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# Introduction

--- Grand Challenges in Quark-Hadron Sciences

# Auxiliary field MC in strong coupling lattice QCD

& Summary
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Grand Challenges in Quark-Hadron Sciences

# Nuclear matter on the lattice

@ Lattice QCD TEMHODHRIEREFEXZALGN,ZT S,
@ Problem: EEZEE (B ® n) Tl Fermion det. 5% complex (FFSRIEE )
o HIEEEF QCD THOMBIZETHOES (THEEIE?)

# Real-time non-equilibrium dynamics of QCD for HIC

@ QCD M>HFELTRHIC, LHC D E A A EEE#EL<

@ BHR: Classical Yang-Mills (CYM) . 8KV CYM LA FEBIEDES
— BRI -TRILF—BX

@ &7?:QCD O real-time “quantum” non-eq. dynamics

# Dense matter EOS

o EE-FAIT—2ZBEL. QOCDERARZSUARBEEREBHER

o R N\MROVEHEZSEE1.97 Msun DHREFENRTZOAALN,
HDASILEDERIZ LD EOS TIXEAFYE or BRMELATFT+2

o BRFE(?): RMF IZEHIT53{K., baryon loop

Ohnishi, Colloguium (2011/07/20) 2
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Thermalization at RHIC & LHC
# Success of hydrodynamics at RHIC & LHC

@ Results are sensitive 2 a2
to initial conditions é"’r '€L.\‘

(Early the.rmallztlon CGC Hadron Gas
+Fluctuation) | | >
T—= 0 CYM T—T =T a T=T T
" i—Iadron Fo
(+KB?) +Jet Cascade

# Entropy production in Classical Yang-Mills
Kunihiro, Muller, AO, Schafer, Takahashi, Yamamoto ('10)

o SUALIGHMMENH > FREGHHMEHTIE?
o [RE: W HIGTIEFEE KRB A IEREICRE R TSN
# Can we solve pre-QGP dynamics in quantum field ?
o HHFEI S CYM+particle simulation Tl off-shell FHEAL

Dumitru, Nara, Strickland

@ Candidate: CYM + Kadanoff-Baym

i Yw:rP Ohnishi, Colloguium (2011/07/20) 3
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Dense matter EOS

- E%E%E EOS wﬁbb\ﬁﬁiﬁ Demorest et al., Nature 467. (201.0) 1.081.
o ELVHMFE (1.97 Msun) DRE =

Demorest et al.('10) N
— NYF - FREBISSUR)ZE
{RFELT= RMF TIEXZ oML, = o<

3 Eﬁgﬁ%.ja‘yaﬂ-\_)lxﬁ?ﬁziﬂﬁ £ 10
TDIA—IPEERDATREME

Hatsuda ('87); Sagert et al.("09); AO, Ueda, 0.5F
Nakano, Ruggieri, Sumiyoshi ('11)

A EET-'T‘T%)I\PD‘/'OT—7%E EOS 7 ) i h F!adil;(km) b " b "
=/\FAY EOS & bag 123! EOS % 350 .
Maxwell construction

(BBRmEL )

| Symmetric nuclear matter EOS

TO(cON+©O®ON+66N + 607
5 Scu A ——
SCL3(w/o =3 coupling) -------- 7

OCD R RZzd5. BFBETHEL
9A—0-\FOUYE EOS XD E

E/A(MeV)
t . EEEEEE

0 ﬂl.l l.'ll.4 'Illl.ﬁ § 'lll.ﬁ 1 lI.Z
T subakifﬁ(tfif"a,]A O, in prep.
Ohnishi, Colloguium (2011/07/20) 4
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Auxiliary field MC
in strong coupling lattice QCD
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OCD Phase diagram

# Grand Challenge
"Nuclear matter phase diagram and EOS in lattice QCD"

QGP l% Hadronic
@

w Matter
7
Q

. 0 “.]ﬂ
. : o) 0
Q. _. @ @ Strange Matter
L-G Mixed
Nuclear Matter
BT YiTP22S

Ohnishi, Colloguium (2011/07/20)
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"Nuclear Matter on the Lattice”! ~NDE DY

s BEOF7IO—F

o FAEE: NIL(#H-BEIs. X)l-X&, ..). PNJL({RIS.

o }8F QCD :FFSRIE — p=0or p=ip, MoDEH
s BEFE|MH/F QCD
o MFEEMRE (1/g’ <<1) I=T S
NLO, NNLO, ) _t_rgl_lg_ _Coupllng Limit
EB‘E H ﬁﬁﬁtl\ Pol. loop, . - ..
° U DEMZEEDHT Fluctuaﬁo;/ ‘
g — 0 (continuum) [ZIEIK o
T Y B "
. \ Reweighting
[Lattlce MC = Taylgr expansion
(n=0) Anglytic cont.
Cgnonical ensemb.le
r %‘ 75‘ ' i *LJ 75\ » continuum mulant expansion
[ EET B0 2 -
B =6N /g’ IZ

TTTTTTTTTTTTTTTTTT Ohnishi, Colloguium (2011/07/20)
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SC-LOCD Procedures

- X 1 _SLQCD
ZZID[X,X,UO,Uj]eXp IU IU+ o0 — l |
m

Spatial link integral

(1/g* and 1/d exp.) | —
_ ¥
=] DIy, %, Uplexp||:
6 3
Bosonizationl Ve MM :
Polyakov loop

Nf D[X:)Z) U0,¢]6Xp(_Seff[X’>2’ UO,q)]>

Fermion det. Mean (const.) field
& U, integral approx.

~exp(—V Fop (@, T, 0)/T)

L
- - Y TP |\9QS
|
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RIS TEF OCD [CLBNFETHDEYHFEHA

s SRFEEMEBR (Strong coupling limit (SCL))
@ QCD [ZESHE D F3E

Damgaard, Kawamoto, Shigemoto ('84);
Faldt, Petersson ('86); Fukushima ('04); 15+
Nishida ('04)
&
s RESER (NLO, NNLO) 0.5F

Miura, Nakano, AO ('09); Miura, Nakano,
AO, Kawamoto ('09); Nakano, Miura, AO ('10)

@ SCL TKETEFSHTc DIET

2.5 . . ; ; :
| (T=1/N_, u=0)(MC) —s—
@ CP D& p AI~NDFEE) (NNLO) N BTC(SCL, L-0OMC) _
s RYF7ATI—TDEA 215K
Nakano, Miura, AO('11); P N wm _PL
Miura, Nakano, AO, Kawamoto ('11) — i

0.5 | |w/ PL (Weiss) ———

@ p=0 TO MC HE#ER (To) & o LW/PL@MHaar) %
I 0 1 2 3 4 5 6
EYET::E B2 Jg?
- = - \?QS
- Yo TP # Ohnishi, Colloquium (2011/07/20) 9



BYLVEBAE ?

s BESHEFQCD IZHBIT5HEE (B)fluc., (C)1/d

(do)? Spr, (LO)
 WHE (1) B o s

@ Large dimensional (1/d) f&B8 ijﬁi‘?}f o
(d=ZH Rt =3) 1 #u
o I R - scacp

BALIHBBO—REHE

ll,-’g:'
(with Pol. loop)

G-ﬂc]-ﬁh D lhlL

= I | e
@ Staggered Fermion NLO L= (with quarks)
= . i = NNLO
4 ﬁﬁ®£4
P. de Forcrand, M. Fromm, PRL104("'10)112005; b T T T
W. Unger, P. de Forcrand, arXiv:1107.1553. Ll hh_k i

@ Monomer-Dimer-Polymer (MDP) _
simulation [Z&Y, sBFES BRI T comsmee e

2nd order

BEWT, BoZEDMREESATL | RS
QCD HEMNKRFES ol o

tricntical EII:III'I b=-g---

|5t order —&— | EI

%Bg&ﬁ Bﬂﬁé% %E&%':gt ° 0 01 02 c.3 n:l.-t 05 08 -E-I_T 0.8
AEFEE?
e o Ohnishi, Colloquium (2011/07/20) 10



Auxiliary Field MC (cMC(C)

8 SCL effective action QZ
Damgaard, Kawamoto, Shigemoto ('84) "Uo éU+ @0 @:@
@ Ignore plaquette action (1/g°) p .
0

@ Integrate out spatial link variables dU U . Ut=5 5 IN
of min. quark number diagrams f ab™~ cd  “ad “bc' " c

(LO in 1/d expansion)

Seﬁ=%Z[V+(x)—V (x)]-

X

ZMM +—OZM (y=a.la,)

4N,y

s Effective action of Auxiliary Fleld
Faldt, Petersson ('86), Miura, Nakano, AO ('09)

@ Extended Hubbard-Stratonovich transf. + U integral of q-det.

S o= 4Ncy . fz fulk )lUZO'k‘FT(Z“k]
—Zlog[ (x)] —ZXN[G(x)]+2cosh(3NTu)]
S(x)= [U(x)—l—i&(x ]—I—— , o(x)= Z ke o, m(x)= Z £ (k)e™m,

2Ny’ Y k, £, (k)>0 k, £ (k)>0

= = \?QS#
T Y TP* Ohnishi, Colloquium (2011/07/20) 11

TTTTTTTTTTTTTTTTTT
| YITP Kyoto 332



Numerical Calculation

s 4* asymmetric lattice + Metropolis sampling of 6, and & .

# Metropolis sampling
= One of the typical (popular) method of importance sampling

P, =1

Config. A | < Config. B
S.(A) > S (B) S (A)<S_.(B)
PA—>B= 23 [Seff(A)'Seff(B)]

@ Trial prob.: P™ =P"™  (detailed balance)

@ Pickup prob.: According to S_.
o In equilibrium, P(A) P, _=P(B) P, . — P(A) o exp[-S_(A)]
# Typical sampling size: Thermalization=5x10%, Sample=2x10°

# We have the sign problem, but the sign problem is less severe at
larger p.

|
TN YUKAWA INSTITUTE FOR
-
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o distribution

2.5

s Low T simulation [y=1.2, N =4 (T=0.30)]

2 L

@ Two peaks (6 ~06 ) — Onepeak (6=0) |

VN

— First order phase transition

@ Transition takes place at p ~ 0.4
(r=p,y*~0.58)
s Medium T simulation [ y=2, N =4 (T=1)]

@ Two peaks merges to be one
— Second order phase transition

@ Transition takes place at p ~0.16
(B =py* ~0.64) 7

*\\\ :0,02g NT=4 P (0-)

Y 25 -

Ohnishi, Colloquium (2011/07/20) 13



Phase diagram

s T, p are assumed to be given by y*/N , p y*

# Fluctuation of aux. field modifies the phase boundary.

@ Lower transition T, larger transition p

8 oMC results are close to MDP results.

@ ocMC overestimate T

C

in u~0 region by ~ 7 %.

8 When py? scaling is assumed,
ocMC and MDP results
reasonably match MF results.

2.5

2 5

SCL | MF ---
MDP(“T} ...... .
ocMC(y fix) ——

154 T TE T £C __OMC(u fix) ——
e SR ~~o

0 0.2 0.

. Y-TP4\"°S#
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Summary

s BEESHETF QCD [THIT5#B1IE MC [T, BoFLARGESHE
ZELITMY AN SBMBALELTIEDOIATREESHY,

o AIMERDBEZOhNIE., HEITFHFTITHES!
*» %FZARMEICHITSH Determinantal MC (Abe, Seki) EFE{EL

o HEMBEIZHEET DI, IS lattice TIXFHETTEE,
x7= finite p TLLAFELY

o ARFEIRZRYANTH(BEL) BRI - BIEST T AIRE
s [HRR
@ KZF7L lattice TIXFERIBEIELYERZ,

2 I}Zagon DicENE (1/\/d) ZMYANSEREZLITHXDEHEMN

@ staggered Fermion Mo E DR TUIYEZSMN ?
(staggered Wilson, staggered overlap ~ — Hh¥y)

@ {0 EFFEVTEENEES50?

Ohnishi, Colloquium (2011/07/20) 15
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OCD phase transition in strong coupling limit

8 QCD phase transition at finite p

@ Lattice QCD Monte-Carlo simulation has the sign problem.
There are many attempts to avoid the sign problem,
but the results at large p (W/T > 1 or p > m ) are not yet reliable.

(Reweighting, AC from Imaginary u, Taylor expansion, cumulant expansion, ... )
Fodor, Katz ('02); de Forcrand, Philipsen('02); D'Elia, M. Lombardo ('03); Allton
et al. ('04); Ejiri ("08); ...

@ Phase diagram is obtained by using the auxiliary field method of
strong coupling lattice QCD,

but those works rely on the mean field approximation.

Damgaard, Kawamoto, Shigemoto ('84); Damagaard, Hochberg, Kawamoto ('85);
Bilic, Karsch, Redlich ('92); Fukushima ('03); Nishida ('03); Kawamoto, Miura,
AO, Ohnuma ('07); Miura, Nakano, AO ('09); Miura, Nakano, AO, Kawamoto
('09); Nakano, Miura, AO ('10);

@ Monomer-Dimer-Polymer (MDP) algorithm was proposed and has
been demonstrated to work in the strong coupling limit (SCL),
but its extension to finite coupling cases is not easy.
Karsch, Mutter ('89), de Forcrand, Fromm ('09), ...

|
[
=™m m m  YUKAWA INSTITUTE FOR
-
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Problem in mean field approaches in SC-LOCD

# Three types of approximations

@ Strong coupling expansion (1/g*): Small number of plaquettes
@ Large dimensional approximation (1/d): Small number of quarks

@ Constant field assumption

# Phase diagram in mean field approaches in SCL may not match
the phase diagram in MDP simulation result.
— 1/d or constant field assumption ?

@ Higher orders in 1/d expansion: Still difficult to handle

(Bosonization breaks chiral and/or gauge symmetry.)

Azcoiti et al. ('03); Kawamoto, Miura, AO, Ohnuma ('07); AO, Nakano, Miura
('10).

@ Fluctuations of aux. fields: Not discussed seriously.

We try to extend the auxiliary field method of SC-LOCD
to include fluctuations.

Ohnishi, Colloquium (2011/07/20) 18



Lattice QCD action — SCL quark & U  action

s Lattice QCD action with (unrooted) staggered Fermion

X
1 + 1 I |
S1ocp=Sr T8¢ SG:_? Z trlUP_i_U;]fP EU IU :10 ;
plag. y4 0

1

Sp=y 2 @)=V g om0V s U e XM
X X

V()= 0 U sy V()= 05Ul e M=oter @i=aly, fp=1 orlly

8 Strong coupling expansion

(Strong coupling limit) 'U0 'U * 00 @:@
o, 6

@ Ignore plaquette action (1/g°)

VO
@ Integrate out spatial link variables
of min. quark number diagrams f dU U, U., cd= 04 55(;/ N,
(1/d expansion)
S =SV (x)-v (x)-—— 3 M. M. +—OZM
27 4N .y’ & _

ZUYITPay

TTTTTTTTTTTTTTTTTT
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Introduction of Auxiliary Fields

8 MM term = Four Fermi (two-body) interacting term

— Bosonization __ Non-Local NJL
SO =~ I D Ma M, = 4% ~ Z far () Mie(T) M _yo(7)
org 7.k

L? | 5 5 : ~ P -

=——  >_  fu(K) [pu(r)’ + &u(T)? + prc(Mic + M_y) — i (M — M_y)
-—'1.-"\-,;}-2
otk fa(k)=0
+op(r)? + L‘JEI:T}E i (M + M_g) + (Mg — ﬂ}_ﬁ}]

.

=anar 2. Ju() oo+ mim + mr — Z” o(x) +ig(z)m(2))

k.faik)=0

olz)= Y, Mo, w(@)= Y  fu(k)em

k. far (k) >0 ka1 (k) >0

. h
Ve, :§Z(¢r+3.1y—;ar_iy) . fu(k) = cosk; , k=k+(m,m,7)

J J

Ohnishi, Colloquium (2011/07/20) 20



Fermion Determinant

Faldt, Petersson, 1986
# Fermion action is separated to each spatial point and bi-linear

— Determinant of Nt x Nc¢ matrix

exp(—V o /T)=] d

Nc x N7t

= [ dU det| X, [o]®1,+e " U +(—1) e U ‘Nc

=X,—2X,+2cosh(3N, )

I.12=[c(x)+ie(x)m(x)]/2N_y*+m,ly I, e 0
Xy=By+By ,(2;N-1) e’ I, e
By= 0 —e* I e
By=IyBy_1+By_, : o
—e " Iy
_"Y TP \eas

Ohnishi, Colloguium (2011/07/20)
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Numerical Calculation

# Jump size is chosen to be new sampling prob. ~ 0.5

@ Always full Update of 6, and 7, (This may not be very efficient.)
# Initial cond. = const. ¢ ( 6=-2.5, -2.0, ..., 2.5)

@ Chiral limit (m=0) simulation — Symmetry in ¢ <> - ¢

@ Deep Setff min. at6 ~o __atlow T

# Sign problem is not severe in 44 lattice.
10

@ <cos 0> ~a few x 10~ or more.

s Computer: My PC (Core i7)

<cos 0>

-3

10 ‘ ‘ ‘ ‘
0 01 02 03 04 05 0.6 0.7 0.8

H[ﬁ'z
Ohnishi, Colloquium (2011/07/20) 22
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thitFE3 7D K5
s O7EETIEFRL G RETE
o AL D OA—=DEELN\)AD (N ARAV)EZETHE
d@ d@ ¢
e " S Y
S
BT ANARAY

quark—hybrid traditional neutron star
star

hyperon
ar

o rhfEF&RE (K, m)

neutron star with
pion condensate

dL& “G;S

sl - | Fe
n fF (R)KFEF el K = | 10° gom
u,d,s quarks Y
e |10 gom 3
(e F— | 10™ giem 3
° VX—UME : V- sy
@ 71'—7*1;&%&% strange star
( 3 8 ={K§ ) _ o nucleon star
ZSC = R~ 10 km
- Y TP 20S F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193
Tirr e Ohnishi, Colloguium (2011/07/20) 23
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BVPHEFESFYD.....

s 2010 FDEYT =a—R
[1.97+0.04 M, DEEBRZELOHEFENER ST
Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

o — M ERICE S<HA X
[NV — (REFE ) HholHAIHE (BREE ) DE<EEY.
FFfEIHYEN S (Shapiro delay) o |

X TO X5k
(1.97 + 0.04) M, DF{EF £,

nANDY, pRElFEREZES0

REBABXTIEIZA NG,
724 —VMETLEVVEEERAL
LETHS,

signature. We calculate the pulsar mass to be (1.97 = 0.04)M o, whi
rules out almost all currently proposed* hyperon or boson con-
densate equations of state (Mg, solar mass). Quark matter can sup-
port a star this massive only if the quarks are strongly interacting and
are therefore not ‘free’ quarks'.

Ohnishi, Colloquium (2011/07/20) 24
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REGTEA I FEDRAEE

s TOV(Tolman-Oppenheimer-Volkoff) A
- —RAENRTOENLENONYAERRD

|___— P(r+dr) 2 ) 3 2
3Gy Moy 2 d—P:—G<E/C +Plc’)(M+4Tmtr Plc)
s Bl dr r(1-2GM [rc’)
(i g M0 dM
\GHiE/ “C=4mr’elc’, P=P(e) (EOS)
ot e dr
~——— 4p e(r)/c2 M(r)
Non-Rela. ar r2
s RBHEX (E0S) 2 5ALHLHE-FEORARKIT—EB
REEAEL R b
E/A (ZRIIL¥—) =
- BEEHA

oome |
NnNARAY,
hF. 44—%2) | TOV FExk

' % (R)

>
\_ P, 20, EE () \_MR(EE-$5) i
'- - Yw:rP # Ohnishi, Colloguium (2011/07/20) 25
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