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# Introduction
# Finite Coupling Effects in Strong Coupling Lattice QCD
s Polyakov Loop Effects

# Conclusion

Miura,Nakano,AO,Kawamoto, PRD80('09),074034.

Nakano, Miura, AO, PTP123('10)825.

Nakano, Miura, AO, arXiv:1009.1518

Nakano, Miura, AO; Miura, Nakano, AO, Kawamoto (LATI10)

o Y'TP Ohnishi @ Tohoku U. Seminar, Dec.21, 2010 1

nnnnnnnnnnnnnnnnnn




OCD Phase diagram

# Phase transition at high T — Lattice MC, RHIC, LHC

# High p transition has rich physics
— Various phases, CEP, Astrophysical applications, ...
but Lattice MC has sign problem at finite density.
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Experimental & Observational Approaches

8 FAIR / Low E prog. of RHIC < 8 % |
aim at searching for baryon rich = M \ -~ Quark-Gluon-Plasma
e 0 ° | LE
QGP and Critical End Point. 2 |3+ 2
Ewl T _
a8 Neutron Star observation of = A Hadronen
° ° I'E
radius & mass (simultaneously) o
reveals EOS of dense matter. ; ;;: B
iohbe pip
" FAIR
i
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Ozel, Baym & Guver, arXiv: 1002.3153 [astro-ph. HE] RHIC
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How can we attack QCD phase diagram ?

a8 Lattice QCD Monte-Carlo
simulation with some prescriptions

@ Taylor expansion, Analytic cont.,

Reweighting methodd, Canonical
ensemble, ...

— HEREZTEITARRE
BENEESh TS,
but 7357 L —T CTRLLHHER

s Effective models of QCD

@ Nambu-Jona-Lasinio (NJL),

Polyakov NJL (PNJL), Random
matrix, ....

— MC-LQCD TEt & aREZ fls o
EXEBRT—3=RBHL. EEEE
EO-ANEE
but X RKESHERIKEFN
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Z.Fodor, S.D.Katz, JHEP 0203, 014
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K. Fukushima, PRD77('08)114028.
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Another Approach: Strong Coupling Lattice QCD

s BESHEETIIINL—F 2 DEBEIT/NEL
— Plaquette (7' IL—F2 I —7) QOPEWNERRIASNZEZRY
— 1/82 ORBEROT, TV —F > DB S ERTRIICEST

# Pure Yang-Mills / 585 &R TOXRELTHIN
@ DA —ODEHALAD Wilson('74), Munster ('81)

o AAZIXIHED N L EIE  —— sc-LQcD
= — * MC
o MC BtHIZL 34 <
e e |
N Finjte T, U(3) S Lo, 1 10 \
. - v ;Strong coupling region ‘-'| ‘\\f%
B=w% v e L
; : (yy) 20 agu - Weak coupling region ‘ \
) 05 \ ‘.".
0.7 "
% o1 o0z 0z 04 05 [ \| y
. L
1 2 3

Damgaard,Kawamoto,Shigemoto ('84) de Forcrand, Fromm ('10) 0 B=2N dgﬁ (Ne=2)
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Towards the phase diagram in the real world

s Fermion 28 HE. @ SHBER (Strong coupling limit; SCL) Tl&
REGZRIhZEINDOT=5 ...

o HFEWE g— o)

@ Staggered fermion ( E#tFEIE T N, — 4)

o RITIEFTE TIX Larged 384 (1/d BBEA® LO) + 3558481

@ Polyakov loop (FFFALIADHEEBDKFER ) 2 F LD
— JERACAHIRER H Bk TEZLY

o NUALHEME (N p <M ; BRMEMNTELHAINHER)
s BEREAHE - RIF7OL—THREELHEEHEF QCD

NLO (1/g°): Miura,Nakano,AO,Kawamoto, PRD80('09),074034.
NNLO (1/g%): Nakano, Miura, AO, PTP123('10)825.
Polyakov loop: Nakano, Miura, AO, arXiv:1009.1518

Miura, Nakano, AO, Kawamoto (LATI10)

— BHZED QCD HEOERZIZRIT-HRDER
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SC-LOCD: Setups & Disclaimer

# Setups & Disclaimer
@ Effective action in SCL (1/g"), NLO (1/g%), NNLO (1/g*) terms
and Polyakov loop.

NLO: Faldt-Petersson ('86), Bilic-Karsch-Redlich ('92)
Conversion radius > 6 in pure YM ? Osterwalder-Seiler ('78)

@ One species of unrooted staggered fermion (N=4 @ cont.)

Moderate N f deps. of phase boundary: BKR92, Nishida('04), D'Elia-Lombardo ('03)
@ Leading order in 1/d expansion (d=3=space dim.)
— Min. # of quarks for a given plaquette configurations,
no spatial B prop.
@ Effective potential is obtained in mean field approximation
@ Different from “strong couling” in “large N ”

Still far from “Realistic”, but SC-LOCD would tell us
useful qualitative features of the phase diagram and EQOS.
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Effective Potential in
NLO and NNLO
Strong-Coupling Lattice QCD
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Strong Coupling Lattice QCD

s Lattice QCD action
1 - 1 _ _
SLQCDZEZ [V;__Vx ]+m02 Mx+zz n]x(xx Uj,xxx_Xx+j U;_xxx)
X X X, J

g P . ‘5 O«——o : y
Vv V- \;-Ej Xz4j U}‘) L} )
Mesonic composites and c.c.
Mx:)?xxx’ V::eu)_(xUO,xXx+6’ V;: UO xXx

s Effective Action & Effective Potential (free energy density)
7= fD X, X, U, U,;lexp(=S o)

=] DIX.X, U,lexp (=S, ) (exp(—S;)) (U ,integral
Nf D|X,X, Uo]exp(—Seff[X,)_(, Uy P,.]) (bosonization)
~exp(—V F (@, T,u)lT) (fermion+ U ,integral )
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Finite Coupling Effects

s Effective Action with finite coupling corrections
Integral of exp(-S ) over spatial links with exp(-S,) weight — S __

-1y
Seff:SSCL_IOg<eXp<_SG)>:SSCL_Z ( n/) <SG>C

n=1

<§."™> =Cumulant (connected diagram contr.) c.f. R.Kubo('62)

DR OE

MMMM MMMMMM VIV MM VIV-MM

SCL (Kawamoto-Smit, '81)

[(MMMM] i« NLO (Faldt-Petersson, '86)

) x,j=>0k=>04k#]

B v wrweawew . P )
' .x;n[w WA m(d—1}(d—2)_Lj}‘l'kzmmm[MMMM];u[MM]

VeI
Brs

sdd—1) Y WVIVTHvIVT ([MM]N_;} + [MM]LH;@@) NNLO (Nakano, Miura, AO, '09)

x, j=0,|k|#j

i a+l
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Finite Coupling Effects (cont.)

s JLskESN 7= Hubbard-Stratonovich (EHS) Z#t

o 8755 Composite DFFD 5 HREHAIEE
Miura, Nakano, AO (09), Miura, Nakano, AO, Kawamoto (09)

exp(x A B)
=[ dpd pexp|—a(@’—(4+B)p+¢d’—i(A—B)p)]
~exp|—a(@ Y —AY—P B) | ionary
ARES TSR

o HEIRIMIRYAATERDEIL (FFEARD hopping NEL)

o ANVA—VEHEMDZEIL (4 Fermi + 8 Fermi + 12 Fermi)

° BIMERERTUOVILDEIE (RIMIVEIEFEI)

@ RYML-ADS5—HEE

in)ngghninii=Sal

' MMMM V-V MMMM MMMMMM V*V-MM VAV-MM
Ww
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Effective Potential in SC-LOCD with Finite Couplings

s Effective Potential in NLO/NNLO SC-LQCD
Miura,Nakano,AO,Kawamoto,PRD80('09),074034; Nakano,Miura,AO,PTP123('10)825.

— (X) ~ |~
Fg=Fg (0, w0.)+ Vq(mq’ i, T)—N_logZ,
o~(M) (chiral condensate), w_~—0F /0 u=p, (quark number density)
b~00+m0
A~ o
Z.(1+4B._@.) 2N
Su=p—p=log(Z 17 )~B,w,x[1+BL a*+..]

><(1 —I—E(Uma)(rz—ﬁfrmcicrzwi#...)

mq—

V. (m,u,T)= —L—log[fD Idet (G|

o [sinh(N,+1)E, (m)/T)
— [ sinh (£, (m)/T)

E (m)=arcsinhm (quark excitation energy )

NLO/NNLO SC-LOCD
= ow model of quarks non-linear couplings
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Phase Diagram Evolution

# Shape of the phase diagram is
compressed in T direction with B

— Improvements in R=u /T !

@ MC(R>1) — SCL (R =(0.3-0.45))
— NLO/NNLO (R~1)
— Real World (R~(2-4))

# (Critical Point

@ NLO: u(CP) ~ Const.

@ NNLO: p(CP) decreases with p
— Improvements !

(Staggered — Ist order @ p=0) o5~ ooupe
D'Elia, Lombardo ('03), Pisarski, Wilczek ('84) 0 {,x”‘f Sonetnn e f,x; 0
@ u(CP)/T(CP)~1 < MC (WT > 1) 02 0d g 4 NG
Ejiri, ('08), Aoki et al.(WHOT,'08), H '
Allton et al., ('03,'05)
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Critical Temperature and Chemical Potential

s Critical Temperature (n =0) — rapid decrease with p=2N /g’

2.5
@ W.F. Renom. factor ZX )
— suppression of mass -

T 190

@ T _is still larger than MC results i

de Forcrand ('06), Gottlieb et al. ('87),
Gavai et al. ('90), de Forcrand, Fromm ('09)

8 Critical Chem. Pot. (T=0)

= 1}

0.5
0

NNLO
: NLO ---e----
T .(SCL, u=0)(MC) -

2(1/d, N3LO,

Pol. loop,..) =

0 1 2 3 1 5 6

2
— weak deps. on p=2N./g
. 1 P A—
@ Suppression of. mass os | Nﬁfg ceetin]
~ Suppression of n ‘
<5 0.6 M‘
@ Consistent with previous results E o4l |
Bilic-Demeterfi-Petersson, '92 ' o1=0
0.2 |
# NNLO effects are small 0 | | ,
on T (u=0) and pu (T=0). 0 1 2 3 ,4 5 6
(1 =0) and p (T=0) B2
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' Polyakov Loop Effects in SC-LOCD I
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Polyakov loop effects in SC-LOCD

# Polyakov Loop D 7 N 7
A ) At
N

) :
P:NitrL, L:Texpl—ifodx4A4]=THUO(T,x)
T=1

C

@ Order parameter of the deconfinement transition in the heavy

quark mass limit.
A.M. Polyakov, PLB72('78),477; L. Susskind, PRD20('79)2610; B. Svetitsky,

Phys.Rept.132('86), 1.

@ Interplay between PL and y cond. is known to be important in

effective models
A. Gocksch, M. Ogilvie, PRD31(85)877; K. Fukushima, PLB591('04),277.

Polyakov loop will definitely affect QCD phase transition.
— Let's evaluate its effects in SC-LOCD
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Effective action with Polyakov loop

# Polyakov Loop action in the leading order of 1/g*

@ After integrating out plaquette action over spatial links, we get
N,
g21N N’ Z [Px P, .+ h.c.] (LO in SC expansion)

x,j>0

L=

@ Polyakov loop coupling with fermion

AS,=—

c

ZNH.[dL(x>e_ASpd€tC[1—l—Le_(E ”1+L E—l—u)/T]
1 [ dPdP H(P,P)e 5|14+ N_Pe 5T 4 N P2 ity o 3tEii]
[l—i—N Pe —(E,+@)/ +N Pe E+u)/T+e_3(Eq+m/T}

Finite Polyakov loop [ enables one- and two-quark excitation
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Effective potential with Polyakov loop

# Haar measure method

@ Replace the Polyakov loop P with its representative value /, and
Haar measure is included in the potential.

Foq=—N.E —Tlog [1 4 N e~ E-A)T L N go—2E-@)/T E_r_—fjiff_lr}}_l_-"]'i|
— T log [l + F"I"_f_-ft'f_”f_'ﬁ’];?_ + Nfe  2EFA)T 4 t’f._ji”_'ﬁ“]'”_] — N.log 4, ,
U, = — 2T8,0f — Tlog [1 — 600+ 4 (P + ) -3 [fﬂ?] |

E. M. ligenfritz, J. Kripfganz, ZPC29('85)79; A. Gocksch, M. Ogilvie,
PRD31('85)877; K. Fukushima, PLB 553, 38 (2003); PRD 68('03)045004;K.
Fukushima, PLB591('04)277.

# Bosonization method

@ Introduce the auxiliary field / = <P>, and integrate out U =L.

: 1 N ; 1 - 5 ) ) )
AS, = (ng"'-’}.-) NZ Y 2(0— Pt —0Pc) ~28,L%% 28, (Pct + IF)

x,j=>0
— Weise mean field approximation
c.f. J. B. Kogut, M. Snow and M. Stone, NPB 200('82)211 (no quarks)

—r Y'TP Ohnishi @ Tohoku U. Seminar, Dec.21, 2010
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Polyakov loop potential

# Deconf. phase transition
I=0atlowT —/~1athighT
is mainly governed by U,

s Integral over U,
in Bosonization method

@ Fluctuation of PL
— smooth potential

@ No singularity at/=1
@ Correlation of / and /"
(1,1,)=1 evenat I=1=0

— meson excitation is favored

p=2N_/g*=4.0, T/T, 4=

c.d”

0.9,1.0,1.1

T, 4=0.7491

c.d™

. Bosonization

AN

T, 4=0.6127

Haar measure

nnnnnnnnnnnnnnnnnn
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Chiral condensate and Polyakov loop

8 Chiral and Deconf. transition correlate ! I  yakor Loop
s SC-LQCD w/o PL: quarks are confined. | [,
— PL promote quarks to deconfine !
(cf. Quarks are not confined in NJL ;
— PL confines quarks in PNJL.) i
s Tc is suppressed with PL o
o 20 300
2 Temperature [MeV]
, _ PB=2N//g"=4.0, u=0, m=0.05 Fukushima ('04)
6/N.wPL —— 14 | | ]
6/N.w/o PL --—--. ., L@ ik SMeV] o
my=600[MeV] --—.- -
1 s — oo - -
0.5 1 > 08f —
o 081 S -
0.4 - A\ -
0 0.2 F / e
0 0.5 1 Dm D.I‘IE — (}I.Z (}.IZE 0.3
T T[GeV]
Nakano, Miura, AO, Latl0 & in prep. Sakai, Kashiwa, Kouno, Yahiro ('08)
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Critical Temperature at u=0

8 SC-LQCD w PL seems to be > 5 | ~ m=0.0 |
qualitatively promising. , | B.;(% . écmﬂ ufg; %8 —]
Is it quantitatively good ? B e

T 15 AC..
@ Improved from SC-LQCD o1 L - NNLO w/o PL
w/o Polyakov loop. 05 | NNLO w/ PI—F— 7"
@ Polyakov loop suppresses T . 0 e, e
0 1 2 3 8! 5 6
(cf. PNJL) o
@ Quantitavely, not bad for p <4
inT_(B)
@ In the “scaling” region (>5), we Nakano, Miura, AO, LATI0 & in prep.
do not see further bending of T MC Results:

Ph. de Forcrand, M. Fromm ('09),
Ph. de Forcrand, private comm.,
S.A.Gottlieb et al. ('87),

D'Elia, Lombardo ('03),

Z.Fodor, S. D. Katz ('02),
R.V.Gavaiet al. ('90)

in SC-LQCD.
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Quarkyonic matter

McLerran, Pisarski ('07), Hidaka, McLerran, Pisarski ('08), Kojo, Hidaka,
McLerran, Pisarski ('10), Glozman et al('08), Fukushima ('08), Abuki, ..,
Ruggieri ("08), McLerran, Redlich, Sasaki ('09), Mitfm, Nakano, A0('09),

# Quarkyonic matter I Deconfined

Chiral
" Transition

@ T, is governed by gluons at large N _,
Hadron

Quarkyvonic

while high density matter is realized at p~m_

— deviation of deconf. and chiral transitions - -~

@ SC-LQCD with PL (Haar measure method)
shows large region of “quarkyonic” matter

5.5 :

d%MT'
1.2 i 3 Chiral Trans, -——-- 7
A 45 Peaks &
1

0.9 15 (B, w)=(4.0, 0.5)

, 08 3
2.5 P
0.3 2 =

l.i --#___‘___-f "'-.‘L// = = 1"“\-\-5__

0.5
0.8 0

0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Temperature T

\

Comparison with Other Models

Quark-Gluon Plasma

sQGP

Critical

Point O

b&c;gés <
CON Quarkyonic
. DRt
Hadronic Phase %) Matter —
B\
Liquid-Gas 9 25

X CFL-KD, Crystalline CSC

Nuclear Superfluid Meson supercurrent Baryon Chemical Potential s

Gluonic phase, Mixed phase

Fukushima, Hatsuda ('10)

Miura, Nakano, AO, LATI0, in prep.

Grozman et al. (08)

Abuki et al. (08)

QUTARE - GLION MATTER 20k
liU'_—
EIDD:—
= L
soF
B Hadromie - like Quarkyomc
U‘-_I 1 1 1 1 ]ike 1
0 100 200 300 400 500
n [AeV]
Fukushima (08)
[ommemmene Deconfinement Crossover |
i ' 5= Chiml Crossover ]
— 200F
=
- e
=
T T T T T T — o
0.2 P, - g Ty
| . hﬂ'"\t £ u— Chiral E.mssm'ar Ease
[t g 100 . "-.\k-
0.15 | . 3 - . \% i
% -* ) i Critical End—-Podnt i
=) b " L : {
= 01 ) - . . . . .:'
chiral =—— [ ‘7 0 200 400 800
0.05 quark}rnnu: ______ ' Q Qﬂaikchfﬂ]lfﬂlPUtﬁ'ﬂnﬂl I}c’iﬁ"‘r‘]
deconf. «seeeees :
CEP =
0 | | | |
0 005 0.1 015 02 025 0.3 0.35
u [GeV]

McLerran, Pisarski, Sasaki ('09)
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Summary

# Strong coupling lattice QCD (SC-LQCD) has been developed to
describe the QCD phase diagram at finite T and p.

@ Approximations: double expansion (1/g% 1/d) and mean field.

@ Recent development: NLO and NNLO in 1/g%, Polyakov loop effects
cf. Jolicoeur, Kluberg-Stern, Morel, Lev, Petersson ('84)
— NNLO at T=0 treatment (no phase diagram study)
Gocksch-0Ogilvie model
— SCL-LQCD + phen. string tension

SC-LQCD may serve a qualitatively competitive framework
to effective models such as PNJL in some aspects of the QCD
phase diagram.

@ NNLO w/ PL (bosonization method) roughly (i.e. 10-20 % precision)
explains T in MC simulations for p < 4.

@ NLO w/ PL (Haar measure method) predicts the existence of the
quarkyonic matter.

o Y'TP Ohnishi @ Tohoku U. Seminar, Dec.21, 2010 25

zzzzzzzzzzzzzz



Future directions

# Further studies are necessary to give nuclear matter saturation.

@ NNLO SC-LQCD solves the “Baryon Mass Puzzle”
(u, > M_/3 @ SCL), but nuclear matter does not saturate.

@ Auxiliary field fluctuations and 1/d higher order terms are the
plausible origin of saturation.
— Nakano's next work ?

@ Combination with MC simulation may be an interesting direction to
pursue.

# Problems....

@ With Polyakov loop, rigorous 1/g* expansion is broken.
How can we justity it ?

@ Transition at p=0 in the chiral limit is still 2nd order.
How can we include the effects of anomaly ?

@ There is still an unsolved homework in the strong coupling limit.
Any idea ?

Ohnishi @ Tohoku U. Seminar, Dec.21, 2010 26
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Thank you for your attention !
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Constituent Quark Mass in NNLO SC-LOCD

s Mechanism of “stable” p (T=0) in NLO/NNLO SC-LQCD

Effects of quark mass reduction & repulsive vector pot. cancel
Transition Condition at 7=0: E _(ri )=f~u—B' w,
—u=E (di,)+B' w,

|
Pocket formula HC,TZOZElEq(O-:O-VEw’wT:O)_I_aIJ(O-:Oaw:NC)]
! | u
1st 1 [ Eq(vacﬁ _—
0.75 He 2 e
-E 'L ERL ] ‘2:7- _____________,_._d-:—-:—‘-:':"'{.:’:
‘-‘:‘.j 'D+5 \ Lﬂh 0.5 —_—— |
0.25 | approximate form =
0 ' ! ' ' - 0 - :
0 1 2 3 ) 4 5 6 0 1 2 3 24 5 6
P=2N.g P=2N g

Quark mass (R E q) is smaller than u_ for > 5.5.
— “Baryon mass puzzle” may be solved !

28
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Nuclear Matter on the Lattice at Strong Coupling

# Do we observe finite density matter

before 1st order phase transition ? 3'§
— Yes ! 25 )
o E (n=0, T=0, p=6)=0.61 mg 1.? :
p *(T=0, B=6)=0.65 g

— “Nuclear matter” in 0.61<u<0.65 05 |

0
a EOS of “Nuclear matter”
@ a1=500 MeV
Bilic, Demeterfi, Petersson ('92) iz
— Density in the order of p,
>
@ No saturation g 20
@ 1st order transition at p,=0.4 fm". =
10
20

NNLO SC-LQCD (B=2N /g*=6)

p [
| g ______ /
0.6 0.65 0.7
ajl

| !l“,r'.

NNLO — |
FP =
SCL3-RMF ---

0 01 02 03 04 .05 06 0.7 0.8

pg (fm™)

VVVVVVVVVVVVVVVV
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