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Phase Diagram of Quark Matter

from Strong Coupling Lattice QCD
K B (REXZE-ERMBEHERN)

Introduction
Strong Coupling Lattice QCD with 1/g* Correction
Phase diagram in SC-LQCD and Quarkyonic Phase

Summary

Miura and AO, arXiv:0806.3357
Kawamoto, Miura, AO, Ohnuma,
Phys. Rev. D 75 (2007), 014502 [arXiv:hep-lat/0512023]
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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, YITP Collog., 2008/05/28
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Why do we want to study QCD phase diagram ?

High T phase transition
= Latest vacuum p.t.
of our universe (Big Bang)

High Density
phase transition
= Last p.t. of matter

(Black Hole form.,
outside of horizon)

Study of QCD phase transition
— Where do we come from, where do we go ?

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008



How Far Do We Know ?

High T P.T. is observed High Density Limit

* RHI C Experiment . . is proven to be CSC

* Lattice QCD MC simulation (Color SuperConductor)
* perturbative QCD

QGP

Hadroz

%
7

6//'////{/{// BL ductor

Little is known for
High Density
Phase Transition Region !

Liquid Gas P. T. is

eexpected in Mean Field

| *and Observed in Caloric Curve |
Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008




A Conjecture from Large N : Quarkyonic Phase

Pisarski, McLerran, 2007
s Discussion at large N_

@ Pressure: Gluon = O(N ?*) , Quark = O(N) , Hadron = O(1)
— DECONFINEMENT phase transition
(order parameter = Polyakov loop) is independent
from quark chemical potential p as far as p = O(1).
@ Large pn (N n>M_) butlowT(T<T))

— Weakly interacting quark gas, but no free gluons (confined).
= High Density Confined Phase

T
Unconfined (L # 0)
Td
Confined ? A
(L=0,p,=0(1)) | (L=0, p, = O(N)) ‘ What is this : I
Mg
MN

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 11



A Conjecture from Large N : Quarkyonic Phase

Pisarski, McLerran, 2007
s Confined High Density Matter at Large N_
= Quarkyonic Phase

(Quarks deeply inside the Fermi Sphere,
with baryonic excitations)

Do we really see this phase at Nc=3 ?
What happens to Chiral Symmetry ?

H

Unconfined (L # 0) Confined
— Baryonic Excitation

Confined Quarkyonic
(L =0, p,=0(1)) [ (L=0, p, = O(N))
Mg

M

N

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 12



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, ...

4\""1
_ Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 13



I Strong Coupling Lattice QCD I

Ohnishi, YITP Collog., 2008/05/28
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Strong Coupling Limit of Lattice QCD

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

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

Finite coupling effects, .... 1.2 ————
=() =\
2 1 ’a 0.2 —
0.5
________ o0 0.8 t 0.6 -
[ | --_‘% = i :.- i J
e x\\ E 0.6
s 8 _ 0.4
5 g 1 c#0 T CP_l m=0.4
_E o CEP 0.2
5 @ ]
- ( 001 02 03 04 05
0 : - - WT,
0 ‘ 23 Kawamoto,Miura,A0,0hnuma,
Baryon Chemical Potential up PRD7S5 (07) 014502
v ’ ¢
Nishida, PRD69, 094501 (2004

1400 - : : :
Damgaard, Kawamoto, 1200 L. _ u=0, m =9.5 MeV |

Shigemoto, PRL53('84),2211

AO, Kawamoto,
Miura, 2008

Ohnishi, YITP Collog., 2008/05/28 15



Lattice OQCD (1)

# QCD Lagrangian B 1 }
L= (iy" D,~m)p—tr(F,, F*"

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

# Lattice Action

Socn=Ss+Sy + Sy +my X X U B

TU

0.
=X

L

X
—»0

7

+—0

n
)

|

|

|
[
ﬁ

~

-
=

O

@
ON

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

n = quark chemical potential

Ohnishi, YITP Collog., 2008/05/28 16



Lattice OCD (2)

# Full QCD MC Simulation
— Monte-Carlo 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,+XAX)=[ dU| 4 4N N N3

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

8 Strong Coupling Limit (g — x)

@ Pure gluonic action disappears — Analytic evaluation of Fermion Det.

Ohnishi, YITP Collog., 2008/05/28 17
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SCL-LOCD: Tools (1) --- One-Link Integral

8 Group Integral Formulae U Uy U)’
+_ 1 M(x) M(x+) gi
f dU UabUcd |\|C5ad5bC B=eXXX/6 B=eXXX/6
g _1 [avu,ut=-s,,0
f U UabUch 6 € ace € bdf ab’™ ed = N e
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

Ohnishi, YITP Collog., 2008/05/28 18




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, YITP Collog., 2008/05/28 19



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

# We can reduce the power in ¢ by introducing bosons

—1M2
2

1

exXp Zfd(fexp —EUz—O'M

Nuclear MFA: Vz—%@(p)(w):—mwn—;zﬂ

——;Mz}zf d @ exp

——lcpz—icpM}

exp >

@QS

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

e L, Ohnishi, YITP Collog., 2008/05/28
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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,
— I will explain next time ....

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

Ohnishi, YITP Collog., 2008/05/28 21



Effective Potential in SCL-LOCD (Zero 1)

# QCD Lattice Action (Zero T treatment)

Kawamoto, Smit, 1981 Ut
SZX"‘ Sp+myX X Strong Coupling Limit Lz UK Tu
g
H—%(XX)VM()_(X)-I—TI‘IO)_(X One-link integral Uu

(1/d expansion¥)

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

1 ~1 F I
o EO'VM o— NCZX: log(o(Xx)+m,) Ilf:el;l:‘(;lll

C

= LN, . o — Nclog((_r+mo)}

~

Effective Potential

* d = Spatial dim.

Fermion Matrix = Just a number

— Simple Logarithmic Effective Potential for o

1
—a,0
2

~
1

‘—b_logo

22



Effective Potential in SCL-LOCD (Zero 1)

#a Effective Pot. at Zero T

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

1
Feﬁ‘<0-):§ a,0°—b_logo

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

‘ No Phase Transition ? I c

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

‘ Let's go to Finite T I X

Ohnishi, YITP Collog., 2008/05/28 23




Effective Potential in SCL-LOCD (Finite T)

# QCD Lattice Action (Finite T treatment) Ut Y U 7
Damgaard, Kawamoto, Shigemoto, 1984, Bilic et al., 1992; ’

—»O0
Nishida, '04; Fukushima, '04; Kawamoto, Miura, AO, Ohnuma, '07; . iz U % O=w—0
_ g v v —_
SZX-I- S(FS L+ SE:t) +My X X Strong Coupling Limit U LU
m_ 1 Hy 1y + w0
SE=5 2 [€X,U (X)X, ;e XUy (X)X, ]=X V"X dU
X
V
| S S () Spatial-link integral T X 8,, th X X
_>_§ (XX)V M (XX)+X (V7 mO)X (1/d expansion, no B)
1 -1 S\t
— D) oVy o+X (V( +o+ m,) X Bosonization il H o
Fermion and Temporal-link Integral e"X U, X ?
N O
d c 2 _
d © Effective Potential dX.,dU,
Ny
We need to evaluate Det. (Nc x Nt) -
— Itis POSSIBLE ! 50

Ohnishi, YITP Collog., 2008/05/28 24



Fermion Determinant

Faldt, Petersson, 1986

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

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

Ohnishi, YITP Collog., 2008/05/28 25



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

8 Zero T, no Baryon Kawamoto, Smit, 1981

1
vy é? = Shp ~5{962 — N, log(b® o + myg)
8 Zero T, with Baryon

Damgaad, Hochberg, Kawamoto, 1985

1
FoP) = 500 o2 + F0) (4mg®: T, )

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

1
Fig) = gbg)gz + EP (my)

# Finite T, with Baryon

Kawamoto, Miura, AO, Ohnuma, 2007

b
Fog = ; 2+Fé§)(rrzq)—|—AFéﬁ)(jJJ)

( sinh((N +1)E(m )/T)
F.9m )=—Tlog < & +2cosh(N_u/T)

eff q .
*\?ns sinh(E (mq)/T)

Ohnishi, YITP Collog., 2008/05/28 26
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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)
@ 1992 — R=0.83 (Finite T & p)
@ 2004 — R=0.99 (Finite T& p)
@ 2007 — R=1.34 (Baryon)

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

— Conjecture !

Damgaad, Hochberg,
Kawamoto, 1985

Finite T& 1

Temperature T

0.2

Co=0 1st—

2004

order

gl
q
1985 1 =290 MeV
1.2 D-['=} | a=0.1
1 2007 02—

T/T,

0 01 02 03 04 05

Bilic, Karsch,
Redlich, 1992

04y 0.8 %5 04 06 W,
Quark Chemical Potential u deamOtO, Miura’ AO’
Fukushima, 2004 Ohnuma, 2007
Ohnishi, YITP Collog., 2008/05/28 27



Finite Coupling Effects
on the Phase Diagram
and the Quarkyonic Phase

Ohnishi, YITP Collog., 2008/05/28
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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 B (=6/g)~5 — R ~4.5

Expectation before Calc.

T 2nd order Strong Coupling Limit

TCP
1st order

.'-F ,-...-"""r-
T 1/ ‘ I > U
/ l
Voo CEP |
Ccross over

Fodor-Katz

Baryonic Effects

Forcrand-Philipsen

L

MC / Real World

Reality (1/g°, m oNg.) Kawamoto, Miura,
AO, Ohnuma, 2007

Calc. with 1/g* effects

T
SCL (no B)
1.5

2007 £
T /N

0.5
u
[3=6/g2 AO, Kawamoto, Miura, 2007

Gluon Contribution is

important at High T

YITP Kyoto 33,

H
g

Ohnishi, YITP Collog., 2008/05/28 29



Effective Action with 1/g° (1)

# Strong Coupling Limit — No Plaquette Contribution

s 1/g> — Single plaquette contribution

@ Spatial One-Link Integral (1/d expansion)
— MMMM (Spatial Plaq.), V'V (Temporal Plaq.)
Faldt, Petersson (86), Bilic, Karsch, Redlich (92)

VT =etx.Us(z)x X1 -2
o e = _d\% 1
V., =e Xz+0 Ug (*’I]-Yx -

+—0

@ Product of Different Composites
— Extended Hubbard-Stratonovich Transf.

(Mean field approx. ¢ (Scalar), Saddle point approx. for ¢ (Vector))

s Ty T .
e@AB  _ /d,_ﬂd{lﬁf—&{? (A+B)p+¢~—i(A 5:'*?}

—m{f (A+B)p—¢*+(A—B)¢}

&

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 30



Effective Action with 1/g° (2)

# Temporal Plaguette action

1 _ . .
AN2g2 {‘F”T + (V2" - Fxﬂ){’? —¢7 — (V.7 + V. ) r] + (7 < —7)
x.] =0

&g{’fj —

s Effective Action with 1/g’

Scale of Temp. Spacing

Aux. Terms

1 —
Seft ) 1+ B-¢7) M‘/
1 Y g,
N — |t Bss erjl+ N-LY | (07 — 07) 203
41\',: Segrrsef) 2
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Effective Potential with 1/g°

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

Foit =Fx(0,67) + Va(mg(0), ji(6:), T)
Same as SCL
Vq = — Tlog [Xn, (Eq/T) + 2 cosh(N.ji/T))
Fx ==by0 200 1 Dr g2
) ) f
— rom
Mg =m [/ -E’C"L)E + Qd,ﬁsﬂa — | Plaq.
L =H

@ Scaling of temporal spacing (1+ p_¢) 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

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 32




Evolution of T and u_

s T_(p=0) rapidly decreases with = 6/g* increases.

@ MC results (N_=2) Quench § =5.097(1) (Kennedy et al, 1985)
m =0.05 — p =3.81(2), m_=0.0235 — P =3.67(2)
(de Forcrand, private comm.)

‘ MC results with small m, agrees with SC-LQCD ! I

s p " >p 09 at 6/g” > 3.53 ? ) N=3 Tf(%iﬁ; -
@ Key: Effective chem. pot. ) 15 h\\\ Tﬁﬁggtg e
He=H—Brbr=H—Bp, ; S “&“‘” '
0.5 F——~~~~ e gl U
Spontaneously y broken 0 L L
high density matter may appear 0 1 2 6{:‘; , 4 5 6

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 33



Phase Diagram

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

@ Nambu-Goldstone (NG) phase: Large o, Small Py Small P

@ Winger phase: 6=0, Large Py finite P

@ Quarkyonic phase:
0<o<<o

p,(QY) ~p (Wig.)

P(QY) < P(Wig.)
Quark driven P — 0
at large N_

OY in SC-LOCD
can be regarded
as QY at large N

0.5

N =3, 6/g°=4.5

Wigner (6=0, p>0) Ist —

2nd ——

QY
(0<<0;, p::-l])_

-
i o

L

Dept. Phys. Colloquium, Hokkaido U., Dec. 16, 2008 34



Comparison with Other Models

8 SC-LQCD results are qualitatively
similar to 2+1 flavor PNJL Model
in Chiral Cond., by’ &
Baryon Density, o
and Polyakov Loop 2'":ijf;;F'""—ﬁmm_:;;:s y

Fukushima, PRD77(114028)08 " \M o

e f“‘
1}5"} e, | 0.8
Mﬂ's--..._ \ 0.6
LY O T
T 02 W a2 g
0 ¢ NG
Palyakow Loop
1
Wigner
| 2
uf : i .
] e
0.2} S Lt T
U ‘\"\‘J\ o
ﬂ' P "'“---.._H_ ;- a8 100
0.5 e -
04 ‘“\ 06 300
03~ 4 neV] y
T 02 \ﬂ'z W s .
. P,
o 0 NG A00 —i 150
TMEV]

Present Fukushima, 2008
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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
05 Wigner (=0, p>0) 1st
igner (c=0, p> -
04 | & P 2nd ——
0.3 | QY
= oo (o<<0, , p>0)
| NG (G~Gﬂ, p=0)
0.1 - S 1
C 0 TN
0 e REES
0 0.2 04 0.6 0.8 T — Dreconfinement Crossover
H . 2 3
5— Chiral Crossover n [AIeV]
h N Ery

CAJARE - GLINON MATTER

zman et al. - - e |

100} v~ Chiral Crossover . H‘“u.h 1 é“““'

( 8) .Y R
Hmnnw I Critical End—Point i -

. "“‘“\"' . : " Hadronic-lke |-
| Fukushima 08)) L5V
et 0 > 600

300 320 340 360 380 400 420 440 460 480
n [MeV]

£
llll.-"
d
3
~
=
TR
n"lll u.
)
Y
)
~
R
=

Cnuark Chemical Potential [MeV)
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FEH

s 1+ QCD IZHITHMESRAICESIVA—VMEDHEDHZR

o ER-BEEVMEOHRATRE

o PRERSN =/ \/\—FZ# (Extended Hubbard-Stratonovich transf.)
&Y. FRESHR (/g %R ) OFFEMEASAIAE

o TANYFUEBE (n=0) TOERERESEHRIE.
F QCD 2alb—avDFERE consistent
(P. de Forcrand, T =1/2 (N_=2) at 6/g* ~ 3.6)

s FR/NUALEETIE, ATMLKRT v LR AISKY,
[h4 S5 ILAEEDSBS NI EEL-EBERINEET S
AREMED S,
— McLerran & Pisarski MIEZFELT= Quarkyonic FBIZ¥ G
QY may be the “NEXT” to the hadron phase even at N =3.

s KUY realistic ZHERYHFLIARITT
1/g*, 8D Fermion, JL—/\—%hE .....

— to be continued !

4\""1
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