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Strong coupling QCD (SCQCD) under investigation for > 25 years. ..

Analyticl (Mean Field 1/c)

@ Mass spectrum: Kawamoto o Karsch and Mutter '89,
and Smit '81, Kluberg-Stern, MDP-approach (T ~ 0,
Morel, Petersson '82 A fic)

@ Phase diagram, Damgaard, o Boyd et al. '92, MDP at
Kawamoto, Shigemoto '84 T~Tc,pu=0

o Phase diagram with 1/g2 @ Azcoiti et al. '99 (MDP under
corrections: Faldt and scrutiny)
Petersson '86, Bili¢ et al.’92 @ de Forcrand and Kim '06,

@ Latest: Nishida '04, Kawamoto HMC, mass spectrum )
et al. '05, Miura and Ohnishi
'08 (next talk)
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Strong coupling QCD

Some Definitions:
Z=2(m.p.0) = [ DUDTDYe 5,

1 chemical potential, m staggered quark mass, 3 = % inverse gauge
0

coupling

Sa = Y. <1 - ;Retr[UP]>

P
Sp = Z Xx [nxu UXVXx+V - 77;1/1 U)'i(-—VVXX*IJ:| +2m Z XxXx
x

X,V

Ny = " (v =0) and (—1)=r<v>* otherwise.
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Strong coupling QCD (SCQCD)

In Strong (infinite) coupling limit, 5 = 0 - can do integral in links Uy, first
[Rossi & Wolff]:

Z(m, ) = /D)_Cpxezmzxxxxx I1Fs
(xy)
3
where F,, = Z(—l)kak(MXMy)k +k/6 [(BxBy)3 + (ByBx)s} and
k=0

. 0, for U(3)
|1, for SU(3)

New degrees of freedom are color singlet

Monomers My = 3. XaxXax: (®), monomers per site n, =0,...,3

Dimers Dy x, = #i(MxM,)¥ (=, =, =), bond number n, =0,...,3

(Anti—)Baryons B = X1xX2xX3x1 BX = >23X>22X>_<1X1 - = —
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SCQCD loop gas

Self-avoiding loops C of BB, pairs are formed, with signed weights p(C),

2miy= ¥ TSRt 2o 1T AC).

{nx,np,00} b loops C

constraint ny + >, np, = 3.
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SCQCD loop gas

Self-avoiding loops C of BB, pairs are formed, with signed weights p(C),

2miy= ¥ TSRt 2o 1T AC).

{nx,np,[0} b loops C

constraint ny + >, np, = 3.

e MDP description [Karsch & Miitter, 1989]:

Signed baryonic loops are associated with
‘ H polymer loops. Mapping the weight

H “_” pe(C) —  Wpolymer(C)
‘ |_| H‘ +cosh3u/T — 1+cosh3u/T

H o softens the sign problem.
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The worm algorithm in strong coupling QCD

Starting over from initial formulation of Z = [ ... introduce two
additional meson fields Mp,, , My, ,i.e.

<MbX1 Mcx2> == /D)ZDX Mle MCX262m Do XxXx H ny‘
(xy)

I
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The worm algorithm in strong coupling QCD

Starting over from initial formulation of Z = [ ... introduce two
additional meson fields Mp,, , My, ,i.e.

</\/bel MCX2> = /D;(DX MbX1 Mcxzezm ZX XoxXx H ny-
(xy)

@ Corresponds to introduction of additional

‘ H monomers ("worm” head and tail)
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The worm algorithm in strong coupling QCD

Starting over from initial formulation of Z = [ ... introduce two
additional meson fields Mp,, , My, ,i.e.

</\/bel MCX2> = /D;(DX MbX1 Mcxzezm ZX XoxXx H ny-

(xv)

@ Corresponds to introduction of additional

‘ H monomers ("worm” head and tail)

. @ MC-update via heatbath shift of head,
H H sample configs contributing to (Mp,, Mcy,)
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The worm algorithm in strong coupling QCD

Starting over from initial formulation of Z = [ ... introduce two
additional meson fields Mp,, , My, ,i.e.

</\/bel MCX2> = /D;(DX MbX1 Mcxzezm ZX XoxXx H ny-
(xy)

@ Corresponds to introduction of additional

‘ m monomers ("worm” head and tail)

. @ MC-update via heatbath shift of head,
H H sample configs contributing to (Mp,, Mcy,)

H @ No restrictions in mass range (e.g. can take
m — 0) in contrast to local monomer
changing Metropolis step — < ee
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The worm algorithm in strong coupling QCD

Starting over from initial formulation of Z = [ ... introduce two
additional meson fields Mp,, , My, ,i.e.

</\/bel MCX2> = /D;(DX MbX1 Mcxzezm ZX XoxXx H ny-
(xy)

@ Corresponds to introduction of additional

‘ m monomers ("worm” head and tail)

. @ MC-update via heatbath shift of head,
H H sample configs contributing to (Mp,, Mcy,)

H @ No restrictions in mass range (e.g. can take
m — 0) in contrast to local monomer
changing Metropolis step — < ee

@ See U(N) [Adams & Chandrasekharan '03]
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Simple efficiency test

Local Metropolis, 43x2 at e m, = 0.025
1 ‘

O 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 4.5

# iterations X 104

Worm, same parameter set
1 T T T T

0 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 4.5

# iterations 4
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Consistency check with HMC

Worm-MDP vs. HMC (Forcrand and Kim '06) 3 = 0, same volume (u=T = 0)

0.8 T — 1 - - - 1 - " 1 T T T T 1 T 1
0.7r N b
i & {
0.6F B
0.5F . i
0.4r H
+om, HMC
0.3- + (I/NC |
70/NC, Mean-Field
0.2r —m i
T

01l o cr/NC, Worm

mT[

0 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " T T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
m
q
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Consistency check with HMC

Worm-MDP vs. HMC (Forcrand and Kim '06) B = 0, same volume (u=T = 0)

— — —T— e e B — — T

0.48}
0.46
0.441
0.42}

0.4
0.38[

0.36

+om, HMC
—m, Mean—FleIdi

0.34F
0.32

mn, Worm
1

0.03

!

0.035

s

0.3

0.025 0.04 0.045 0.05
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SCQCD chiral restoration transition

Phase diagram in the chiral limit as obtained by mean-field calculations
[Damgaard et al. '85, Nishida '04, Kawamoto et al. '05]

1.2 ‘
G::ﬂ lit —
1 2nd ---
<. TCP
0.8
= \
= 0 670 N
0.4 (one local min.)
0.2 IR S
L= - (two local min.)
00—
0 0.1 0.2 0.3 0.4 0.5
WwT,
Literature: T, = % pe(T =0)=0.57 —0.66. (0 o (YaXa)) J
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SCQCD chiral restoration transition

Puzzle

@ Strong coupling MC-simulations [Karsch & Miitter 1989] at finite
quark mass and T = 1/4 confirm 1st order finite x transition and
extrapolate to puc(T ~ 0,m = 0) = 0.63 (in agreement with
mean-field)

@ However: Expect (T = 0)-phase transition when
3u > Fg = MNycleon =~ 3,ie. pc =1

@ Nuclear attraction strong, O(300 MeV) ?

@ Or: Finite T effects (MC), extrapolation in m (MC) or mean field
approach inaccurate ?
— Check with worm-MC in the chiral limit, T =~ 0.

o Note: Mean field calculations with 1/g? corrections [Bili¢ et al. 1992]
show that pue. — My/3

v
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Preliminary Results, varying mass

Baryon number density ng: L3x2 (4), m, = 0.1, Worm vs. Metropolis
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Preliminary Results, varying mass

Baryon number density g L3x2 (4), m, = 0.025
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Preliminary Results, varying mass

Chiral condensate o, L3x2 (4), m_=0.025

q
1 T T V‘E‘E;Vé“E‘V‘E T L
g 8 8 8 8 8 8 8 g EE\EE\EE\BSE{E@E
i=3
= k=3
L 8 =3 i
0.8 g s g a
B =
=4
=]
=]
065 N=2L=-4 E i
o o L=10
O Nt=4,L=4 o Phase
o L=10 coexistence
0.4+ Nt:4
=]
o
=]
0.2r b
=]
= =]
k=3
BBEEQEB -
P B AAA‘AAEE‘E‘EEEAEAD1

0 PR U I S S SN S S S SN S ST SRS NN ST ST
0.48 0.5 052 054 056 0.58 0.6 062 0.64 0.66
u

M. Fromm Revisiting SCQCD at finite ;« and T



Preliminary Results, varying mass

Baryon number density Ng: L3x2 (4), mq =0
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Preliminary Results, varying mass

Baryon number density Ng: 10%x2, varying m,
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Preliminary Results, varying mass

Energy density &, 10°x2, varying m,
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c.f. Mean-Field phase diagram, Nishida '04: qualitative

agreement
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Preliminary Results, m =0

Baryon number density Ng: L3x2 (4), mq =0
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Preliminary Results, m =0
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Take T. =5/3, c.f. MC T, ~ 1.4 [Boyd et al.'92] ]
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Preliminary Results, m =0
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Take T. =5/3, c.f. MC T, ~ 1.4 [Boyd et al.'92] ]

M. Fromm Revisiting SCQCD at finite ;© and T



Summary & Outlook

e Can locate T = 1/4 transition with p. ~ 0.62 in the chiral limit
(<mg/3), T=1/2, uc = 0.54

@ Observe smoothening of finite T transition with increasing mass - in
accord with mean-field

o Extrapolation T — 0 remains open,

e Study 1st order PT with multicanonical algorithm
e Include asymmetry ~y to vary T continuously
o Check mean-field predicted relation T = 2 /N;
o SCQCD Phase diagram
@ In the chiral limit: Locate TCP
e CEP for varying quark mass
o Flavor dependence of phase diagram

o Consistency check p — ip
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Average sign, L3x2, m, = 0

0.95

0.751 T 7
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