Strong Coupling QCD
— Strong Coupling Limit/Region of Lattice QCD
Akira Ohnishi Hokkaido University, Sapporo, Japan
This talk is based on following Eprints

(1) Phase diagram at finite temperature and quark density
in the strong coupling limit of lattice QCD for color SU(3)
N. Kawamoto, K. Miura, A. Ohnishi, T. Ohnuma, hep-lat/0512023

(2) A chiral symmetric relativistic mean field model

with logarithmic sigma potential
K. Tsubakihara and A. Ohnishi, nucl-th/0607046

and I would like to add some preliminary results to get some ideas
from YOU.

__Division of Physics

e eScko?;ﬁf Science
Qo University A. Ohnishi, YKIS06, 2006/11/29

1



Outline

s Introduction
s Strong coupling limit lattice QCD with baryon effects
s 1/g? correction of Phase Diagram

s Chiral RMF with logarithmic ¢ potential
(— 3rd week Poster by Tsubakihara)

8 Summary
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Quark and Hadronic Matter Phase Diagram

s Dense quark & hadronic matter contains rich physics,
but Lattice QCD simulation is not yet reliable.
— Model/Approximate approaches are necessary !

@ Monte-Carlo calc. of Lattice QCD:
Improved ReWeighting Method (Fodor-Katz)
Taylor Expansion in p

(Bielefeld-Swansea) GHC (100 A GaVD
Analytic Continuation I
(de Forcrand-Philipssen) T/ T e N
~ 170 MeV |jprtmos

@ Model / Phen. Approaches: A

(P)NJL, QMC, RMF, eoe 5 - 8 MeV 'l Color SuperConductor @@%
= Stl’On g Coup ll‘n g L imit zp / o R pB Black Hole

® 9.
of Lattice QCD e | (@ 0
L-G. Coexi.si-ence Neutron Star

: Normal Nuclear Matter

HIC (~100 A MeV)) @ Strange Hadronic Matter

A. Ohnishi, YKIS06, 2006/11/29 3



Strong Coupling Limit of Lattice QCD

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

@ Damgaard, Kawamoto, @ Nishida, PRD69, 094501 (2004)
Shigemoto, PR1.53(1984),2211
Vest
0.6 | - ‘Hhh“'a o=0
:
0.4F = I _
11E 5 1 o#0 TOP 4 m=0.4
02} E. ‘ﬂ\ CEP
0. [ - _— o
- chiral limit '
02} % i 2 3
Baryon Chemical Potential g
-0.4F
~0.6
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Previous Works in Strong Coupling Limit LOCD

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

Ref T U Nc Baryon CSC  Nf
Damgaard-Kawamoto-Shigemoto('84) Finte 0 U(Nc) X X 1
Damgaard-Hochberg-Kawamoto('85) 0  Finite 3 Yes X 1
Bilic-Karsch-Redlich('92) Finite Finite X X 1~3

3
Azcoiti-Di Carlo-Galante-Laliena('03) 0 Finite 3 Yes Yes 1
Nishida-Fukushima-Hatsuda('04) Finite Finite 2 Yes(*) Yes(') 1
Nishida('04) Finite Finite 3 X X 1~2
Kawamoto-Miura-AO-Ohnuma('05)  Finite Finite 3 Yes Yes(+) 1

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

8 Baryon effects have been ignored in finite T treatments !
— This work: Baryonic effects at Finite T (and p) for SU (3)
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Strong Coupling Limit Lattice OCD

s QCD Lattice Action

z:f D[X,X,UJexp|~(Se+S+SY+mM ||

g XLZS[TFU +Ter]

__Z nj X)(XXU j(X>XX+]_>_<x+] U -JI_(X) Xx)
X, |
S(Ft)zzz (euxxu0<X)Xx+6—e_u)_<x+0U3_(X)Xx)

X

s Strong Coupling Limit: g—o0

@ We can ignore S and perform
one-link integral after 1/d expansion.

—;—(M v M)—(BV,B)

(s)
Se —

— > MM, +Z

cx1>0

X, ]>O

Uu- 7 U, g
e—>»0 00

1]
o Ju,

U L U, M=xx
" O<«—@
y; Uy Uy

84—8 O O

M(x) M(x+j) 030

B=eXXX/6 B=eXXX/6

de UabU:dzLéad(sbc
Nc
deU Uch 1 aceebdf
Fx+}'Bx
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SCL-LOCD w/o Baryons

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

8 Lattice Action (staggered fermion) in SCL

Strong Coupling

‘ >l
I/d Expansz n (1/\/ d)

# Bosonization (Hubburd-Stratopovieh transformation)

:f D[X X ,UO,O']GXP _%(O_’VMO_)

s Quark and U Integral

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



SCL-LOCD with Baryons

s Effective Action up to O(1/Vd) M=X_Xx"
B=¢_, XX X /6

Z=~[ D[X,X,U,]exp ;—<|v| V., M)+(B,V,B)—(XG,X)

=f D[X,X,U,b,b]exp
8 Decomposition of bB by usin

;—(M V,,M)=(bV3 b)+|(B,B)+(E,b)|—(XGO><)
gk condensate (Azcoiti et al., 2004)

y XDb y --| bX
L eXXA—{+p|TeXXH—
2 3y 2 3y

Xexp(—yl\/l2/2—|—||\/| 5b/9y2|)

= D[¢pa,Palexp|—d P+

J bb using baryon potential field
o 2
l—a)z—a) xM + bb2 Ry E
2 90()/ 2

® note: (bb)*=0 with one species of staggered fermion !
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Effective Free Energy with Baryon Effects

Bosonization + MFA
tNo diquark cond.

quark & gluon int. l

Fo(o ,w)=%a002—l—%w2 Fg:'fz_c(aag—l—aw Fgf(gww)

=%a002+%aww2+ 9 (a,0+aw)+AFY (g, w)
\ / LmearAppmx / (w ~ oo/a, )
1 ) y
F o (0 )zzba Jrl:eff<b U)"‘AFeff<go )
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Color Angle Average

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

— Solution: Color Average
& D=L exx +ﬂ

@ Integral of “Color Angle Variables” 2 3y

7212 1t —
/\T}[an UM exp {UﬁDa + D:EU-LI} — /\T}[l"] exXp {%DLDQ + ﬁjfjbb}
@ Three-Quark and Baryon Coupling is ReBorn !
2 r

_ _ ~ . 1 _
DiDo=Y +bB+Bb, Y =M ——Mbb
F_

@ Solve “Self-Consistent” Equaton

i Y. ~ T -
explbB + Bb) ~ exp |—v* =Y + % bB + Bb }”) + %ﬂﬁbb‘

v viMEbb
~ eXp | —— + —

R, 162R,

}f] (R, =1—1%/3)
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Effective Free Energy with Diquark Condensate

s Bosonization of M pp — Introduce k bosons

expMkl_ab=f dwkexp[—%(wk @kMk_lﬁ)z—kMkEb]
=f dw,exp[—w;/2—w (e, M+ 1/, M* "' bb)—oi. M*[2]

s Effective Free Energy
FU = Fx(o,0,w) + F (gow) + F'Y (my)

v?

Fy = 5({1552 4 w? 4+ Wl s WQJ s 7 mg = G,0 + oaw + aqwy + owa + My
L
L9 9 5 G = L 1+ ’7”'1“’?
o = 577 —@ =0 — @3 “ ary? 1Sajas R,

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

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



Effective Free Energy with Baryon Effects

(Kawamoto-Miura-AO-Ohnuma, hep-lat/0512023)
Foe(0)= _b 9 "‘Feff<b o;T,u)+A Feff<ga )

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, 1956)

;01 1
C. - 5 C. + Z C, y
@ Decomposition of baryon-3 quark coupling
(Azcoiti-Di Carlo-Galante-Laliena, 2003)

Ffaqf)f(O','T, u)=—T log C_=cosh(sinh™' o/T) C;,=cosh(3u/T)

and auxiliary baryon potential and baryon integral

A. Ohnishi, YKIS06, 2006/11/29 12



Free Energy Surface and Phase Diagram

s At n# 0, quark can gain Free

(| =002, 12 p=0 |
Energy even at ¢ =( 05|
— Two Min. Structure = o]
— First Order a1t
-1.5
A 0.4 | T:TTCP' ufunp—u u.s,' L0, L5 -
0.2 ¢
1.2 . . /
ol Ist — x 0 e .__?d_;_.,.-—/-""ff/
l f——===— -2nd - -- = -02 q """ T -
1=~ ) TCP. a 0.4 —— -
o 0.5 - ___-\_:\ N ] 0 T= | umc}m:u, ll.:i:].li, 1.5
= 0.6 —- - | _
= o=l , 05 1 [ C
0.4 __(one local min.) . A HE 1t
] | | . q” | R -5 S At
0.2 [—- e aad Lot S 2t
#,,.H*#H , (two local min.) ' ? I% p
0 - -~ | >C 0 1 2 3
() 0.1 0.2 0.3 0.4 0.5 °
W a =0.2

Dwzsmn 0{ Phys:cs
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Phase diagram in SCL-LOCD with Baryons

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

@ Energy gain in larger condensates
— Extension of hadron phase to larger n by around 30 %.

-"} T
l l" =() []'_:"'.l
) l "‘.2 -
0.5 0.5
. o L 0.8 r lc}.-lf: _____
g 5 [
= = 0.6 ‘
= -0.5 =
0.4 ,.
-1t g I
0.2 5
-1.5 ' ' 0 , . oy ! .
0 3 : S |
2 G 03 0 01162 03 04 05
w/T,
Nishida 2004(No B)

3 Dwzsmn ofPhysrcs
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Discussions

# Present phase diagram < real phase diagram

@| One species of staggered fermion ~ N =4. Should be 1st order !

@| Tc seems to be too high. p /T (present) ~0.45 < pn /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 transf.)

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

@ How should we fix these parameters ?

a8 s 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)

@|1/g* expansion may connect SCL-LQCD and real world.

3 Dwzswn o_fPhysrcs

G (A«
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Small Critical u : Common in SCL-LOCD ?

s Finite 7 SCL-LQCD 3

@ No B: u (0)/T (0) ~ (0.2-0.35)

(Nishida2004,
Bilic-Karsch-Redlich 1992, ....)

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

s Monte-Carlo: u (0)/T (0) > 1

1.2

@ Fodor-Katz (Improved Reweighting) 1

Bielefeld (Taylor expansion), 0.8 |

de Forcrand-Philipsen (AC), .... & ¢ | Fo---
h

s Real World: x.(0)/T (0) > 2 0.4 |

0.2

o T(0) ~170 MeV, pu (0) > 330 MeV ,

0 01 02 03 04 05
wT,
Present

A. Ohnishi, YKIS06, 2006/11/29 10




1/ ansion (w/o Baryon Effects

s T (p=0) and p_(T=0): Which is worse ? L UT

@ 1/g* correction reduces T . (Bilic-Cleymans 1995) UOD U," 04—

@ Hadron masses are well explained in SCL. X Uu X
(Kawamoto-Smit 1981, Kawamoto-Shigemoto 1982) 1
— We expect Tc reduction with 1/g* correction ! UO? éUOJf
o

s 1/d expansion of plaquetts (Faldt-Petersson 1986)

- Space-like plaquett

1
exp = D, TrU,(x)|—exp — 2 MM M M
XI>]>O 8Ncg X,k>]>0
« Time-hke plaquett
1 1
exp|— 2. TrUg(x)|>exp|———5— 2. (V, Vi +ViV,,;
g Xj>0 4NCg )(,j>()
(V=X U, (X)X )

A. Ohnishi, YKIS06, 2006/11/29 17



Plaquett Bosonization

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

exp(—S¢ -Sg)—>exp —;—Z (e"'V, — _“V:)bﬁ M XMX+]+mOZ M X‘
X c X,j>0 X

Xexp

‘&CPtZ(Vx_V:) +3s¢s Z MxMx+Al

2 X X, >0

&(Pz+BSd(P _ d B.= d-—1
R L L
L3 '

=exp|—= F@—%ZX: (eﬂvx—e‘ﬁvj)wr;—xz; M,V (x,y)M |

ac=1+B,@p,coshy , p=pu—pB,p,sinhpu
<p>=<V'=V> , <p>=2<M,M  .>

Time-like plaquetts modifies effective chemical potential
By

A. Ohnishi, YKIS06, 2006/11/29 18
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Effective Free Energy with 1/2° Correction (w/o B)

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

d 3] ﬁsd ~
F=4NC02(1+4NCBSCPS)+4—t<Pt2+ PN B cosh Dt Fo(my; )
=4 2 3d By (my )

4NC S 4 t q q,

p.=20" , @,=P,+2N_coshy «—— Time-like plaquetts remains finite
d at large p (c.f., S. Hands' talk)
M= g(1+4N_B.p—B,Pp,coshu)
d

o(1-2N_p,cosh’u+8N_g.o"'—B, P,cosh )

f=u—pB,p,sinh uy=pu—2 N_p,cosh psinh y— B, P,sinh u
@ Space-like plaquett — Repulsive pot. [1 6, Enh. 6-quark couling

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

r’/ﬁ‘\?‘\
i1

o8

A. Ohnishi, YKIS06, 2006/11/29 1°



Phase Boundary with I/g correction

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

@ Similar reduction of o-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).

s Ratio pn /T ~1.8 @ g=1.

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

1 (T=0)

2 I T T I L) I Ld [ d
B=0 --- 6 1257 {T % (ﬁzg) - _Emmneal—yf
L 4 ® L ! ( g ) 4
1.5 ﬂ\(\

e“_m 15 |

l L

- 1} YV

~ Division of Physics
Graduate School of Science
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Evolution 0[ Phase Diagram

s “Reality” Axis: 1/g*, n, m, .... would enhance p /T _ ratio

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

*T
T1  2ndorder Strong Coupling Limit SCL (no B)
TCP 1.5
1st ord
st order .
Baryonic Effects :
. , T |
T “‘ A s _
w K
v, CEP
Cross over 0.5
/ B Fodor-Katz é{
/ Philippsan-Forcrand M MC / Real World . . I.L
Reality (1/g°, mg, N, ...) / -' Ty !
1 ' 'y waa 2 .
B=6/g M‘

pret”

A. Ohnishi, YKIS06, 2006/11/29 21
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Chiral symmetric RMF
with logrithmic o potential

K. Tsubakihara, AO, nucl-th/0607046
K. Tsubakihara, H. Maekawa, AO, Proc. of HYPO06, to
appear.
T. Tsubakihara shows a poster in the 3rd week.

A. Ohnishi, YKIS06, 2006/11/29 22



RMF with Chiral SzmmetQ: Chiral Collggse

# Naive Chiral RMF models — Chiral collapse at low p (Lee-Wick 1974)

A > u?
Lzé(éuaﬁua—l—ﬁun@”Tr)—z(02+n2) +%(O’2+T(2)+CO'
+Nio y"N—g N|o+i N
# Prescriptions Youd o (U ”TTyS)

@ o coupling (too stift EOS) (Boguta 1983, Ogawa et al. 2004)

@ Loop effects (unstable at large ) (Matsui-Serot, 1982, Glendenning
1988, Prakash-Ainsworth 1987, Tamenaga et al. 2006)

@ Higher order terms (unstable at large o) (Hatsuda-Prakash 1989, Sahu-O
hnishi 2000)

@ Dielectric (Glueball) Field representing scale anomaly (Furnstahl-Serot 19
93, Heide-Rudaz-Ellis 1994, Papazoglou et al.(SU(3)) 1998)

@ Different Chiral partner assignment (DeTar-Kunihiro 1989, Hatsuda-Pra
kash 1989, Harada-Yamawaki 2001, Zschiesche-Tolos-Schaffner-Bielich-Pi
sarski, nucl-th/0608044) — SU /3) extention ?

@ Nucleon Structure (Saito-Thomas 1994, Bentz-Thomas 2001)

1 Dwzsm of Ph ys
Graduate Sc fS cien
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Instability in Chiral Models

# Linear ¢ Model Energy Density at pg=(0-5) p,
— Chiral restor. o0 | cmedel @ Bogula (o))
Below p,,. o | /
0 = = ——
- Bal’yOIl LOOp 100 Barvon I.rlmp 1--&:-"I lu;;. -l'_'-"!]- ] If'.iu.hu.-“h;l'l!'illi 1UEU:IE.F-C-'F'. a) |
models -E 0 \&_ﬂ
— Unstable = Joon | SCL Clox)
=
at large o ol S
o m
- BOgllta mOdel Nucleon contribution _
. 10HH) 1 200
il 0
Voh = fg (fi’ 2% — My fau(d/ fr) 0 50 100 150
A o (MeV) b (MeV)
1 |: 1 3
fBL — _H %log:r? — 1 —i—:li'z — ZT4

Dwzsmn

Graduate S

okkaldo Umt etsn‘y
http://phys.sci.hokud.

0{ Physrcs
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RMF with o Self Energy from SCL-LOCD

s ¢ Self Energy from simple Strong Coupling Limit LQCD

S — —3(M,VyM) (1/d expansion)

—  bo? + (Y ox) (auxiliary field)
2 2

—  bo*|—alogo®| (Fermion Integral)

s RMF Lagrangian Non-Analytic Type o Self Energy

@ o is shifted by f; , and small explicit y breaking term is added.
L= ("0 — V= M + goo) b + LD + £ + £

T }\ R
U, + i(w#_uﬁ )2
_] x2 _fn2 2 2
U, (o)=2af(olf_), f(x)—z —10g(1—|—x)-|—x—7 , a== (ma—mn)

A. Ohnishi, YKIS06, 2006/11/29 23



Nuclear Matter and Finite Nuclei

s Nuclear Matter: By tuning A, g,N, Mg, EOS can be Soft !

s Finite Nuclei: By tuning L Global behavior of B.E.
is reproduced, except for j-j closed nuclei (C, Si, Ni).

Egation Of State - |
0 q 0 -"1#"”1.;' N
Bbgg‘g e . 8 !'h* '¢CaNi Zr Sn wmessenees,,
= ?.-1 v
0 g A .
%-‘ 40 'SCL-SU(Z) S % ,I-. g | . p_._‘:;'f.i-'-"‘-j
= 5 O 7t ik e 7 Ca
S ol S o I B o/ % Si -
L] T 2l | i i
L & |c T -
20 T - an e N
3 e ' - - '
0 0.1 02 0.3 , 04 05 06 50 100 150 200
pg (fm™) A

Dwzsmn ofPhysrcs
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Astrophysical Applications

) Neutron Stars \s Maslses nlfhadnl:unicsil:arsvsltheirI-::entrall PB
— Supported up to 1.9 Msolar N e e

M, oM., =1.939

s Supernova
— Explision E. Enhancement
of around 2-4 % 08 f
compared to TM1 0

MM, .

SCL-SU2(w lepton)
SCL-SU2(pure neutron)
TM1(w lepton) -

0 0.2 04 06 08 1 1.2 14 16

Pr (fm™)
Supernova Explosion Energy Increase Supernova Explosion Energy Increase
@pe*fnmn — o @ npeY (TM1) —— | '

= 08} npeYn —s— gt nEEH
= SC
m —
@ 0.6 | = 6l
= )
£ 04} w 44
= a (
w 02} 2

o < [3]lshizuka et al., Doctof thes o P .

10 12 14 16 18 20 22 24 26 28 30 10 15 20 25 30

Presupernova Mass (M__,..) Presupemova Mass (M__,.,)
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Extention to Chiral SU(3)

s Strong Coupling Limit LQCD guess

Fop=b TI<M+M>_a10gdet(M+M)_CUU—C;C +d(det M ™ +det M)

Bosonization + Quark integral + Explicit + U A(l) anomaly
breaking
M=3+ill=diag(c/\2,0/N2,C)(in MFA)
2

=a12f((7/fn)-l—§f(§/f’c) %O’Z-I-%CZ—FEO'C-FCOVISL
(after shiftinge — 1 _+ 0, C —>f€+§)
2 2
f(x)=i[—10g(]—|—x)—|—x+x— S (m—m.)

_I_

a— -

m_—m
2 2 2 7
most of the parameters are determined to fit meson masses !
— One parameter m_

Is it consistent with Nuclear Matter and Finite Nuclei ?

A. Ohnishi, YKIS06, 2006/11/29 28



Symmetric Nuclear Matter in Chiral SU(3) RMF

s Soft EOS in Chiral SU(3) RMF

@ ¢-C mixing — Evolution along ¢-C valley

@ K=216 MeV @ m_ = 690 MeV
— Consistent with K=210 + 30 MeV

Equation of state Energy surface atpg =0

Energy per nucleon (MeV)

0 0.1 02 0.3 04 05 0.6

A. Ohnishi, YKIS06, 2006/11/29 2°



Finite Nuclei

8 Other Model Parameters 9

@ g — Normal Nuclei
o ® 5‘
@ (854> 8:a) — Single A Nuclei :
6 i
(SU,/(3) is assumed for g, ,)
Separation energy of A from ’!“1‘.‘2
40 .
{g 'gra) =677, 098) ——
3 B fdox. 80) = (35.5.24) - 1
= 30 eXp. =t ]
B 25 \
e 20t \ x =
w - ]
AN :
8 100 \W " B B 4
g_ 5t Ii'. F S -
- T - - - 05 | !
0 005 01 015 02 025 03 o
AP ’ 1 2 3 4 5 8

A. Ohnishi, YKIS06, 2006/11/29 39



SummaQ

s We obtain an analytical expression of effective free energy
at finite T and finite u with baryonic composite ettects
in the strong coupling limit of lattice QCD for color SU(3).

@ MFA, OG integral, 1/d expansion (NLO, O(1/Nd)), bosonization with
diquarks and baryon potential field using (bb)'=0 , Linear approx.,
zero diquark cond.(Color Angle Average), variational parameter choice

s Baryonic action is found to result in Free Energy Gain
and Extension of Hadron Phase to Larger u by around 30 %.

@ Problem: Too small u./T, in the Strong Coupling Limit.

s Strong Coupling Limit is useful to understand Dense Matter

@ SCL gives a qualitative insight.
@ ]/g’ correction seems to work well (Do not believe us yet ...)

@ Application to chiral RMF (K. Tsubakihara, AO, nucl-th/0607046)
— 3rd week Poster by Tsubakihara

A. Ohnishi, YKIS06, 2006/11/29 31
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Parameter Choice

s In bosonization, two parameters (y and o) are introduced
through identities.

I -Fivac)/T =3p (0)/T,
@ Major effects lni ac) 1(0)

. _ | Tyep/ Ta :

— Modify the energy scale Ly Ure .JE s

. . /3 -
@ Minor effects T .
— Controls the higher order oy \
potential terms 0.5 7 S Y|

— We have fixed them 0 "

to minimize F /T at vacuum g }

0.1 *
| . b, —

0.01 L :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

L
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Baryon Integral

s Baryon integral can be evaluated in an almost analytic way !

, 1
F'Y (gow) = 575 logDet [1 4+ g.wVp)

M 2,.21.2
I I !
- srk2dk log |1
(A7A3/3) /ﬂ T ”g[ MEETE ]

(B (b) QW.LL-‘_;'E)
= —il
o7 ( 4
a

1 1 ’
O (z) = 5 log(1+2°)— — lel.l'c?te-l.n:r — x4+ —]

3 3

all) =1.0055 , A = 1.01502 x 7/2
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Disappearance of TCP

s Tri-Critical point disappears at around Bg~ 1.4
— 1st order phase transition even at p=0.

@ One species of staggered fermion in the chiral limit
~ mass less quark flavor N =4

@ Need quarter-root treatment or Wilson fermion
with finite s-quark mass

@ Reason: Space-like plaquett | | |
enhances o-quark coupling T=T,, B,=0,1,2,3
at large condensate ??? 0.15 |
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Problems in RMF with Chiral SzmmetQ

s Sudden Change of <¢> e (m_=600 MeV, pg=0-5 py)
_ C ’ 1000
o ® Coupling —~ 800 |
— l uv l 2 2 R u E 600 |
L, .= 4F”VF +2C0w0' w-g, Ny, w N % 400
2 2
8P T, 200 '
0= /IC o2 > y =-29"f W p—\ e
8uPsIL sy ocw 2CUwo_z 0 . . .

-150 -100 -50 0 50 100 130

a Stiff EOS o (MeV)
EOS e (m,=783 MeV, pg=0-5 py)
150 1400 | | Boguta —
1200 | !
% 100 .E 1333
2 50 > 600
E R = 400 -
w 203 ‘ _//
90 0 0.2 0.4 0.6 0 >0 100 150

o (MeV)

P (fm™)
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Figures

s Energy surface s Validity of “Linear” Approx.

T ! 3 1' ! _ T T T T
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RMF with o Self Energy from SCL-LOCD

s ¢ Self Energy from simple SCL-LQCD

1 1 = 1
S—>—5(M VMM)—>§(U V, o)+(X VM(TX)—>UU:Eb(72—Ncloga2
8 Chiral RMF with logarithmic ¢ potential
(Tsubakihara-AQ, nucl-th/0607046)
Eqgation Of State ’ N
N .
80 Bbggtg e . 8 .;k ?Ca'Ni Zr  Sn womassssnsen,,
> A
0 Tt 271 W
S 4o [ SCLSU@) — 5 |h° o[
=3 5 71 e e 7 Ca
< O S 5 1] ol 4/« i
= S 9 i i
R — s || C 0
4 H exp. ' C
-20 1 T SCL 3 | ' '
. . . . . TM1 and 2 e 10 20 30 40 a0
3L ' - - -
0 01 02 03 04 05 06 - - - o
A
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RMF with o Self Energy from SCL-LOCD

s ¢ Self Energy from simple Strong Coupling Limit LQCD

S — —3(M,VyM) (1/d expansion)

—  bo? + (Y ox) (auxiliary field)
2 2

—  bo*|—alogo®| (Fermion Integral)

s RMF Lagrangian Non-Analytic Type o Self Energy

@ o is shifted by f; , and small explicit y breaking term is added.

L=yt — vV, — M + go0) 9 + £ 4 £0) 4 EEJ.,U)

U

_[J'IC]' —|_ I(L&JI_IL&;;— )2

| e fw2 ,

UU<O-)=2af(O_/frr>1 f(X)ZE _10g<1+x>+x—7 , a= > (rnz—rnn)

A. Ohnishi, YKIS06, 2006/11/29 3°



Towards Realistic Understanding

s “Reality” Axis: 1/g*, n, m, .... would enhance p /T _ ratio

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

exp

(@ +ho(v, VX+J)|)/16N§g2]

Nexp[—V VX+J/4N g ]—»exp

— TrU,(x)
g’

S(Ii)zi_ (e“Vx—e_“V:)— ;(_(exp ﬂVX—CXp<—ﬂ)V:) (VX=XXU 0<X) X

x+0)

‘ Time-like plaquetts can modify effective chemical potential I

T'{  2ndorder Strong Coupling Limit 4
TCP L U X
N, 1st order + 04_
4 —-0
" |-l Baryonic Effects _. U
T 1 et - !J_ X u x
CEP

cross over
Fodor-Kalz

Philippsen-Forcrand

LL |MC/ Real World

Reality (1/g°, mg, N, ...)
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