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Introduction

* Finite density lattice QCD - sign problem
high T, low u : reweighting method, Taylor expansion...

Heavy lon Collisions:
LHC,RHIC

Quark-Gluon Plasma

© %o

@ Hadron Phase

QCD critical point, freezeout parameters, fluctuations...

low T, high u: QCD like theories
no sign problem
e2 color QCD
eimaginary chemical potential
eisospin chemical potential

new development :

_— complex Langevin

@ Color Super Conductor etc.
A
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Finite Isospin Chemical Potential

Neut St

e Core of neutron stars ? ar 3 e

Pu = [+ [ Sotd crust

Hd = [ — K1

w, >0 :u, > u, positive charge T

u, < 0:u, <u, negative charge !

1

pion condensation occurs at 4yc = §m7r (lowest meson mass)

rho condensation ?

strangeness: kaon condensation? hyperons? AT

* Insight of finite chemical potential

— Phase diagram as a function of T, uand g,
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Pion Condensation on the lattice

charged pion condensation
SU(3) N,=2 £=4.0 m=0.05 8°x4 lattice

1.5
_ 5y
1
1% Lor B
S 3
' i .
3 _ Questions? ~
0.5 o
. o005 = - U, dependen.ce of m, m,?
L ¥ O =0l =, n condensation?
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Introduction of p,

e 2 flavor fermion action (Wilson fermion)
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— A\: explicit I, breaking parameter
— positivity of det D(U) v sign problem at finite u
det D(U) = det [DT () D(p) + A?]
Hybrid Monte Carlo method
— observables: A == 0
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T, T : Pauli matrix



Hybrid Monte Carlo

* Hybrid Monte Carlo method

Partition function

7 = / D¢* DpDUeSc+5r Sp=¢'DHDT) "¢

¢ : pseudo fermion field
P : conjugate momentum of U

7 = /DPDUeXp{— (%PQ + Sa + SF)}

Hamiltonian: H

Hamilton equation

—dA; OH —dU OSF ; oD ODT
— = _ P = g =X XT
dt 0P, Fri a4, 1 94, oA, !
) dP, OH [> 48 _ 95 _ 05k where
— = — dt  0A 0A _
— dt 0A; — l l n:(DT) 1¢,X:D_1T]
o Inverse of fermion matrix
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HMC with p,

* Fermion matrix: D = DT(u)D)p) + A2

- D DT

dat oA, | 94, 9A; !
& _ Y90G YPF where
n= (DY) "¢, X =Dy
% = —%[—iij{(r—y,l)l/’fl(x)Q(x, x+ D) + ik {0 + 4,3)(r + 72Ul ) }X U n
G T{0G + A0)(r = ya)UL@)| = ik T+ 72) V) QG x + )
—ick T - B

) Us@)OCx + A, x + ) = 12 ) U ()]

YU O + . x + )1 = 7, ) Uf ()

UL =0 + Aox =) =32 U ) X U
X+ p

(-

(r+

Ox + p+ A.x)(r =, )(r + ) Ul + DU ()} _ U
(r+72)(r = 7 )Ua) Vs + DO, x + A+ W)

+IKKT
IKKT

—IKKT

|
|
|
+u</<T{
|
|
|

) n
+iK, K T (7 Y. ) ()0 — p, x + l)(; +yl,) l,(x—,u)}
+ik Kk, T (7 + Y2 )(7 + y‘) (x)U f(x +A1=-v)0(x,x + 1 —v)}
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Observables

* Propagators of wand p

pion operator: ¢ = 157570% a=0,+,—
pion propagator: - -
(m(2)7°(y)) = (W (@) 157 (x)Y(y) 157 1 (Y))
= / dU det D(U)e ™ Seueze ) [_Tr{ys 7 D1 (U) 157 D~ H(U) o }

+Tr{757'aD_1(U>m} ' Tr{757'bD_1(u)yy}]
Tr: color, dirac

Rho operator: p® = 97,7  rho propagator: </0a (w)Pb(y»

e D Y(U)¢msource term for isospin chemical potential

(D)D) + /lz)_1 D (u) ~A(DT D) + /13)‘1 s ]
Vs

D' = B :
AysD(u) (D't(,u)D(,u)+/lz> DY)  ysD(u) (D'(,u)D(,u)+,13)

Isospin chemical potential affects propagators of w and p.
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Propagators for m and p

* Pion

(x (@) (9) = T [{D(u)(D() D () + X)), {(D()D (s >+A2>—1D*<u>}ym]
(wt (@)n (1)) = =T [{(DG)DT () + X2 D)}, {D() (D)D) +X2) 71, ]
(7%(2)n°(y)) = —%Tr :75 {(DT(W)D(u) +A*)7'DT (1)}, 5 {( DT(M D(p) + 7D ()}

(

+ DD (WD) +X) 71, 75 { D) (DT (1) D) +X2) 7 5}y
+5Tr [y5(DT (1) (D(1) + A*) " D (1) — D(u) (DT () (D () + X)),
X Tk [35 (DT (1) (D() + 3) ™ D' () = D) (DT () (D(w) + 3) '

Disconnected diagram

5}yy

At finite isospin chemical potential

7w+, 7w :different response

0 :contribution from disconnected diagrams appear.
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Parameters

Wilson fermion

T
Heavy lon Collisions:
" Iatﬁce size:4"3x8 LHC.RHIC
"k=1.6 ' QGP
“B=4.0 o
u=0~0.8 W @
A=0.005~0.015(n=0.3) QCD Critical Po
Sy *
e ‘ | T . Hadron Phase /
185 + 1 : ( i CSC
184 J ‘

0 0.005 0.01 0015 0.02
lambda




, Effect on Pion Correlators

pi- T

pi+ —a—

; u=0
. _. M|=O

The propagator of it* is
identical with that of m.
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n, Effect on Pion Correlators

1

pi+ a8

In=0.1
* w=0
The propagator of it* is
identical with that of m.
* At finite u,
u, affects propagators of
ntt and gt differently.
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n, Effect on Pion Correlators

pn=0.2 pi+ e
* w=0
The propagator of it* is
identical with that of m.
* At finite u,
u, affects propagators of
ntt and gt differently.
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u, Effect on Rho Correlators
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u, Effect on Rho Correlators

1 i T T T T T rh O- :_)H ]
rho+ —a—
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u, Effect on Rho Correlators

1 -— T T T T T rh O_ T i
rho+ —a—
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Isospin Chemical Potential Dependence

2
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* heavy quark mass
* higher p,
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Summary

* Isospin chemical potential dependence of m_and m
— Introduction of isospin chemical potential to HMC

Y

— Pion and rho propagators with finite u,
— Isospin chemical potential dependence of m_and m,

— pion (rho) condensation?

 Work in progress
— Larger lattice size, high u, and light quark mass
— m condensation, p condensation ¢ m_ , m/
— Temperature dependence
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