limit: g—o0

We can ignore SG and perform f vy, U:d :Nic 044 O e
one-link integral after 1/d expansion. f UU,U,U,= (13 € 6y
S(;)—>—%(M V,M)—(BV ,B)
LS mom, + Z —B_ B,

c x,j>0 X, ]>0
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SCL-LOCD: Tools (1) --- One-Link Integral

Group Integral Formulae U Uy’ UM
+_ 1 M(x) M(xcH) H
f dUU , U N, Oad O B=cXXX/6 B=eXXX/6
_1 [avv,ut=—s,,06
deUabUch 6 aceEbdf ab cd_N ad “ bc
J-dUUab Ucd Uef é aceebdf

| dU exp(—ax (x) Uy (y)+bx(y)U % (x))
= dU[l—abﬂa)aUm )>Z< ) Ul (x)+]
=1+

=1+ablyx|(x)lxx/(y)+ M (x)M(y)+
=exp|ab M (x) M (y)+-]

Quarks and Gluons — One-Link integral
— Mesonic and Baryonic Composites

Ohnishi, Colloquium, 2007/10/02 9




SCL-LOCD: Tools (2) - 1/d Expansion

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

> (U ) U %)== 2 M (x) M (x+)=0(1)
—»Moc:l/\/g,)(oca’_”4

2 (XU ) U ) (U %)= N1 2 B(x)B(x+)=0(1/Vd)

J

J

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

Ohnishi, Colloquium, 2007/10/02 10

> (U P (U %V =2 M (x) M (x+j)=0(1/d)




SCL-LOCD: Tools (3) - Bosonization

We can reduce the power in ¢ by introducing bosons

exp —;Mz):de'GXp ——;O'Z—O'M
Nuclear MFA: V:——;<L|_JL|J)<k|_)k|))E—U(L|_JL|J)+—;U2
exp ——;Mz}zfd(pexp ——;(pz—i(pM}

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

Ohnishi, Colloquium, 2007/10/02 11



SCL-LOCD: Tools (4) - Grassman Integral

Bi-linear Fermion action leads to -log(det A) effective action
f dydyexp|y Ay|=det A=exp —(—logdet A)

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

J axdxexplyax|=] dxdim(_AX)N:':defA

Constant o — - log o interaction (Chiral RMF) I

Temporal Link Integral, Matsubara product, Staggered Fermion,
— I will explain next time ....

Ohnishi, Colloquium, 2007/10/02 12



SCL-LOCD w/o Baryons

Damgaad-Kawamoto-Shigemoto 1984, Faldt-Petersson 1986,
Bilic-Karsch-Redlich 1992, Nishida 2004, .....

Lattice Action (staggered fermion) in SCL

Z:f Dy ,x,U |exp %]

Spatial Link Integral Strong Coupling

- B)(xGox)L
1/d Expansion (1/\d)

Bosonization (Hubburd-Stratonoyich~ransformation)
_ 1 _
[ Dl 7, Uy lexp ~ 0.V, 0oV, M)~(7.6,0)
Quark and U Integral =
, < (xG(o)%)
~exp|—N;N. 54c 0 —TlogG,(c)l|=exp(—=N;F /T)

‘ Local Bi-linear action in quarks — Effective Free Energy I

A. Ohnishi, YKIS06, 2006/11/29 13



Phase diagram in SCL-LOCD with Baryons

(Kawamoto-Miura-AO-Ohnuma, hep-lat/0512023)
Baryon effects on phase diagram

Energy gain in larger condensates
— Extension of hadron phase to larger p by around 30 %.
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Hadron Mass Spectrum
in the Strong Coupling Limit
of Lattice QCD

Ohnishi, Colloquium, 2007/10/02
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Hadron Mass in SCL-LOCD (Zero 1)

SCL Effective Action (Zero T treatment, staggered fermion)

1 _
Seffzzz o(x)Vy 1(X,Y)U(Y>—chlog(0<x)+mq> Kawamoto, Smit, '81
X,y

X

c

= +5 2 Gk) (B0 (k)

Effective Potential Meson Propagation

Meson Mass in SCL-LQCD
Kawamoto, Shigemoto, '82; Kluberg-Stern, Morel, Petersson, '83; Fukushima, '04

= L'N. G'—N log(Gc+m,)

Pole of G(k) at “zero” momentum: k. — 0 or 7, ® — i m + “0 or ”

G(k)'=F.T 5" Set > cosk < 2N |k*coshm| + Al
8o (x)sal(y) - . 5 2 “n T

(G+m,) ((r—l-mq)2

-1
_|_

=2N,

Coshm=2(6—|—mq)2+|< — (d-l-l)(?\z—l)-l-K-l-d-Fl Equilibrium o

k=—d,—d+2,..d (diff. meson species), A=m +ym, +1, m =mIN2(d+1) (d=3)

‘ Well explains data, Funny o dep., No (T, u) dep., I

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 16



Hadron Mass in SCL-LOCD (Zero 1)

Meson Mass in SCL-LQCD
Kluberg-Stern, Morel, Petersson, 1982; Kawamoto, Shigemoto, 1982

Pole of the propagator at zero momentum — Meson Mass

Doubler DOF: ku — 0 or m, Euclidian: ® - 1m + “0 or n”

-1

d
N
G '(k)=N,|D cosms,£coshm| + —=0
i=1 _+mq)
— 2
— coshm=2(G+m ) +k 1600
9 1400 |
=(d+1)(\°~1)+2n+1 12000 —— h
Equilibrium Condition Elm =
n=0,1,...d (diff. meson species) E 800 | ——— D
A=,V +1, di,=m,2(d+1) E 600 |
400 |
Explains Meson Mass Spectrum §§ 200} ___
No (T, u) dependence 0

Zero Exp.

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 17



Hadron Mass in SCL-LOCD (Finite T)

QCD Lattice Action (Finite T treatment) U+ T U, x
Damgaard, Kawamoto, Shigemoto, 1984, Bilic et al., 1992, I n o—»O
Nishida, 2003; Kawamoto, Miura, Ohnishi, Ohnuma, 2007 ... — U % O=——0

. _ g 7 v -
S :X-I— S <F) +3S ;{)-I— MoX X Strong Coupling Limit U LUK
S?%Zx: XU ()% o= " Lo U ()0, =2 V" x — du
1 - — — v/ (1) Spatial-link integral - Vo A -
_>_§<XX>VM(XX>+X<V +mq)x (1/d expansion, no B) X MXX
1 1 - I_|
— 5 oV, o+¥x <V<t)‘|‘0' ‘|‘mq)X Bosonization i
AX )
¢ ~ _ 1 _ .
= LN =<5+ FG(5.T ) 45 2 G (k) (80 (k) ez §
k o)
. . . dy,dU,
Effective Potential Fermion and |J
F9 (m;T,u)=-Tlog [ dU,det(V""+m) Temporal-link
¢ Integral 56
sinh((N,+1)E /T)
=—Tlog - L—+2cosh(N u/T) c
sinh(E /T) ‘ 5o

E,(m)=arcsinh m

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 18



Hadron Mass in SCL-LOCD (Finite T)

Meson propagator at Finite T Faldt, Petersson, '86

U, integrated quark determinant = Function of X
X = Functional of m(7)

N
Fa(m(x);T,u)=—Tlog [ dU,det_(V"+m(x,7)=F2 (X, [m)])
XnlI=ByIy .., IN)+By (I, .. Iy ) L e 0
(I,=2m(k)=2 (o (k)+m,)) e’ I, |e
By=ll0 -e* (1) e
Derivatives 5
0 —e " (I
5 X 5B
—N:BN—1(I1,. IN—1) ' N:Bk—l(Il,.'°lIk—1)BN—k(Ik+1I"'IIN)

Equilibrium Value

cosh((N+1)E_)/coshE, 6 (evenN)

B (I, =const.)=
n (T ) sinh((N+1)E_ )/coshE, (oddN)

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 19



Hadron Mass in SCL-LOCD (Finite T)

Meson Mass

_ 2N. 4N o(oc+m,)
G 1 kz — C_|_ C q
k., w) k(k) d cosw+cosh2E,

d
k(k)=), cosk, — k=—d,—d+2,...d
i=1

d+k _

d+k _ g oc+m,

d q

or M=2 arcsinh\/(6+mq)

coshM=2(c+m,)

Meson Mass as a funciton of o

Meson masses are determined FoM) | ZioM,)

by the chiral condensate, c. 4t -
Chiral condensate is determined =3 s
by the equilibrium condition, =

and given as a function of (T, pn).

— Approximate Brown-Rho scaling 0 . |
is proven in SCL-LOCD 0 1 p) 3

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 20



Medium Modification of Meson Masses

Scale ﬁXing 1600
° ° ° 14["] I . : -:
Search for ¢ to minimize free E. 200 e 1 |
= 1000 - o
Assign k=-3,-1 as w and p Z 800 | o
: : : g 600 |
Determine m_and a’' (lattice unit) 400 |
to fit m_/m 20 n
n P 0 . _.

. . . Zero Finite Ea;:p.
Medium modification

Search for o(T, n) — Meson mass

1400 : . : : : 1200 - - - ; ]
= = - aT=1.0, m_=9.5 MeV |
1200 |- - M u=0, m =9.5 MeV | 1000 L __ M q
~ AUUU "t ! e ' — ko= B S
} lUl}ﬂ ¢-_1_‘\ i - 8'}[' [ ¢. %
. | g - \\
= 600 F "7 " =-<_ L 1
] p = ‘.I\
E 400 e '.}\ '

200 m W
0 0.2 04 06 08 1

ap
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Discussion

SCL TIX/NE% p T o [FZE{ELALY

, p mass fit DFHEER
a' =497 MeV, m_=9.5 MeV — T = 5/3a =828 MeV Too large !

(SCL TOEMNLDERER)
ARG SR (1/g? correction) [TELY T, [F/NhSK7ED

Bilic, Claymans, '95; AO, Kawamoto, Miura, '07
BEHROHBNBOBANMBE - o=-g4 o=7DHALRBE
— HIZELVEBTATLT-.....

T

AO, Kawamoto, : SCL (no B) 170 - Tc=1;58 MeV fixed ' . o """"""" DOS methad, em-0.03
Miura, N
hep-lat/0701024 '

A

-] = = el = -y

v
110
100 B=4 [=4.8 . = -”-D
920 : . D 50 0@ 150 200 250 30D 350 400
: 0 100 200 300 400 .

Kawamoto,Miura,AO, in prep.

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 22



Finite Coupling Correction
and the Shape of the Phase Diagram

Ohnishi, Colloquium, 2007/10/02
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Discussions

Present phase diagram < real phase diagram

dne species of staggered fermion ~ N =4. Should be 1st order !

Tlc seems to be too high. p /T (present) ~0.45 < p /T (real)~(2-3)

No stable CSC phase (Azcoiti et al., 2003)
< Stable CSC phase at large n (4lford, Hands, Stephanov)

Two parameters are introduced through identities (HS transt.)

The results should be independent from parameter choice !
— MFA may break the identity...

How should we fix these parameters ?
Is SCL-LQCD useful ? — We would like to answer “Yes” !

Chiral RMF derived in SCL-LQCD works well in Nuclear Physics
(Tsubakihara, AO, nucl-th/0607046
Tsubakihara,Maekawa,AQO, Proc. of HYP06, to appear)

I/Ig‘ expansion may connect SCL-LQCD and real world.

A. Ohnishi, YKIS06, 2006/11/29 24



Small Critical u : Common in SCL-LOCD ?

Finite 7 SCL-LQCD :
No B: e(0)/Te(0) ~ (0.2-0.35)
(Nishida2004, |

Bilic-Karsch-Redlich 1992, ....)

Present: u.(0)/T¢(0) < 0.44 il
(Parameter dep.)

Monte-Carlo: uc(0)/Tc(0) > 1 3

Fodor-Katz (Improved Reweighting) 12
Bieleteld (Taylor expansion), 1
de Forcrand-Philipsen (AC), .... 0.8 |

Real World: u:(0)/Tc(0) > 2 S 06 |
T(0)~170 MeV, u(0) > 330 MeV

() 0.1 0.2 0.3 0.4 0.5
wT,
Present

A. Ohnishi, YKIS06, 2006/11/29




1/ ansion (w/o Baryon Effects
T (u=0) and p_(T=0): Which is worse ? -

n XUuX

1/g* correction reduces T . (Bilic-Cleymans 1995)

Hadron masses are well explained in SCL.
(Kawamoto-Smit 1981, Kawamoto-Shigemoto 1982) l

— We expect Tc¢ reduction with 1/g* correction ! Uo? £U0+

1/d expansion of plaquetts (Fald:t-Petersson 1986)

Space-like plaquett

exp = Y. TrU,(x)|—exp LY mm M M.
g x,i>j>0 8N g x,k>j>0 /
Time-like plaquett
exp|— Z TrU,(x)|—exp|———— Z VXV;}.-I—VIVH}.
g x,j>0 4Ncg x,j>0

(Vx:%xUO(x)X)H_ﬁ)

A. Ohnishi, YKIS06, 2006/11/29 20




Plaquett Bosonization

Bosonization of Plaquetts (O(¢i1/d, 1/g%) and Im(V) are ignored) + MFA

exp(—Sy -S,)—exp —%Z(e”Vx—e_“V:)ﬁﬁ > MxMH}.—-mOZ M
. X c x,j>0 X
| B, ;
X@Xp _Z_(Ptz<vx_vx) -II_BS(pS Z MxMx-}—.j
. X x,j>0
B, , B,d d d—1
Xexp —L° N, |-~ @ +——@° = B=
exp |7 @ity (Ps. B, 2N§82$ B, BN g
| L’ X i i+l L ~ |
=exp |~ Fyf-o- V. —e V] 12 MV (x, )M
X X,y

x=1+p,¢p,coshp , fp=p—B,P,sinhp

<p>=<V'=V> |, <@>=2<M .M >

‘ Time-like plaquetts modifies effective chemical potential I

A. Ohnishi, YKIS06, 2006/11/29 27



Effective Free Energy with 1/2° Correction (w/o B)

After Quark and Time-like Link integral we get F as

. d
F=iN, 0(1+4NB<PS)+ P/+ cps<Bq>coshu F,(m,;ii)
d 2 s B

_ ~2 L~
_WO_ ‘|‘3dBSO' -|‘4—(Pt-|—Fq<mq,|J)

Cc

P =2 o’ @,=@ +2N coshpy <— Time-like plaquetts remains finite
at large n (c.f., S. Hands' talk)

m, =50 (1+4N B, ®,—B, @, coshp)
ZZC]ZV o(1-2N B,cosh’u+8N B o*—B, @, coshp)

H=p—B,p,sinhu=u—2N_B,coshusinhpu—pB,Pp,sinh
Space-like plaquett — Repulsive pot. « ¢, Enh. 6-quark couling

Time-like plaquett — Reduces p and o-quark coupling
(¢, has to be determined to minimize F )

A. Ohnishi, YKIS06, 2006/11/29 238



Phase Boundary with 1/{ correction

Rapid decrease of T (n=0), and slow decrease of p (T=0).

Similar reduction of s-quark coupling and effective p
at small condensate — can be mimicked by the scaling of T
(c.f. Bilic-Claymans 1995 (T goes down), Arai-Yoshinaga (Poster, goes up).

Ratio n /T ~1.8 @ g=1.

with baryonic effects (~ 30 %), it may reach empirical value.

Bg=0 --- 6 £ -‘. Tc(“;g) ==
5 | M}Tc,oufg) t _
| am? H(T20) -
= 1} Y\fe ' = _
0.5 |
0 0.1 02 0.3 04 05 0.6 0.7 0 1 2 3.4 5 6
I B=6/g

A. Ohnishi, YKIS06, 2006/11/29 *°



Evolution ot Phase Diagmm

“Reality” Axis: 1/g*>, n, m, .... would enhance p /T _ratio

Example: 1/g? correction enhances p /T_by a factor ~(2-3).

hT
T'1 2ndorder Strong Coupling Limit L Do B)
TCP 1.5
1st order 1
L Baryonic Effects :
| , T \ |
T H A % _
1 H
wiesenny, CEP
Cross over 0.5}
Fodor -Katz é
/ Philippsan-Forcrand !.l. MC/ Real World : I.L
Reality (1/g°, mg, Ny, ...) / | !
y (179", mo, Ny, . 602 . (Y
p=6/g . it



Summary

Hadron (Meson) masses are evaluated in the Strong Coupling Limit
of Lattice QCD at Finite T and p.

Meson masses are determined by the chiral condensate,
and they are approximately linear functions of o,
while m_ is always 0 in the chiral limit.

For high T or p, meson masses decrease as ¢ decreases.
— Approximate Brown-Rho(-Hatsuda) scaling is supported.

When we fit 7 and p masses, lattice unit (a') is found to be around 500
MeV, suggesting T _~ 800 MeV in the Strong Coupling Limit.

(Longstanding problem in the strong coupling limit....)

Finite coupling effects are found to decrease T _(in the lattice unit),
while approximately keeping p .
— Meson mass with 1/g? correction has to be calculated.

Baryon mass — Miura's talk

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 31



Backups
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Strong Coupling Limit Lattice OCD

QCD Lattice Action L Uy
_ [ () (2 | ] o—»0
ZEJ‘D[X,X,U]eXp[—II_.SG+.SF+.SF+mﬂMJI_ oF ol
] . L VY
So=— > |TrU, +TrU},

S[,f']:iz nj.(x)l:f_rUj():)X —X - UT(x)X,|

2 —t X+ X+ J

X,

" 'I_]. | = i —_ = + ) |
S _EZ XU (X)X, ;—e "X _,Ug (x)X,]

Strong Coupling Limit: g—oo

Ignore S — Link integral

Zero T treatment a

— All Links are integrated first _Ne 5 .
N F Ti1° N_ log(c+m,)
Finite T treatment

— Temporal Links are integrated
N o’ sinh(N+1)E /T)

later exactly. F9(m:T u)=——"Tl +2cosh(N p/T
et )= g og () s N/ T)

E (m)=arcsinh m

Ohnishi, Kawamoto, Miura, JPS@Hokudai, 2007/09/21 33



Lattice Action in SCL-LOCD

Lattice Action with staggered Fermions

U +
1097 S 1) = SellU] + e, 1 -
Ut U — > 00
v v SellU] = E‘ﬁ;f z {1 = %HETI‘UFH{;E}} 5 > ()
x X g Fe T -
U ]
n U () = UNz)U @ + 0)U (z + ) U,(x)
Chem. Pot.
SFlUv.x = Sl :x:]+5'm[fj~x~i]+5}m[ﬂh~x~il~
Sl = e

SO, ., %] = EZZ:;}{.@{ ()
EZ Mol ) {x_ T

In the Strong Coupling Limit (g — o), we can ignore
S, and semi-analytic calculation becomes possible.

o
St [Unx. 7]

A. Ohnishi, Colloquium, 2006/11/7 34



Lattice QCD action 5 = 3 (2 (@)U, (@)x(@ + 1) — T + @)U} () ()]
I 1
Sp* = 5> [@)e Ui(@)x(@ + 1) — X(e + e U} (2)x ()]

S = mo Y @) ()

Mesonic and Baryonic Composites

M(z) = a0 (z)x"(z) .
1
N,

B(z) = cemex“ (0@ (z) . Bla) =

aneX (2 )X (7)1 ()

Fermion Integral

/#D[UDJG X] exp [_ D oM~ SEFUD:I] = /P[Umxa A ] ] exp =G k)xn /2]
: K

S B
= =7 ZC’,:, +7 cosh(35u)
4 1,1 _ o
F'9(,) = —Tlog [5 (C-‘,E - 5Co + 1{?3#)] C,; = cosh |Farcsinh o]
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SCL-LOCD with Baryons

Effective Action up to O(1/Vd) M=y x*
. a b _c
B=e_, %% x 16

;_(M VuM)+(B,V;B)—(xG,x)

Z={ D[y, %,Ulexp

MV, M)—(5V;'b)Hb,B)+(B .b|-(%Gyx)
ondensate (Azcoiti et al., 2004)

_ - 1
:f D[y ,x,U,b,blexp 2—(

Decomposition of bB by using di
exp{@, B)+(B,

= D[¢,, d.lexp|—d -+

Xexp(—y M [2-HM bb/9yY)

1 — 1
g(b,exxng(Exxx,b

giexwx—b?cl}lexwrb—x)

3y

o

D ]Zexp

Decomposition of Mb}

using baryon potential field
1 bb

, ):f D[w]exp|=w’—w|a M+ >
Sy

exp —(;— M’

2
note: (B b)2=with one species of staggered fermion !
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Effective Free Energy with Baryon lI_E ffects

Effective Action in local bilinear form of quarks

(0,004 (5,7, (g, 0)b)+alw, M) +(7Gy)

Bosonization + MFA

; l +No diquark cond.
N_N. _
= a(r-l—u))a(r—l—(wa +(x G, (b,V )b)
quark & gluon int. l
Feff<()',(0):%agO'2+%(02 (eqf%(aﬁo-—l_(xw F (gw )
:%agcz-kéawwz—l—F(eqf)f(ag(T+0((D)+A F(ebf)f<gww)
\ / / Linear Approx. /a) ~ oo/a )
T v 5
Feﬁ((y):Ebcro-z—l_ (b O->+AFb (gc )
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Color Angle Average

Problem: Diquark Condensates induce quark-baryon
coupling, and Baryon integral becomes difficult.

— Solution: Color Average
5 D—y EXX+§§

72 s o
/\T}[an UM exp {UﬁDa + D:EU-LI} — /\T}[l"] exp {%DLDQ + ﬁjfjbb}

Three-Quark and Baryon Coupling is ReBorn !

_ A2 1
D'D,=Y +bB+Bb, Y= J?w

Integral of “Color Angle Variables” 2

5 MOb

Solve “Self-Consistent” Equaton

i 72 - i
explbB + Bb) ~ exp |—v* =Y + % OB + Bb }”) + F Ujbb]

0?2 vIMEDb .
~ exp |—— ~Y| (R, =1-1v%/3
P\ "R, T 162, ] ( v'/3)
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Effective Free Energy with Digquark Condensate

Bosonization of p7*p#> Introduce k bosons

GXpMkl_)b:f dmkexp[—%(ook@kMk_IEf—FMkI_?b]

:f d w,exp[—w:/2—w (o, M+1/0x, M*"'bb)—o; M*/2]

Effective Free Energy
(T'bv) ] o (b) (q)
F — FA(UrQ"'rw'i)_FFeH (g“ )+F ( Q)
. 1 5, 2., 92, a2,V _ | | |
Fx = §(ﬂ-aﬂ +w” +wj +wy) + R Mg = (g0 + QW + W1 + QawWa + My
y = I, v — a’

The same F » is obtained at v=0.

Diquark Effects in interaction start from v?,

(No Stable CSC phase appears at g= x) c.f Ipp, Yamamoto
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Effective Free Energy with Baryon Effects

(Kawamoto-Miura-AO-Ohnuma, hep-lat/0512023)

1
Fogt(0)=5 by 0"+ Figg(by0 : T, u) + AF g(g,0)

is analytically derived based on many previous works, including

Strong Coupling Limit (Kawamoto-Smit, 1981)

1/d expansion (Kluberg-Stern-Morel-Petersson, 1983)

Lattice chemical potential (Hasenfratz-Karsch, 1983)

Quark and time-like gluon analytic integral
(Damgaad-Kawamoto-Shigemoto, 1984, Faldt-Petersson, 1986)

C,=cosh(sinh 'o/T) C

3

1, 1
F9(o,;T,u)=—Tlog Co—5Cot5C,,

Decomposition of baryon-3 quark coupling
(Azcoiti-Di Carlo-Galante-Laliena, 2003)

and auxiliary baryon potential and baryon integral

 =cosh(3p/T)
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Free Energy Surface and Phase Diagram

At pn # 0, quark can gain Free

1
Energy even at ¢ =0 0|
— Two Min. Structure 01
— First Order 1
-1.5
A 0.4 ¢ T:Tmpl ufu'mp:u, u.-S,' L0, L5
0.2
1.2 +() 15tl I :': ! —_:l—:::—;‘,.::/
1 f——=—=—x _D.-_ 2nd --- = -02 q """ P '
T~ | TCP o 04 4
0.8 == —p T . — -
&y - 0 T= Wi (0)=0, 0.5, 1.0, 1.5
= 06—t SNB |
— o=l ; 005 1 [ C
0.4 __{one local min. |7 _l_\ N ‘"E 1t
- ) ) lI‘_-l"' L) -1.5 ............
0.2 -——t—— 0 L 2t
0 FJ#.:PH*HH ! itullulcu:almn.l »C 0 1 2 1 p
0 0.1 0.2 03 04 05 ©
w/'T, o =0.2
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