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Neutron stars
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Neutron Stars

Super-Nova Explosion at the last stage
of the Evolution of Stars

[l\'eutron, quark or hybrid stars]

Central Region
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Finite density even in normal Nuclear Matter *

Using lattice QCD,
T we want to study
\ here !

0 0=0.16~0.17/fm" 3
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Finite density even in normal Nuclear Matter *

Using lattice QCD,
we want to study
here!
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QCD at Finite T" and p

/ = '1Ir e_ﬁ(ﬁ_“m 3=1/kT
L = IE (W“Du —m)

1
Ir F,,, F™
4

z— [Tl dv()av(@)ia,

N 6_ Oﬁ (»CGluon —HEGAlD)




Lattice QCD

@ Ist Principles Calculation

e ®

Q@ Sound Base for Hadron/Quark =
Systems at finite Temperature [ %
and Density ' >
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/ || dA,.(z) det A e e

Quark Matrix A = y" D, —m — o

Space-Time » Lattice
1 Limited
jkT < Length
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Lattice Spacing —
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7 = / [T dA,.(z) det A ¢=Scmer

Quark Matrix A = y" D, —m — o

Space-Time » Lattice

1 Limited
LT Length

<>

“ T

Lattice Spacing — Momentum Cut-Off
q ©f this field theory
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On the Lattice
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Lattice QCD with Chemical Potential |

N iad, (x)
F\UM(x)—e
X X+ U
- X 1P, Q
au P, ) 5£U-|-M,CB — et

()

A natural way to introduce
the chemical potential

b, = b, —iu
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Chemical Potential in Lattice Actions

3
A@,2) = o — 53 { (1= 7)Us(@)3, .
1=1

40U @60, )

T, x—1
e 1 = 1) Us(2)0,
_H:G_l:z"(l + 74)(]41[ (aj/)éx’,x—zl}

3
1
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Ready !

" Quark/Gluon/Hadron
System at T>0 and ¢4 >0

P N
QCD
~ Quantum

Monte Carlo| | Field Theory
Simulations | |with Boundary

Lattice
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\

Sign Problem
in Finite Density QCD

| cannot use
Monte Carlo 7!

13




Finite Density QCD

7 = Tre PHZ1N) _ / DUDYDy e P5c A%
= /DUHdetA(mf)e_ﬁsG
f

A(N) = Dyvy +m + pyo
{ A(M)Jr = =D,y +m+ M*% — %A(—M*)% }

» (det A(p))* = det A(p)" = det %(—,u*)




(det A(p))* = det A(p)" = det A(—p*)
For U = 0
(det A(0))" = det A(0O)

det A > Real

For [ 7& 0 (in general)




/Difficult to study\
the real QCD
because of the
Sign Problem !

N <

< >=

fDU.O‘detA

Yee  DU|detAle ¢
e e § f ‘e ‘e

DU |det Ale™>¢ DU /|det A
J J

i0
< Qe >4l 0

0

i6
<€ >y

if the phase 0 fluctuate rapidly.

o oS
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Physical Origin of Sign Problem

Wilson Fermions A =1 — k(@

KS(Staggered) Fermions A =m — Q’
1
=m(l - —Q)

™m

3
Q=) (QF +Q)+(e™Qf +e7Qy)

1—=1

QF =« U, ()00 at s

QM Qu Q; — % U;ﬂ(x’)@v/,x_g
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dot A — eTr log A _ 6Tlr log(I — kQ)

o Zn; %/{”’TIQ"

Only closed loops survive.

Lowest Nt o Nt Tr(Q"--- Q™)

U -dependent terms o N/ T T
/ﬁ:Nte_“NtTr(Q_ Q)

= xx gV te T LT

Tr L : Polyakov Loop

Add both terms

=
|
S| =

SR, E S
B e = .
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There are cases
where No Signh Problem

hink and then
You can easily

ﬂ'hey are not \

our final Solution,

4\but informative./ N




No-Sign-Problem Cases

1. Imaginary Chemical Potential
(det A(p))” = det A(—p7)
=g W (det Aur))* = det A

2. Color SU(2) U, = 02U, 05

det A(U,v,)" = det A(U™, ;) = det 02A(U, v, )02
— det A(Ua ’Yu)
3. Iso-Vector Type (finite iso-spin)

Hd — — My
det Ay, ) det A(ug) = det Ay, ) det A(—puy,)

— det A(qu) det A(Mu)* — | det A(qu)‘Q (Phase Quench)

20
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/{NtQ'UJNtTI(Q_I_ . Q-I—) % /iNte'u/TTI'L

keI TE(QT Q7)) = kN /T L]

1.Imaginary Chemical Potential;
et /Ty e /T

2.Color SU(2): TrL €= Real

5

3.Finite-Isospin

(>|< v e TH/ TV, 4+« « e_“/TTrLT)

X (>|< e MTTrL 4 % % e+“/TTrLT)

e e e
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Multi-Parameter Reweighting
Truth and Misunderstanding

/" I heard that the

Sign-Problem was
solved by

~~_ Fodor-Katz. /
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Towards large density QCD
What is a real Obstacle ?

@ Multi-parameter Re-weighting by Fodor-Katz

-------------------------------

1 T «det A :
_ DU O det A(O) e —PoSai ¢ (,LL) e(ﬁo—ﬁ)sai

/ emmmmmmemmmmsemmmne e det A(O) :
Measure  Reweighting Factor”
A(w=0)=Dyy, +m Im

Dy, :anti-Hermite

A%
Eigen Value
Distribution 0

Re
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When u Increases

Im A
A

max _ s oo

min

Conjugate Gradient to
KL Re calculate

. -1
0 M does r%t( cl;%)?werge

(Imaginary chemical Potential
calculation does not have this
problem.)

Eigen Value Distribution
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@AIl full QCD update algorithms
require  A(p)*

@Fodor-Katz algorithm does not
calculate A(u)™ ' but evaluate

det A(p)
det A(0)
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5.2 mua=0.2 (T=155Mc¢V mu=124MeV )

ta=

Configuration traj.= 3010

beta=5.2 mua=0.27 (T=155MeV mu=168MeV )

Configuration traj.= 2000

0.

0.05

005

0.1

0
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Al
d lm-—ﬂ. nau-l ﬂ\\u&v .f.t
- ‘.‘ .h

N

. A
P LN "”
s d.ud.wﬁ-.

2o

.

0.1

beta=5.2 mua=0.27 (T=155MeV mu=168MeV )

Configuration traj.= 2000

0.05

-0.05
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P Fodor and Katz

Multi-parameter reweighting
technique

&

B new method

————— B Allton et al. (Bielefeld-Swansea)

Glasgow method

Taylor expansion at high T

l
* and low u

n det A(n) \'z= i 0" Indet A(O)
det A(0) ] =
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@Fodor-Katz, JHEP03(2002)014

T, =160+35MeV, u, =725+35MeV
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Talor Expansion

« Simple Idea
— Difficult at finite u ? Then Taylor-Expand at u=0.

F(0) = £(0) 4 1f (0) +— 7 £(0) s
— Gottlieb et al. Phys. Rev. D55 (1%97) 6852 C

X =(i+i)(<"u>+<”d>)
XNS=(i-i)(<nu>—<nd>)

a!"tu aud
— QCD-TARO: Phys. Rev. D65 (2002) 054501 LZI>Screening Mass
— Swansea-Bielefeld: Phys. Rev. D66, 074507 ( 002)[> EoS
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@®Allton et al. (Bielefeld-Swansea)

200 - T ' I
170 MeV{
| H H Improved action
150 Hw | + Improved staggered fermion
% ; | 1 3 m, =0.1, 0.2
2100_ :_f \\\ n 16 X4
: : \\\
50 \'\ T
my,/3 ™ \
N
| | nuclear matter
) : | .
% 2?0 600
N\eV
ua=0. 29
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Reweighting Factor
1
0) =~ / DU O det A(jr) e=#5

L[y ‘ < 0 x R.F. >

— DUOidetzA(O)e_ﬁosﬁR"F' - <RF >0

/ L
Measure Reweighting Factor

Here det A() )2 )
R.F. :( q )Xe(ﬁoﬁ) ¢ — 20 F G
Q

et A(0) —c cc
Reweighting Factor should be "LARGE".
“LARGE” ? Itis a function of U. "'S.Ejiri, Phys Rev. D69

(2004) 094506

Large Contribution ?  hep-1at0401012
Small Fluctuation ? 32
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(O xRF)g (O x e? el %)

(0) = (RF ) — (e2i0 ¢F G,

<O % €2i(9 6F—<F>0 6G—<G>o>
(€210 ¢F—(F)o ¢G—(G)o)

0

0

<O S 627:9 6AF 6AG>O
— (€20 AF cAG)

0
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Preliminary

< '
20
10 &0
100 100 28
80 | 80 30
60 60 20
40 40 10
20 : 20 0
0 .. 0

02—
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Imaginary Chemical Potetial

deForcrand and Philipsen hep-lat/0205016
D’Elia and Lombardo hep-lat/0205022)

E Atsmall u
logZ(M)=ao+a2M2+a4M4+O(M6) w, =Imuy 10gZ(M1)=ao_a2M12+a4M14+0(M16)
det A : complex det M :real
JU
u,| < 3 — Z(3) symmetry
[ fit ()('J.lll,'z e ] 1Im W = —-1Re w
<l ¥ 1 }_ i 2 17¢
i f1t (.)('J.lll.o P - >
e r '.'__.i'-’ i ';%n
s3b ’}‘J’- _ 9 - g |
O Pelaw;) =c¢, +c¢(au,;) %
3/ o 1, = Imp ‘_
Standard gauge' a,) N =2, m, =0. 025 Hy/MeV
+ Staggered fermion " 83% 4, 6> x4
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Roberge and Weiss, Nucl. Phys. B275[FS17](1986)734-745

Change variables as

w(fa tZ) — e—tiﬂw(f’ tZ) w(f; t’L) — €+ti’u¢(fa tZ)

At the temporal Edge l
. ty =N, 777F T
6Nt“U4($,t7; = V) : b4 % S
— M TUNZ t; = Ny 6L=27"7"7 l T
[, =

2011E3H21HAEH



Imaginary Chemical Potential

At the temporal Edge Ly, =V, Z?_< ; »P_(P_
67;¢U4(f’ tz — Nt) p—d ) \9—59—

£, =207 7

P=p/T -

It can be considered as a special
boundary condition.

27T
¢ — ¢ 3
Us(Z,t; = Ny) —e? 273U, (2, t; = Ny)

an element of Z3

The Gauge action has Z3 invariance

- Z(0)=Z(0 +27“>

All information is contained in (0, 27 /3)

2011E3H21HAEH



Expected ,

MPhase diagram in ul regions g

- iy
T 1 . a la Reberge-Weiss
QGP|...t-%
"""" s
) - § - E Polyakov loop
3 R b=-2m/3 i P = Lpexp(idp,)
(© 5
a | :
g- T e
S e Hadron ,
— 5 . . .
I ~0 If 1 is pure imaginary
: there is no sign problem.

.UI./T’
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Imaginary to real chemical potential

Hadronic
phase
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Ph. de Forcrand, O. Philipsen

arXiv:0811.3858

Real world

AB4/A(aw;)
100
50 |
04 J l L [ T J
T T i I
-50 [
wr o Np=2+1
-150 B4(pbp) —+— 1
167 X 4y 2

(aw;)?

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007

Real world

QCD critical point DISAPPEARED

NN
Y
\\\‘N\
1 TN
(ARRR)
\“H(\
ALY
\ \

Créssover

(aw)?

u,
2
300
200
100
| I (

oI 1 Ji |
-100 |
-200 [\/f p— 3
) i B4(pbp) —+—
18% X 6 ity
400 . fit (W™+u)

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

40
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Finite-Isospin
(Iso-vector Chemical Potential)

» Two-flavors (v and d) have opposite sign of
the chemical potential:

Ifu =-u,
detA(w,)detA(u,) = detA(u, )detA(-w,)

= det A(w, )dety ,A(n,) 'y, = |det A(w, )

In other word

Phase Quench QCD = Finite Iso-spin Model

2




Phase Quench vs. QCD

* |s the phase quench QCD similar to the real
QCD at finite density ? .

» They are very similar to each other fort < 9

Kogut and Sinclair. arX|v 0712. 2625v2

The coefficient of 1° in the fit 3.(1°)
IS the same as that of deForcrand

and Philipsen.
They don't see the critical point as

deForcrand and Philipsen not.

42
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Do we have chance to calculate
[DU.OldetAle” e* ~ [DU|det A
[DU|det Ale™ g [DU|det A

e o¢

- 7

<0 >=

e’ e

No, because they are different theories.
Yes, because this is the best we can do.

N;=2 QCD at finite baryon density N;=2 QCD at finite isospin density
T, F-_ quark—gluon T. -~ _ quark—gluon
plasma RN . plasma
?
NO?
E e ?\ —
2
colour ‘
hadronic superconductor hadronic pion
matter matter superfluid
my/3 @ My M

D.Sinclair. Finite Density Workshop at Nara.

43
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Two-Color Model

* For Color SU(2) case,

%

U, =o,U,0, for U,ESU(2)

(det AU,y )" =detAU",y,")
= deto, AU,y )o, =detA(U,y )

{YMDYV} = 2épw I::> {Y M*’YV*} = 26pw

detA(W): Real ! I
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Quench Simulation ?

w
po—

e Barbour et al. found

=
1.0

W, =
2mN _
(not u_ = 3) <A

pe — 0 in the Chiral limit ~ =-

» Stephanov shows |

Quench QCD = o s T

La
Nf — O limit of QCD Barbour et al., Nucl. Phys. B275

(86) 296
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