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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 U.)

Analytic Continuation ___ (cmac
(de Forcrand-Philipssen) B ] oo z@
T = .
@ Model / Phen. Approaches: ~ 170 MeV /5= -
NJL, QMC, RMF, ... ®
. . ] 5 -8 MeV P Color SuperConductor @@Q
@ Strong Coupling Limit ?iiffii-i_.; D [
of Lattice QCD Do i R @ ~10R s
L-G. Coexi;ience Normal Nuclear Matter et
@ Strange Hadronic Matter
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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 | - ""--,‘h 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
-0.4
~0.6

A. Ohnishi, QM2006@Shanghai, 2006/11/15 3




Previous Works in Strong Coupling Limit LOCD
s Strong Coupling Limit Lattice QCD re-attracts interests

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 Baryons should be important at High Baryon Densities,
but they 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 -jl_(x)xx)
X,

s<;>=zz(e“xxu0<x)xx+6—e-“>—<x+0u;<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)

— > MM, +Z

c x,j>0 X, ]>O

(s)
Se —

Uu- 7 U, g
e—>»0 00

1]
U, U, -

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
Px+}'Bx

A. Ohnishi, QM2006@Shanghai, 2006/11/15 S




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

szD[X,X,U]expx]

s Spatial Link Integral Strong Coupling

<B>E<@—<><G0x>l
1/d Expansion (1/\d)

# Bosonization (Hubburd-Stratopovieh transformation)
:f D[X,X,U, o]exp —%(O‘,VM o)
s Quark and U Integral
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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

= D[¢pa,Palexp|—d P+

Xexp(—yl\/l2/2—|—||\/| 5b/9y2|)

bb
Oy’

1 >
— 0 —

M +
> X

® 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)

w —I— 9 (a,0+aw)+AFY (g, w)
LmearAppmx / (w ~ oo/a, )

17
b +Feff(b o)+A Feff(ga )
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Effective Free Energy with Baryon Effects

(Kawamoto-Miura-AO-Ohnuma, hep-lat/0512023)
1 2, c(a) . (b)
Feff<0_)=§bo—o_ +F (b, 0;T 1)+ AF4(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, 1956)
;01 1
C. - 5 C. + Z C, y

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

and auxiliary baryon potential and baryon integral

Foe(o:T, u)==Tlog

C_=cosh(sinh™' o/T) C;,=cosh(3u/T)
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Phase diagram in SCL-LOCD with Baryons
(Kawamoto-Miura-AO-Ohnuma, hep-lat/0512023)
s What is the baryonic composite etfect on phase diagram ?

@ Auxiliary baryon integral & diquarks generate terms [1 M?
— modifies the energy scale !
— Compare the phase diagram scaled with T .

1.2 - 1
s[h|;n Ist — a=0.1
| 2nd --- ]
-l TCP o
0.8 \\
et "-1
= 0.6 570 N
0.4 jone local min.) L \\
0.2 J: s - ﬁqi"
4T {two local mjn.)
) —— : . ' '
0 0.1 0.2 0.3 0.4 0.5 0 0.5 1 1.5
/T, olT,

Baryons Gain Free Energy
— Extention of Hadron Phase to Larger u !
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Small Critical pu : Common in SCL-LOCD ?
# Finite 7 SCL-LQCD

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

(Nishida2004,
Bilic et al. 1992(Bielefeld), ....)

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

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

1.2 —
_ ~0.1
@ Fodor-Katz (Improved Reweighting) 1 O™ ’
Bielefeld (Taylor expansion), 0.8 |
de Forcrand-Philipsen (AC), .... = 4|
h

s Real World: x.(0)/T (0) > 3 0.4 |
0.2 |
o T(0)~170 MeV, u(0) > 330 MeV 0

0 0.1 0.2 03 04 05
w'T,

d
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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

g’
sY 1(eV

— TrU ;(x)

~exp[—V Vx+,/4 NZg’ ]—>exp

\Y ) (expuV —exp(

Vi

2 2 2
P +2(p(vx_V:+])I)/16Ncg ]

(VXZXXU O(X) X

x+0)

Time-like plaquetts can modify effective chemical potential

T 1  2nd order

TCP
N, 1st order
q

» Baryonic Effects

Strong Coupling Limit

wensenny, CEP
Cross over

Philippsen-Forcrand

Fodor-Kalz

-1

Reality (1/g°, mg, N, ...)

Dwzsmn

Graduate S
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Summary

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 p_ /T, in the Strong Coupling Limit.
— 1/g* correction and other may help.

s Strong Coupling Limit is useful to understand Dense Matter

@ RG evolution— exp(-c/g?) deps., 1/g? correction seems to work well
@ Application to chiral RMF (K. Tsubakihara, AO, nucl-th/0607046)
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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 A@kMk@)z—kMkEb]

=f dw,exp[—w;/2—w (e, M+ 1/, M* "' bb)—oi. M*[2]
s Effective Free Energy

jc(gb“) — Fy(o,v,w;) +F(b)( )+F(Q)( )

e

v?

1 .. ..
FX — 5({1553 + u,:g + ‘*’1 + wz) + 7 Mg = (g0 4+ QW + W + QoW + My

L9 9 5 Jo = l [1 + ﬁ’l“@]

y = ——7" —a” —a] —a; 9ary? 18aiag R,

The same F » is obtained at v=0.
Digquark Effects in interaction start from v*. c.f. Ipp, Yamamoto
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Backups
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Parameter Choice

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

@ Major effects

— Modity the energy scale LS T

@ Minor effects

— Controls the higher order

potential terms

— We have fixed them 0
to minimize F ﬁ/T _at vacuum '

A Dwzswn o_fPhysrcs
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1/g, correction

# Gluons tend to break hadrons, then 1/g* correction is
expected to reduce T . (Bilic-Cleymans 1995)

s Naive extapolation of 1/g2 correction seems to give
n/T ~1.3 @ 6/g’=

25 g -
o3

sy, MTe—

0.5 s
0

0 1 2 3 éll 5 6 7
B=6/g
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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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Figures
s Energy surface s Validity of “Linear” Approx.
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RMF with ¢ Self Energy from SCL-LOCD
8 ¢ 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
O o
50 Bbggtg e ® _'f" ¥%aNi Zr Sn e,
> AN
o seL sUE2) — =TS . | =
> 40 [SCL — S | 8 | e
< @ g 5l 6t 4/ % Si
R — & | C (/Lo
4 H exp. ' C
20 t : SCL 3
. . . . . TM1and 2 - 10 20 30 40 30
0 01 02 03 04 05 06 ° =0 100 150 200
pr (f™) A
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Chirally Symmetric
Relativistic Mean Field
and Its Application

K. Tsubakihara and AO, nucl-th/0607046
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RMF with Chiral Symmetry

8 Good Sym. in QCD, and Spontaneous breaking generates
hadron masses.

8 Schematic model: Linear ¢ model )
_1 u u Al 2 2\2 M ( 2. 2
L—E(auaa 0'+6u1'r6 n)—z( +1T ) +7(0' +1T )+c0'

+Nio y"N—g N(o+imTy |N
# Problems and Prescriptions n¥ 8o ( yS)

@ y Sym. is restored at a very small density. c® Coupling stabilizes
normal vacuum, but gives too stiftf EOS.

@ Loop effects

@ Higher order terms
@ Dielectric Field

@ Different Chiral partner assignment
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Problems in RMF with Chiral Symmetry

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

s Stiff EOS c (MeV)

e (m,=783 MeV, pg=0-5 p,)

EOS
150 1400 | | Boguta —
1200 | !
% 100 .E 1333
2 50 > 600
g o = 400 | :
FHAS
90 0 0.2 0.4 0.6 0 50 100 150

pp (fm®) o (MeV)

Dwzsmn
Graduate S
Hoklcaido Umt etsn‘y
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Instability in Chiral Models

# Linear ¢ Model Energy Density at pg=(0-5) p,
—» Chiral restor. P s
Below p,,. o | /
0 S = —
- 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 z 0
— Unstable = o | SCL 0D
5
at large ¢ 00 \
—— "
- BOgllta mOdel 1000 Nucleon contribution )
. 1 200
il 0
(| S0 114 - 150
2 ﬂf}t fBL(@l’/f ) o (MeV) b (MeV)
L S
1 + T 4:1:
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RMF with ¢ 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 ermion Integra
l log (K 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)
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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).

Eqation Of State o |
80 | | D 'h‘#ﬁif mi"’"—"’lﬁ
BDQg‘S . 8 !'h* | -‘(a Ni Zr Sn wmessenees,,
0 ™1 - =7 'Qi 9 o
< SCL-SU(2) — = e = ' e enal]
> 40 ¢ (2) S o it Bl i,
= 20 & [ Tt It 7 Ca
B = J. - . ."J :\. Si N
5 557 a8 _
0 < @ || C 4l o 0 |
20 | — - an e N
] ] ] ] ] 3 :l_l'll"'ll ar‘ld 2 | s I 1'] 2':] | 3{] 4[} IED
0 01 02 03 , 04 05 06 50 100 150 200
pr (fm™) A
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A0)

=

T/T

Free Energy Surface and Phase Diagram

At 1) * 0, qual‘k can gain Kree T/T(0)=00.2, .. 1.2
Energy even at ¢ =0 i

F o/ T (0)

— Two Min. Structure
— First Order
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