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# Strong Coupling Lattice QCD with 1/g*> Correction
# Phase diagram in SC-LQCD and Quarkyonic Phase
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Introduction: Quark Matter Phase Diagram

# What is the NEXT to the hadron phase ?
@ High T direction — (Strongly correlated) Quark Gluon Plasma

@ High pn direction ; Important for Dense Matter Physics

Baryon rich QGP

or Color SuperConductor (CSC)

or Quarkyonic (QY) matter McLerran, Pisarski (07)

T | Standard phase diagram
Wigner (QGP)

(Hadron)| CSC
Hg

T Phase diagram at large N
Wigner (QGP)

NG
(Hadron)
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Quarkyonic Phase & Strong Coupling Lattice QCD

s Quarkyonic matter at large N_ McLerran, Pisarski (07)

@ Gluon contribution O(N *) >> Quark O(N ), Hadron O(1)
— Gluonic (decontf.) P.T. is independent of p (as far as p = O(1))

@ At N pn> M., baryon density rapidly grows, and soon reaches O(N )

— Existence of “Confined High Baryon Density Matter”
made of quarks but with baryonic excitation (Quarkyonic Matter)

‘ Do we have Quarkyonic phase at N =3 ? I

# Strong Coupling Limit (g — )

@ Plaquette action disappears
@ In MFA, Eff. Pot. is analytically obtained at finite T and p.
@ Problem: Too small R =N u /T value

e ‘ Does the finite coupling effects (1/g°) helps ? I
A\ e ————
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“Evolution” of Phase Diagram

# Phase Diagram “Shape” becomes
closer to that of Real World.

Real world R=3 p /T~ (6-12)

T s Damgaad, Kawamoto, Finite T

Shigemoto, 1984 T =1.1 GeV

— Conjecture !
Damgaad, Hochberg,

o 1985 — R=0.79 (Zel’O T / Finite T) 1985 Kawamoto, 1985
@ 1992 — R=0.83 (Finite T & p) o Finite p
q
@ 2004 — R=0.99 (Finite T& p) 1L =290 MeV
@ 2007 — R=1.34 (Baryon) ) -
but it is still too small ..... B 0= 0:=0.1
R T 2007 62—
...... f=2 2004 0.8 r ";6
f=3 ... 2nd-order ~ D --
N - = 06
ol = | Finite T& i L .
- Finite T& n 4 o0 H o4 T Ef
1992 N
0 0| tst-order 0 0.1 0.2 03 04 05
o o ok os & R 06 W,
Bilic, Karsch, Quark Chemical Potential 4 Kawamoto, Miura, AO,
R\A) Redlich, 1992 Fukushima, 2004 Ohnuma, 2007
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Quarkyonic phase in SC-LOCD

# We study the phase diagram
in Strong Coupling Lattice QCD (SC-LQCD)
with 1/g* correction,
and examine the existence of the Quarkyonic (QY) phase.

# Reservations: It is still a “Toy”
@ One species of staggered fermion without quarter/square root
— N =4
@ Leading order in 1/d (d=spatial dim.)
— No baryon eftects (cf. Par-Tue, Miura)
@ Mean Field treatment

@ No Diqgaurk condensate

@ NLO in 1/g* expansion, ...

# Ohnishi, Lattice 2008., 2008/07/13-19 S



Effective Potential
in Strong Coupling lattice QCD
with 1/g° Correction
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Effective Potential in SCL-LOCD

# QCD Lattice Action (Finite T treatment)

Damgaard, Kawamoto, Shigemoto, 1984, Bilic et al., 1992,
Nishida, '04; Fukushima, '04; Kawamoto, Miura, AO, Ohnuma, '07; .

SZX-I- S(FS )-I- SE:t) +M, X X Strong Coupling Limit

—e "X

X+0

e'X U, (X)X U (X)X, |]=x V"

X+0

1
S(;):EZ

X

4

V
15 % v (\/ 1 Spatial-link integral Y MOX
S XX XX
Z(XX)VM (XX)+X(VI+my)X (1/d expansion) M
1 < (1) Hubbard-Stratonovich [
- B oVyo+X(VI+Vy o+my)X Transf. (Bosonization) L H c
Fermion and Temporal-link Integral X
d d _
— LN, |— 3 +V (bg(f T 1)
4N, SCL Effective Potential 4% %Yo

We can obtain the Effective Potential
analytically at finite T and u

00

o)
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Effective Potential with 1/g° (1)

# 1/d expansion of Plaquette action (Spatial One-Link Integral)
Faldt, Petersson (86), Bilic, Karsch, Redlich (92)

[avU,U=—35,,5,

N, ; Npr = oM
@ Spatial plaquett - MMMM _ - C ?

@ Temporal Link — V'V-

Vi = e XaUo()X, 44 =
Vi = e "X, 0Ud (2)Xa ﬁ - V’I _I

<+—0
s Effective Action

() _ 1 - -
A% = Inzg? Z“ Vorj TV Vosy)
= T, 7=0
'1'{5] L 1 L
AS5 = —gNi > MM, M, ;M ;.
908 ¢ 3 k>i>0
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Effective Potential with 1/g° (2)

# Extended Hubbard-Stratonovich Transf.

LOAB / do deb E—-:z{:,a?—(.-iJrE}:,-:-JrczF—i(A—BJﬁ}

o—19?’—(A+B)e—¢*+H(A-B)o}

L™
]

@ Mean field approx. ¢ , Saddle point approx. for @

@ E.g. Temporal Plaquette action becomes,

-,ﬁg_ 7t _ o _z_ Faa I Vi
Z:;D |:"T"T {T’ T 1x—|—j)7ﬁ7— @ (T, - IE_'_
I.]

(T) . : :
A8y = 67| + (G )

1
4N2g2

@ Effective Action becomes similar to the SCL action,

Seit :% L4 Bro > de—ﬁr@rvj —|eF V) me Y M, Ve

1 ) 3 p df3,

]
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Effective Potential with 1/g° (2)

# Extended Hubbard-Stratonovich Transf.

- Y- Ty .
Ect,-ilB /dﬁd{,ﬁt”_&{? (A+B)p+o —i(A E:"P}

~ e—o1¥’—(A+B)e—¢*+(A-B)¢}

@ Mean field approx. ¢ , Saddle point approx. for @

@ E.g. Temporal Plaquette action becomes,

&93 _1;\, 2 2 {LTHT 1F+ _ 1:-_—1—_-?} T _Cl)f' - (Lfrr—i_ il 1Fl;})ﬂa?:| + (j — _j)
c Ir }D ° °
J WF Renormalization 1w mod.
@ Effective Acmmes simw :
) Aux. Terms
. y . | . - .
Sut =5 {1+ Brip,) s dﬂ—_ﬁrqﬂgj _|eforlv-) 4 AT /
] T :‘
1 i 3 df3
= AN 1 -'85';#?5 T iT\TLd [TT(FE - ‘:ﬁ) T .:}Srﬁ"jg}
\?Qs & - .lj:?{] = =

A
_mg Ohnishi, Lattice 2008., 2008/07/13-19 10



Effective Potential with 1/g° (3)

s Effective Potential (after subst. equil. value for ¢_and ¢ )

Feit =Fx (0, ¢7) + Va(mg(o), i(¢r),T)
Same as SCL

Vq=—1Tlog [XNE (EQ/T} + 2 EGSh(N’Cﬁf’T”
Fx ==by0 PR

2 2 £

— rom
mg =m oBr) + [ ~M)? +2dB.0” I Plag.
=

@ W.F.Renormalization factor (1+ 5 ¢ ) in the Eff. Action
— suppr. of quark mass m_

@ Higher order terms M* — ¢* (Self-energy of o)

@ Aux. Field @ = P, (equil.) — pis shifted by baryon density

‘ Let us examine the phase diagram with this F . ! I
¢QS

AN
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Phase Diagram
in Strong Coupling lattice QCD
with 1/¢* Correction

Ohnishi, Lattice 2008., 2008/07/13-19
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Evolution of T

s T_(p=0) rapidly decreases with B = 6/g* increases.
@ WF Renormalization — T *"9 =T “"9(SCL) x (1-N B )*

@ Higher order terms of 6 — P.T. becomes the first order at 6/g*>~1

@ Comparison with MC results (Critical behavior with N_=2)
Quench p =5.097(1)

(Kennedy et al, 1985) 2 N '=3 | | (an) _—
m =0.05 — B =3.81(2) s M ¢ fﬁst)
m=0.025 > B=3.672) " | N < (16 _‘_
(de Forcrand, ~ 11 O ucfZHd] N
private comm.) g
05 F————77
MC results with small m 0 T~
agrees with SC-LOCD ! 0O 1 2 3 4 5 6

Ohnishi, Lattice 2008., 2008/07/13-19 13
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Evolution of u_

s p " >p 9 at6/g® > 3.53

— Appearance of
weakly but spontaneously chiral broken high density matter

@ Key: Effective chem. pot. 8. 8
Hett—H =P Pr—H— PPy

Smaller o
— Smaller const. quark mass
S G-
— Smaller
lleff 1.5 ..\'\ T EMC) R

— P.T. to Wigner phase

(0=0) is postponed ji

=

Auxiliary field @ is regarded

as “vector” field for quarks,
which shifts u effectively.

Ohnishi, Lattice 2008., 2008/07/13-19
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Why do we have QY ? Which Explanation do you like ?

s Vector field (@) acts more repulsively at smaller o,

and generates a local minimum N=3, 6/g°=4.5, T=0.01
in the region of 6 <<o__ 0
# 2nd order P.T. condition
(C, =0) leads to the relation . 1 QY
of effective p and T. =
_ _ 2 4
F«=F(0=0)+C,0°+C,0"+... Wigt £ —"" 1
Cz(T,I,l_ﬁqu<O_:0>):O 0 _1%1-;!”2,“1: =! s e _ :
2nd -
—)IJin ):f<T)_Equ -{15 /—\’\W
" Smaller o S | [or Farvitio,
— Smaller const. quark mass = " ‘?{k’m wio Py —--
— Larger p_ ST e r"'..........f..\v “‘:EE
— Smaller p 2 U= u?“] V=0 ‘j

8]
OhniShi, Lattice 200(}., L4UUVUUU/V// L9701/ i

"‘\?m; Later P.T. to Wigner phase (6=0) 0 05 1 15 z 25 3 3.5

W‘ | -L-“



Baryon Density and Polyakov Loop in QY

s Example: N =3, 6/g’=4.5, m =0 ( y limit)

N¢=3.ﬁfgl —4.5 J;H p ‘-:;I‘i:wr
<M>=-a :
s Baryon Density (= p /3) L[S g,
2L R e "-,,,_.-. J
@ p,~0in Nambu-Goldstone (NG) phase = “L:-I;Juz' S =
p,> 0 in Wigner phase ) e
@ p in QY ~p_in Wigner phase p = “:;‘:“
3 ..-f"'il.}{-u._h_h.
# (Quark Driven) Polyakov Loop (=P) il *“’;fj
ﬂ-lv:-f_.-fg::-__'”"_""“—'--..___H . ;
@ Quark driven P ~ O(N ) i o “es
e T R
@ P(QY) <P (Wig.) R
'____ WiglmruT
S 1 r% ﬂ.g SR _’_I_“"--H
b= 2N, <t.1' H Yot H DD} > il _Hﬁ_ Emﬁ"ﬁ'\
i ’ 05 L 0
Xn.—1 cosh /T + Xy cosh [(N. — 1)n/T M“ﬁz" - A
= - - T . ; : 3
N. (Xn. + 2cosh [N.ji/T)) A\
.t\?ﬁ.

Ohnishi, Lattice 2008., 2008/07/13-19
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Baryon Density (Quark Number Density)

s Baryon Density (= pq/3)

@ p ~ 0 in Nambu-Goldstone (NG) phase
p,> 0 in Wigner phase

@ p, in QY ~ P, in Wigner phase

N =3, 6/g>=4.5, m =0 (y limit)

Ohnishi, Lattice 2008., 2008/07/13-19 17
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Polyakov Loop

# (Quark Driven) Polyakov Loop (=P)

1 :
(e

Xn_—1 cosh [n/T] 4+ Xy cosh [(N. — 1) /T]
B N.(Xn. 4 2cosh [N.a/T))
@ P(QY) is a little smaller
than P(Wig.)

@ Quark driven P = O(1/N )

P =

N =3, 6/g>=4.5, m =0 (y limit)

YITP Kyoto 33,

H
g
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Chiral Condensate

# Chiral Condensate (= o)

@ 0 ~o__in Nambu-Goldstone (NG) phase
o =0in Wigner phase

@ 0<o<<o_inQY
vac

Wigner

N=3,6/g°=4.5 |-

N =3, 6/g>=4.5, m =0 (y limit)

Ohnishi, Lattice 2008., 2008/07/13-19 19
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Phase Diagram

# Three phases in SC-LQCD
with N =3, 6/g’ > 3.53, m =0 ( y limit)

@ Nambu-Goldstone (NG) phase: Large o, Small Pys Small P
@ Winger phase: 6=0, Large p , finite P

@ Quarkyonic phase: N,=3, 6/g°=4.5
0 <6 << Gvac 0 5 ) ’
p,(QY) ~p (Wig.) - Wigner (6=0, p>0) Ist —
P(QY) < P(Wig.) 04 | 2nd — -
Quark driven P — 03 | QY
at large N_ = (0<<0y , p>0)
0.2 | '
: NG (o=0, , p=0)
OY in SC-LOCD 0.1 b
can be regarded “ C<0 ~ -
as QY at large N, 0 02 04 06 08
il

Ohnishi, Lattice 2008., 2008/07/13-19 20



Comparison with Other Models

8 SC-LQCD results are qualitatively

similar to 2+1 flavor PNJL Model
in Chiral Cond., B 1'/ or

<Mo=-a
Baryon Density, W D, -
and Polyakov Loop z---:::j;}f---_—-——~~mﬁ:_j_';..~.s .

Fukushima, PRD77(114028)08 O

ﬂ-"'rﬂl .d'"--:.—--“--—|_
s s o
MM : \ 06
3 TS 04
T 02, X 02
0 ? ng
Palyakov Loap
1
| Wigner
uf : i .
] —'—.rd-—
02} e LT
U ‘\”\“\ o
ﬂ':-_’___'“ L _""---._H‘_x ;- 08 100
0.5 l'.-":l-‘ “-\‘ -"' i 2
Mo M u [MeV] H
T & \n.z 1 _— 45
0 % Nne 1w 1
TMEV]

(P08 Present Fukushima, 2008
., Ohnishi, Lattice 2008., 2008/07/13-19 21




Comparison with Other Models

# Quarkyonic(-like) Area in SC-LQCD is smaller than in PNJL
Fukushima (08)
Abuki, Anglani Gatto, Nardulli, Ruggieril [arXiv:0805.1509]

Present  _; .45

0.5 ; ; ;
Wigner (6=0, p>0) Ist —
04 | gner ( p>0) e
03 ¢ QY
b= e (o<<0y, p>0)
) NG (G~Gﬂ, p=0)
0.1 - .
{' Crﬁ{' ) B : -
0 0.2 0.4 0.6
1)

CAJARE - GLINON MATTER

gman et al.

. 100+

cimalimed Ielocn chirad &y iy \'ll 1 B
i L
1
i -
1 a
P s ling {'
> L

Dreconfinement Crossover

. 5— Chiral Crossover

u— Chiral Crossover b ey

.‘l " ]

Critical End—Point

Fukushima (08)

Cnuark Chemical Potential [MeV)

N —
buki et al. (08)
—
Decahsﬁg:fd
EHadmnic-I:ike \

300 320 340 360 380 400 420 440 480
n [MeV]

480

Ohnishi, Lattice 2008., 2008/07/13-19
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Conclusions

Miura and AO, arXiv:0806.3357
# We have investigated the phase diagram in Strong Coupling
Lattice QCD with 1/g> corrections.
Through the extended Hubbard-Stratonovich transf., we find that
vector field for quarks is introduced.

# Critical Temperature at n=0 is found to be consistent with MC

results by P. de Forcrand, T =1/2 (N_=2) at 6/g* ~ 3.6
The ratio R=N u /T _is also improved.

# We find that the Quarkyonic (QY) phase at large Nc proposed by
McLerran & Pisarski appears also at N =3 in SC-LQCD with

6/g> > 3.53, where the chiral symmetry is weakly but
spontaneously broken, and the baryon density is high.
QY may be the “NEXT” to the hadron phase even at N =3.

# Ohnishi, Lattice 2008., 2008/07/13-19 23
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Backups

Ohnishi, Lattice 2008., 2008/07/13-19
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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 p /T  ~ (6-12)
SCL-LQCD: R=0.79-1.34
SC-LQCD with finite B (=6/g*°)~5 — R ~4.5

Expectation before Calc. Calc. with 1/g? effects
T
T | _2ndorder Strong Coupling Limit SCL (no B)
| TCP |
___:"I 1st order 2008
f f Baryonic Effects
T f; [ ! o8
;'fr i
Vowikou.  CEP |

Cross over

Forcrand-Philipsen

u |MC/Real World

B=6/g>

Miura, Poster

: 2 Kawamoto, Miura
Realit |‘r1,-"’ : ,N,...) b4 b4 ° ° °
RO TR 4O, Ohnuma, 2007 Gluon Contribution is
important at High T

Ohnishi, Lattice 2008., 2008/07/13-19
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Definitions

Fert —F;{(f:r dr) + Vo(mg(o), i(9,),T) ,

Fx ——E:r s 8 %{F {mSGL - Sdfs " % =
Vy=—Tlog[Xn.(E,/T) + 2cosh(N,ji/T)] ,
mg =m.,""(1 — N.B:) + B-o(m;")* + 2dB.0”

[L=p — .ﬁfr‘:.f"r

B, =d/Nz2g?, B, = (d —1)/8N2g?
b, = d/2N,, mECL = b0 + Mo,
Xn(z) =sinh[(N 4 1)x]/ sinhz
E, = arcsinh (my)
b — Vg 2N.sinh(N.ji/T)
=T on 1T Xy + 2cosh(N./T)

| Ohnishi, Lattice 2008., 2008/07/13-19



I'm interested in ....

# Quark / Hadron / Nuclear Matter EOS and Phase Diagram
@ (~100 A GeV

Critical End Point %pr
- “t" .

s QGP

Early Universe

I SuperNuval

Color SuperConductor @ %

©

> Black Hole

| Neutron Star

L-G. Coexistence

Normal Nuclear Matter

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

Rich Structure / Astrophysical implications / Accessible in HIC

Ohnishi, Lattice 2008., 2008/07/13-19



I Strong Coupling Lattice QCD I

Ohnishi, Lattice 2008., 2008/07/13-19
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Strong Coupling Limit of Lattice QCD

8 SCL-LQCD has been a powerful tool in “phase diagram” study !

@ Chiral restoration, Phase diagram, Baryon effects, Hadron masses,

Finite coupling effects, .... 1.2 Y a0l
4 7 — |
: | | | ‘ 05
******** o=0 o5 % ]
ey = o - 4 -t F |
%\\ & 06|
1 g \ = y Bjdlil}
5§ 1 o#0 I m=04 0.4 1 t
4 TCP R
- 5 o ‘ CEP "‘.2 r :IIE
- ( ° 001 02 03 04 05
0 : : ' e
0 ! 2 3 Kawamoto,Miura,AO,Ohnuma,
Baryon Chemical Potential up PRD75 (07) 014502
, .
Nishida, PRD69, 094501 (2004

1400
Damgaard, Kawamoto, 1200

Shigemoto, PRL53('84),2211

hy  p=0,m=9.5MeV

AO, Kawamoto,
Miura, 2008

0O 05 1 15 2 25 3

Ohnishi, Lattice 2008., 2008/07/13-19 29



Lattice OQCD (1)

s QCD Lagrangian

_ . | v
L= (iy" D,~my) g5 1r(F,, F*")

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

# Lattice Action

Socn=So+ S5+ SW+myX X U E]

7U
O.
=X

X
—»-O
T MET
-0

ON

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

n = quark chemical potential
# Ohnishi, Lattice 2008., 2008/07/13-19
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Lattice OCD (2)

s Full QCD MC Simulation
— MC Integral of Det (Fermion Matrix) over link var. (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,+X4x)=[dU| 4 | |4N,N N’

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

8 Strong Coupling Limit (g — )

@ Pure gluonic action disappears — Analytic evaluation of Fermion

*\?Qs# D e t.

W‘ | -L-“

Ohnishi, Lattice 2008., 2008/07/13-19 31



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

# Group Integral Formulae U Uy (U
v L M(x) M(x+) H
f dU UabUCd Nc5ad5bc B=eXXX/6 B=eXXX/6
g _1 favv, ut=-5,3
f U UabUch 6 € ace € bat ab™ ed N, ad =be
1
IdUUab 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 () U ;X" (x)+

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

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

T Ohnishi, Lattice 2008., 2008/07/13-19 32




SCL-LQCD: Tools (22 - 1/d Exgansion

# 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/\/3,Xocd_1/4
D (XU X)(XU ,X)(X ij)—>Nc/Z B(x)B(x+7)=0(1/"/d)

D (XU X)X UJ+.X)2—>Z M*(x)M*(x+7)=0(1/d)

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

@QS

AN
Ohnishi, Lattice 2008., 2008/07/13-19 33



SCL-LQCD: Tools (3 ) --- Bosonization

# We can reduce the power in ¥ by introducing bosons

exXp —;MZ :f d o exp ——;O'z—O'M
Nuclear MFA: Vz—%(ww)(@w):—U(q?q/)ﬂL—;Uz
| |
exXp _EM :fdcpexp _ECP —ipM

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

@QS

AN
Ohnishi, Lattice 2008., 2008/07/13-19

34



SCL-LQCD: Tools (4 ) --- Grassman Integral

# 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

1
N!

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

# Temporal Link Integral, Matsubara product, Staggered Fermion,

| dxdXexp|X AX|=[ dXdX— (X AX)"="--=der 4

— I will explain next time ....

YITP Kyoto I30

Ohnishi, Lattice 2008., 2008/07/13-19 35



Effective Potential in SCL-LOCD (Zero 1)

8 QCD Lattice Action (Zero T treatment)
Kawamoto, Smit, 1981
S:X+ Sc+myX X

*_%(X)QVM (Xx)_|_mo)_<x One-link integral

(1/d expansion¥®)

Strong Coupling Limit

1 -1 >
— EO-VM O‘-I-X(O‘-l-mo)x Bosonization

1 ~1 F i
- EO'VM o— NCZX: log (o (x)+m,) Ilftrel;l;‘;il

C

= LN, . o — Nclog((_r+mo)}

~

Effective Potential

Ut L Upx

1 ®o—»O

? U} U, O=0
UH P4 Ull+ X
I—IdU

* d = Spatial dim.

Fermion Matrix = Just a number

1
—a,0
2

N
1

‘—b_logo

— Simple Logarithmic Effective Potential for o

36



Effective Potential in SCL-LOCD (Zero 1)

# Effective Pot. at Zero T

Kawamoto, Smit, 1981 Feff(a)
Kluberg-Stern, Morel, Napoly, Petersson, 1981

1 2
Feﬁ,((f)zz a,0 —b_logo
Spontaneous Chiral Symmetry breaking
at T=0 is naturally explained !

No Phase Transition ? I -

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

‘ Let's go to Finite T I
X

Ohnishi, Lattice 2008., 2008/07/13-19 37
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Fermion Determinant

Faldt, Petersson, 1986

# Fermion action is separated to each spatial point and bi-linear
— Determinant of Nt x

exp (— Veff/T)ZI d Nc x Nt

= [ dU det| X \[o]@1,+e " U +(-1)"e"" U ‘Nc
I,=2(o(k)+m,)

Il E:-n'-'- I:I . E:-_l'-'-
—eH  J; eH 0
0 —e H ]q 0 . .
Iy_y &
—et D 0 - —e=H Iy

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

a 7ero T, no Baryon Kawamoto, Smit, 1981

1
x5 égr) — §b£,0)02 — Ne log(bgo)cr + mg)

8 Zero T, with Baryon

Damgaad, Hochberg, Kawamoto, 1985 10

e

1
FiP) = SLSks +FG mTop) s s

# Finite T, no Baryon
Fukushima, 2004; Nishida, 2004

0 R

Fegp/ bg

b ...

]_ ™~ . F(“b‘l’}
féfi;) — —bgT)gQ 1 Fég)(m..q) / D o---
2 L

s Finite T, with Baryon

b
Fog = ; 2+Fé§)(rrzq)—|—AFéﬁ)(jJJ)

sinh((N_+ 1)E(mq)/T)

(9 _
FerlMy)=—Tlog sinh (E (m,)/ T)

eff

+2cosh(N_u/T)
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How do we get vector field ?

# Relativistic Mean Field
= Baryon + Scalar Field + Vector Field
— Saturation of Nuclear Matter, Binding Energy of Nuclei, ....

8 Vector Meson is indispensable in RMF !

@ Couples to baryon number density

@ Modifies the baryon Energy — Shifts p effectively
E=\Nm’+p’+g,0—E—pu=\m’+p"—(u—g,0)

u,’ 7. U, « oo
o 0 9 U + > O =
s Plaqpette Contribution ? VEJUV U T M
.‘__T! - |- | 482, 3 O<—u @
Plaquette Spatial Link Integral )

(V()(Jr):e/‘XXUO(X)X

X+0 1 X
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A Long Way to the “Ultimate Goal”

8 SC-LOCD Side Frontier
t = Iini 1/ 2T g
- TSyl | T= 0 | |[Finite T 2 B=6/g? Evol.
+ barion

T= 0 \|Finite T| | 1/g | MC
+ baryon

T= 0 | \Finite T| | 1/g’
T=0
DW/Overl = 1 1/g*
+baryon |T=0 | |Fikite T||1/g’ >‘ MC \

The QCD Eff. Pot.

B=6/g> Evol.
inite T| | 1/’ | MC

# Chiral RMF Side

L, =Uy|if

— gold +iysT - T

l
3 (Hedyo + 0w - Gym)
1
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Summary

# Finite T and/or Finite p Matter SC
serves as a benchmark test . ~ LOCD
of Theory of Strongly Interacting Particles

s Strong Coupling Lattice QCD Hadron
is a good tool to attack
Quark/Hadron/Nuclear Matter l
at Finite T & p Bare NN int.
4 Retllzllttllxlflstlfcf Mtean Flteldtm(l)del Density v
wi e eltective potentia Functional
derived from SCL-LQCD e NN nt

seems to be a good starting point

to give

Cluster, Shell, ...

Nuclear Density Functional Ch "’ al

It is one of
the New Frontiers in QCD
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