I ETEF OCD [ZH17B Quarkyonic 15

Quarkyonic Phase in Lattice QCD at Strong Coupling

AKkira Ohnishi and Kohtaroh Miura
Yukawa Institute for Theoretical Physics (YITP), Kyoto Univ.

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

& Summary

Miura and AO, arXiv:0806.3357
Our previous refs. on 1/g° corr.
AO et al. PTP Suppl. 168(07) 261 [arXiv:0704.2823]
AO, Kawamoto, Miura, J.Phys.G34(07)5655 [hep-lat/0701024]
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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 in QCD with N =3 ?

— QCD at Finite (but not very large) u
— Strong Coupling Lattice QCD

YITP Kyoto
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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, ...
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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
L e = _d\% 1
1':,: =€ " Xz40 'II:] (‘17]1:33 -

+—0

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

(Mean field approx. ¢ (Scalar), Saddle point approx. for ¢ (Vector))
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Effective Action with 1/g° (2)

# Temporal Plaguette action
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s Effective Action with 1/g’

Scale of Temp. Spacing

Aux. Terms
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Effective Potential with 1/g°

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.
=

@ 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
¢QS
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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

2 . . . : .
s p 0> p 19 at 6/g* > 3.53 | N Tf(%iﬁ; -
. 1-5 - N A
@ Key: Effective chem. pot. . AR Tﬁﬁgg L
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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
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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
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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]
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Critical End—Point

Fukushima (08)
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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

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.

Do we really have QY in nature ?
# — N =2, Imaginary p, 1/g* (to be studied)
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Backups
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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)

0
0.0

T s Damgaad, Kawamoto, Finite T

Shigemoto, 1984 T =1.1 GeV

— Conjecture !
Damgaad, Hochberg,

- 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) n =290 MeV
@ 2007 — R=1.34 (Baryon) ) -
but it is still too small ..... B =0 0:=0.1
R T 2007 62—
...... f=2 29_04 ’ 0.8 r |:};1E<:
~ . e S 06 FeT
o ¢ | Finite T& | .l .
- Finite T& n £ -0 H 4 ' ff
1992 Nt
- G0 | 1storder 0 01 02 03 04 05
: vt R - R 06 WT,
Bilic, Karsch, Quark Chemical Potential Kawamoto, Miura, AO,
R\A) Redlich, 1992 Fukushima, 2004 Ohnuma, 2007
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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
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S(;):EZ

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

X+0

X

(XX)V,, (XX)+X (VV+m,)X Spatial-link integral | xx . M .

1
5 (1/d expansion)

1 _ Hubbard-Stratonovich
— EO'VMO'—FX(V(U-I-VMO'—HT]O)X ) "

Fermion and Temporal-link Integral

d

l il st
Transf. (Bosonization) e 8 Xo
.

4

d _
— LN, N g +V (bUU,T,u)

SCL Effective Potential dX,dU,

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

00
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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,ul=--5,,0,

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

@ Temporal Link — V'V-

Vi = e XaUo(@)X, 46 -
‘[',f;:_ — E_ﬂfT—HﬁUD (417)1;’3; ﬁ * VI -I 14

<+—0
s Effective Action

'T{T::I L 1 _|_ — _|_ —
A% = Inzg? Z VeV # V2V
= T, 7=0
A(s) _ 1 o
AS5 = —gNi > MM, M, ;M ;.
*\?QS € . k>5=>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
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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:?{] = =

o\
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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>=-g :
s Baryon Density (= p /3) o f" g,
2L Ll _"""*--._,_'_h.-. J
@ p_~0in Nambu-Goldstone (NG) phase e “‘-{;3}.2' o =
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 e
@ Quark driven P ~ O(N ) i o “es
' “og e~ 02 M
@ P(QY) <P (Wig.) R
'____ WiglmruT
S 1 r% ﬂ.g s _’_I_“"--H
P = IN. <t.1' H Uo + H DD} > o f’_’d_““mﬁ.\
" ’ 1:?,-:' N _-h‘“"“-»._ " 08
Xn.—1 cosh /T + Xy cosh [(N. — 1)n/T Mﬁ'jﬁi' "\.\H_ i
= - - T . ot : 3
N. (Xn. + 2cosh [N.ji/T)) A\
.t\?ﬁ.
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Why do we have QY ? Which Explanation do you like ?

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

o« o 2
and generates a local minimum N.=3, 6/g"=4.5, T=0.01
in the region of 6 <<o¢ 0

vac

# 2nd order P.T. condition
(C, =0) leads to the relation . 1 QY

of effective p and T.
F =F(0=0)+C,0’+C,0"+... Wigl

(1st) (2nd)

=“5 ’ y wee g
Cz(T,I,l—ﬁqu<O':O)):O 0 u 3 AR: ’ i ' =
(2nd) -
—)IJC _f<T)_ﬁqu -ﬂ.S /—\’\W
# Smaller o g 1l ;’
- *of  F ¢ with

— Smaller const. quark mass P H p‘{k*’m o ug o
— Larger p, A8 | Vet

— Smaller p_, 2| p= uﬁ““ L V(=0 ‘j

8]
OhniShi, Miurﬂ, JPS@I uluugubu, UV VU /) a U™ I -

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