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» finite density regime is still less fully understood
(inaccessible in lattice simulations due to sign problem)




INTRODUCTION

MOTIVATION

» QCD phase diagram:

7

» finite density regime is still less fully understood
(inaccessible in lattice simulations due to sign problem)

» consider the SU(2) gauge theory (i.e. 2-color QCD)
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Why 2-color QCD?

» Similar nonperturbative properties
e.g., color confinement, chiral symmetry breaking, ...
» Sign-problem free
det[A(p)] € R, det[AT(u)A(p)] >0 for even Ny
—> MC calculations are feasible
But...
> Numel’ica| InStabI|Ity (M Z mps/?) [Muroya-Nakamura-Nonaka 2001,2003]

= introduce a diquark source  (det[A(u)] — det[AT(u)A(n) + J2]11/2)
[Kogut-Sinclair-Hands-Morrison 2001, Kogut-Toublan-Sinclair 2002, Alles-D’Elia-Lombardo 2006, etc]

Sk = 1 AWY1 + Y A(p)ba — JP1(Crs) el + JT (Cys)maths

= take the vanishing limit of the source term (j — 0, J = jx)

Here:

> Investigate the phase structure of QCoD (= might shed light on real QCD)
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INTRODUCTION

STRATEGY

» determine T, as a reference temperature (< chiral susceptibility peak)

Hadronic

M4 (Our results: T, lies at 8 = 0.9, N, = 10)

> investigate the phase structure at two temperatures varying p

> T = 0.45T, (density scan at cold regime)

> T = 0.897,. (density scan slightly below Tt)
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SIMULATION DETAILS

LATTICE SETUP

» Lattice action: Iwasaki gauge action + 2-flavor Wilson fermion action
> Lattice size: (N, N;) = (16,16) and (32,8)
> Lattice parameters:

> (B8, k) = (0.800,0.159) [ mps/my = 0.823, ampg = 0.623]

3: inverse gauge coupling, «: hopping parameter, mp g: pseudoscalar meson mass, my;: vector meson mass

> oap <1.0 (p/mps < 16) (to avoid a lattice artifact)

» Two temperatures: temperatures (T = alil.r) corresponding to N, = 16,8 are
found with lattice spacing a at 8 = 0.8 when T'/T. = 1 at (8, N,) = (0.9, 10).

> (8,N,) =(0.8,16) : T ~ 0.45T,

> (8,N;) = (0.8,8): T ~ 0.89T




SIMULATION DETAILS

OBSERVABLES AND PHASES

Observables:

» Polyakov loop: (approximate) order parameter of confined/deconfined phase

1 R —r,r | (L) ~ 0 (Fy=00) : confinement
L= Ni:;i Z H Us@,7) = (L) ~ee (L) # 0 (Fq=0) : deconfinment
T T

» diquark condensate: order parameter of superfluid phase Fq: single quark free energy

(gg) = 0 : normal phase
(qq) # 0 : superfluid phase

» quark number density: criterion of BEC/BCS states

(q9) = g(lﬁlo’mﬁdg — 105l ) — {

ng < 0 : BEC superfluid phase, ng ~ nf;ee : BCS superfluid phase

ngee: quark number density described by a free field propagator at tree level

BEC BCS

% %

strongly coupled weakly coupled

density




SIMULATION DETAILS

OBSERVABLES AND PHASES

Observables:

» Polyakov loop: (approximate) order parameter of confined/deconfined phase

1 - —r,r [ (L) ~ 0 (Fy=00) : confinement
L= ]\TSB Z H Ua(Z,m) — (L) ~em7e (L) # 0 (Fq=0) : deconfinment
T T

» diquark condensate: order parameter of superfluid phase Fq: single quark free energy
(gg) = 0 : normal phase

_rg T _ T
(qq) = 5 (1057293 — P1Cy5T293 ) — { (qq) # 0 : superfluid phase

» quark number density: criterion of BEC/BCS states
ng < 0 : BEC superfluid phase, ng ~ nf;ee : BCS superfluid phase

n‘qfee: quark number density described by a free field propagator at tree level

Our definition of phases:

Hadronic QGP Superfluid
BEC BCS
I =0 | %0 _ _
(9q) =0 — 70 —_
Ng - - ng > 0 ’ﬂq/ngeewl




SIMULATION RESULTS

Simulation results

phase structure at 7" = 0.457T,




SIMULATION R

POLYAKOV LOOP
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» simulations with j are feasible for p/mpg > 0.50
» nonzero value for pi/mpg 2 1.2 (toward deconfinement transition?)

> susceptibility is marginally peaked at u/mpg ~ 1.44 (ap ~ 0.90)
(but ap is close to 1 — lattice artifact??)
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SIMULATION RESULTS

DIQUARK CONDENSATE
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» transition from Hadronic to Superfluid transiton with increasing density
> transition point up lies at p1/mps >~ 1/2 (consistent with xPT prediction)
» condensates tend to decrease from pu/mps = 1.28 (u ~ 0.80)

u/mps =1.28 —1.60 (1 =0.80 — 1.00) = close to 1 lattice artifact?

(not only for staggered fermions [Kogut+ 2002, Braguta+ 2016] but for Wilson fermions)




DIQUARK CONDENSATE

SIMULATION RESULTS
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» our data is consistent with theoretical curve on scaling low
> scaling low around critical point pp: (qq) o (1 — up)Pm

— give up = mpg/2 and B, = 0.50 from mean-field predictions by XPT [Kogut et al.

— reasonable fitting (x?/d.o.f = 1.31)
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SIMULATION RESULTS

QUARK NUMBER DENSITY

05 | _Hadronic

> weakly coupled BCS phase: 0.72 < u/mpg <1.28 (0.45 < ap < 0.80)
> strongly coupled BEC phase: 0.50 < u/mps <1.72 (0.31 < ap < 0.45)

> nonzero ng regime in Hadronic phase: 0.42 < p/mpg < 0.50 (0.26 < ap < 0.31)

= "Hadronic matter??” (in contrast to xPT prediction)
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SIMULATION RESULTS

Simulation results

phase structure at 7' = 0.897T,




SIMULATION RESULTS

DIQUARK CONDENSATE
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> keep a zero value even for higher u/mpg regime in j — 0 limit

» no superfluidity is observed in the p-scan at T = 0.89T.
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SIMULATION RESULTS

OTHER OBSERVABLES
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> Polya kov IOOp: tends to be deconfined with increasing density
» chiral condensate: tends to be chirally restored with increasing density

> quark number density: nonzero value early on around p & 0.16 (K mpg/2)

= transition from Hadronic to QGP phase with increasing density
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Summary




Phase structure at T' = 0.897T,
» system undergoes Hadronic-QGP transition

» there occurs no superfluid transition

—> Hadronic — QGP with increasing
Tc

Phase structure at T' = 0.45T,
0.89Tc

Hadronic » system undergoes Hadronic-Superfluid transition

» BEC and BCS states are identified
0.45Tc

—> Hadronic —+ BEC — BCS with increasing p

M > nonzero ng regime in Hadronic phase

—> found the “Hadronic matter”

» deconfined BCS superfluid transition has not observed this time...

but such a phase might exist in the intermediate-T" and high-u regime,

where a typical momentum of quarks p is larger than the size of the Fermi surface (~ p).




Thank you for your kind attention!
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SUMMARY

Dirac eigenvalue distribution

0.8

Im (Aw)

Muroya et al. 2001
0.8

L u=0.0




SUMMARY

LATTICE ACTION  » et

> lwasaki gauge action:

4 4
ngﬂz co Z Wit (z) + a1 Z W, 2(x)
T p<v =%
p,v=1 pn,r=1

B=4/g5, c1 = —0.331, co = 1 — 8¢y

» 2-flavor Wilson fermion action:

Sp = 1 A(u)r + P2 A(n) 2 — Jih1 (Cys)Tathy + Jibg (Cys)athn
» Wilson-Dirac operator:

3
Ay = bay = 83 [(1=10)Uai, 4z, + (1 +2)US 0, 5, ]

i=1

—k [e+“(1 1)U abya, + ¢ P (L4 72)US 46, 4,y]
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SUMMARY

FERMION MATRIX  »reun

» fermion action with ¥ = (1)1, C~1rppd )T
Sp = UMU

> extended fermion matrix (inverse Gorkov propagator):

m=( 20 5

» det[MTM)] corresponds to 4-flavor fermion action
— reduce to 2-flavor one:

det[MTM]Y2 = det[AT () A(r) + JHY2 det| AT (=) A(—p) 4+ J2H/?
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SUMMARY

LATTICE SETUP  »reun

» Lattice action: Iwasaki gauge action + 2-flavor Wilson fermion action
> Lattice size: (Ns, N;) = (16,16) and (32,8)
> Lattice parameters:

> (B,k) = (0.800,0.159) [ mps/my = 0.823(9), amps = 0.623(3)]
> apn < 1.0 (u/mps < 1.6)

~ Relation between g anda —

Temperature scale
reference scale: t? % (tz(E))\t:wg =03 B | N, | T/Tcw
B K wi/a®  a/ag=oo 08 | 16 |0446) | mp T ~ 0.45T,
08 01590 1.1519(23) 1.401(6) 0s | 10 ;
09 0.1520 2.2616(149) 1

8

08 0.892(4)

= T =~ 0.89T,




OBSERVABLES AND PHASES > reun

Observables: order parameters characterizing each phase

» confined/deconfined phase: Polyakov loop
1 N
L= N—gZHU4({E,T)
T T
» superfluid phase: diquark condensate
K - —
(qq) = 5(11110’75721/); — 1Cy57213 )
» BEC/BCS superfluid phase: quark number density
BEC: a®ng=3"; n{wh;(x)(vo—1a)e" Us ()t (x+2)+; (x) (vo+1a)e " H UL (x—2)w; (z—1)))

4NNy i sin o [ cos k; — 5] E0=k0—iu=12\,—";(n0+%)7iu

BC tree — - _
S:ng™(n) N3N, 2k [ — %, cosky]2+%, sin2 &y

;o
k= 1:*12\7; n;, i=1,2,3

Our definition of phases: Hadronic QGP Superfluid
BEC BCS
(IL]) =0 #0 - -
(aq) =0 =0 #0 #0
Nq - - ng >0 ng/nie~1
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SUMMARY

J-DEPENDENCE OF DIQUARK CONDENSATE  *Reun
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» nonzero value for p/mpg > 0.50 in j = 0 limit  (superfluidity occurs)

» condensates tend to decrease from p/mps = 1.28 (1 ~ 0.80)
pu/mps =1.28 —1.60 (1 = 0.80 — 1.00) = close to 1 lattice artifact?

(not only for staggered fermions [Kogut+ 2002, Braguta+ 2016] but for Wilson fermions)
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SUMMARY

SIGN PROBLEM  * reun

» Z = [ DUDgDqexp(—Sc — Sr) = [ DUdetA exp(—S¢)
(0) = 7 | DUOdetA exp(—Sg) wmsi

> A = Ap) = P+m A+’

hee. A(p)' =y A(=p)y®
ce. [detA(p)]* = detA(—p)

» =0 — detAeR
M 75 0 — detA € C — MCinfeasible (not positive probability)
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