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A Conjectured Phase Diagram
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k=—4V
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Overlap Problem
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V uB /T
Zoc /T, TV)= 3e®TZ (T,V)
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Canonical approach

K. F. Liu, QCD and Numerical Analysis Vol. Il (Springer,New York, 2005),p. 101.
Andrei Alexandru, Manfried Faber, lvan Horva'th,Keh-Fei Liu, PRD 72, 114513 (2005)

Canonical ensembles

Zo(V, T, k) = /DUe—SQ(U%T&kM?(U) —

Redet, M2(U)| det,M2(U
/DUe—Sg(U)detMQ(U)| €edae k'z ( )| e,ff, ( )
detM?(U)  |Redet, M2(U)|
_ 2N AN J
e Y Y
Standard HMC Accept/Reject Phase
Fourier transform

i~ 2 _ 1 —ikg 2 Real due to
det, M (U)=Ejd¢e detM?(U,) o

det M2(U¢) _ 62logdet M(Uy)

Continues Fourier transform
log det M(Uq;) WNEM Useful for large k
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Finitz dansity simulation with tha canonical ansamola Anyl LT = Eziiles 200 Willzirnsetre)



Winding number expansion ()

Trlog —— loop—— loop expansion

TrlogM(U,¢) = Ao(U) + Sloop(U, )
= Ao(U) + [X e™ Wi (U) + e W)
k

W, = 5= 57 e "trlogM (U, ¢)

TriogM(U,¢) = Ao(U) + [3 e™Wi(U) + e *W(U)]
k

= Ag(U) + 3 Ay cos(kd + 0) [ ay=2/wi =0,
k

Winding number expansion in canonical approach to finite density
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Observables

Polyakov loop

(R(U,K)|P(U)])g det, M2(U)
(P = , R(U, K = Uk .
g (R(U,K"))q ( ) | Redet, m2(U)| Fhase

Baryon chemical potential

F(RB+1) —F(TEB)

Il

.

(RB+1)—RB
1. Zc(3ng +3)
= ——=In—=
20(3?’13)
— letsy, 43 M2(U
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Phase diagram
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Phase Boundaries from Maxwell Construction

N; = 4 Wilson gauge + fermion action

1.2
Maxwell Construction
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Baryon Chemical Potential for N; = 4

(m

63 x 4 lattice,
- Clover fermion
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Phase boundary

Phase boundary of Ng=4 in canonical ensemble
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Phase Boundaries
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N =3
A. Alexandru and U. Wenger, Phys. Rev. D83:034502 (2011)

Dimension reduction in determinant calculation
det M =detQ xdet[e”* +T -Ue’?]

where the dimensions of Q and T-U are 4N Lg3.
Eigenvalues of the time-reduced matrix admits
exact FT.

3
4N¢ Ls

detM =detQxe"™"= TT (e +4)
=1



Three flavor case
(M, ~ 0.7 GeV, a~ 0.3 fm) Clover fermion

| T/T.=0.90(1)

T/7T.=0.87(1)

T/T.=0.85(1)

UK, 2007, page 18



Critial Point of N, = 3 Case

m,. ~ 0.7 GeV, 6% x 4 lattice, a ~ 0.3 fm

T:/T,=0.927(5) T/ T.=0.927(5)

15/ T.=2.60(8)

Transition density ~ 5-8 pym

Nature of phase transition

UK, 2007, page 19
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Quark Condensate
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Sign Problem?
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Fluctuations

2 Fluctuations of the baryon number in grand canonical
k
ensemble (NF) =Ty (8 EJ
GC oL
1 In canonical ensemble at the thermodynamic limit
F(V,T,N)=-TlogZ.(T,V,N)

<NK>C_T(aujl@<N“>C T[@QFYNN“L;

oN N | oN? oN

(), =)= (=T[5

0\ s\ s sl O O°F
(N®) =(N*)=(N) =T (6Nj 7
1 The second moment is evaluated by
(N?) " =log Z, (N +1)+log Z. (N ~1) - 2log Z (N)

det \Y det \Y/
=log( — )4 |og( —D
det,, M det,, M




Variance

critical point




Second moment <N2>
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3 flavors

Two different scenarios

Me=2 Pure
- Gauge
e n) .
2nd order
¥ oz 2nd order %
Z(2) '
mm
: Ng=3
We are here Mg = 1
Mg
Y 2nd order
T\ # 22)
0L
0 my , My -

Phiippe de Forerand, Owe Philipsen arXivi081 71, 38581 [hap-lai]

amz /ap® = 0
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Challenges for more realistic calculations

1 Smaller quark masses: HYP smearing, larger
volume.

1 Larger volume:

larger quark number k to maintain the same baryon
density = numerically more intensive to calculate the

projected determinant (L°).
Unbiased estimator of determinant.

Acceptance rate and sign problem - isospin chemical
potential in HMC and A/R with det,.



Summary

1 Calculation with small volume and large quark
mass notwithstanding, direct observation of
the first order phase transition and the
critical point is afforded in the canonical
ensemble approach.

1 Problem with precise numerical evaluation of
det, for large k is overcome.

1 Simulations at smaller quark masses and larger
volumes free from acceptance rate and sign
problems are essential to the full
understanding of the realistic situation.



