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Main Message
that I want to show 1n this Talk

And our
Canonical
Formulation
may be
useful




It takes very
long time until
your i1dea 1s understood.

But I use
only Statistical
Mechanics !?

Because your
Approach is
different



Lattice QCD simulations provide
the fundamental information
as a first principle calculation.

However,
Sign Problem

- 1n Finite Density lattice QCD
o~ | prevents our mission.

NS¢ Monte Carlo
“ wpossibe ?!
atA=

vo-) ‘l
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QCD at finite density

Cu : Chemical PotentiaD

7 = Tre PH-1N) _ / DUDYDY e PSc—vAY




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

det A > Real

For U # 0 (in general)




(0) = %/DUO det A e~ P>¢

In Monte Carlo simulation, configurations
are generated according to the Probability:

det A e P5¢ /7
det A : Complex

Monte Carlo Simulations
very difficult !
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[ DUO det Ae °¢c
[ DU det Ae=5¢

(O) =

det A = |det Ale®

[ DUO| det A\ewe_SG [ DU|det Ale="¢

0) —
(O] [ DU| det Ale=5¢ fDU\ det Ale?e—5c
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Origin of the Sign Problem

Wilson Fermions A =1 — k(@

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

3 T

(QF + Qi) +(e™Qy +e7"Qy)

1

Q =

1

QF =« U, ()00 at s

QM Q;L Q; — %k %k Ui(ﬂfl)(gm/,x_la

10




det A = ¢Tlogd _ JTrlog(l = @)

1
_ E _,:{”’TIQ” Hopping Parameter
m— n expansion or

n 1/(Large Mass) expansion

Only closed loops remain.

/{Nte’uNtTI'(Q—I_ o Q—I—)
— %k gVte T

TN QT - Q)

The lowest [l dependent terms

A T l — o ox HLNtG_WTTrLT
T l TrL : Polyakov Loop
Ny = % T l Addgz both
v T l Kok (Cosh %%Trl) + ¢ sinh %%TrL)




There are several cases where no Sign Problem occurs

€ Pure Imaginal chemical potential
< (det A(p))” = det A(—p7)

= det A(j1))* = det A
§ Cotor su” D (det A(pur))" = det A(puy)

- U: — O-QUMO-Q
det A(U,7v,)" = det A(U™, ;) = det 02A(U, v, ) o2
= det A(U,v,)
@ Finite iso-spin
Hd = — Hu
det A, ) det A(uq) = det Ay, ) det A(—pey,)
= det A(y,) det A(py,)* = | det A(py,)|?

12

(Phase Quench)



Pion-Condensation Problem

Phase Quench = Finite-Isospin

/\detA(u)Fe_SG = /detA(,u) det A(p)*e™ "¢
:/detA(,u) det A(—p)e °¢
_ / det A(j1,) det A(1g)e— 5

HPu = Wy  Hd = —H

M
For u > — 7T+ is created
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Objective of
Vladivostok Group

Early Universe The Phases of QCD

Future LHC Experiments

Study here

Critical Point

including
LHC(ALICE),RHIC,FAIR,

Hadron Gas

Superconductor
Nuclear /

NI C A, I-P ARC : Matter  Neutron Stars

Baryon Chemical Potential

http://www.bnl.gov/rhic/news?2/news.asp?a=1870&t=today



http://www.bnl.gov/rhic/news2/news.asp?a=1870&t=today

WWe assume
the Fireballs created in High Energy
Nuclear Collisons are described as
a Statistical System.

with [l (chemical Potential)
and T (Temperature)

Z(p,T)
Grand Canonical
Partition Function
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This Statistical Description is good
at least as a first approximation

with Two Parameters Chemical Potential, ,u
and Temperature, [’

A ele. (,u, T) Grand Canonical Partition Function

Alternative: Number, 70 and Temperature, 1

Ao (n, T) Canonical Partition Function

or ZN
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Our Tool
Canonical Approach

Not so well-known

l From Lattice
Experiments N

From »
Canonical Partition

Functions
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Why do you
sweep away

'

All people use
this formulation !

You are not
allowed to
join the Party
at the Palace.

original Hana-tsuki Kokoro



\ yZ
€We can construct (approximate) / n, from
experimental Baryon number and Charge

Distributions.

¢We can circumvent the sign problem in Lattice
QCD.

&We can construct Grand Partition Function / ( [, T)
from Z r

¢New approach,i.e., Challenging !
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They are equivalent
and related as

Z(&,T) = )  Zn(T)€"

£ = et /T Fugacity
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Quick Proof of
Fugacity Expansion

(Left Hand Side)= Tr e~ (H—pN)/T
— Z(n\e_(H_“N)/T\m
If [H,N]=0 < .
__ Zﬁn‘e—H/T‘n} e,wn,/T
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This 1s a very usetul relation.

The partition function stands for the
Probability

Zac(p,T) =) |Z.(T)¢"

mn

System with Probability to find
fland’[’ (net-)baryon number=71
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We extract /,, from
experimental multiplicity at RHIC

— _ T
T Ao D=4 (o
g4 B unknown
“1 I B}
| | Zn = Pp/&"

20 0 0 10 20 30 40 %0
Net-proton

QHIC tells us ZD Zn satisfies

'~ L]
~— -
L J
/£ ey RHIC ’ e
% A
AT "
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> - y
W/ ST
P
s [ {10 Iy (& »
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(Partlcle AntiParticle Symmetry)




Z—I—n — Z—nj

wold- PP, =?Z,2_, =72

or \/P,P_, =cZ,

P, P
cZn /P,P_,

-
-1——Pn — Cann
P_, = CZ—nS_ )
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Here we demand [Z__n

ke Ve V N = ?9 GeV

1 .1:2.;: . *

4 . -_'
10 | - .
° + P, |

-12] X Z'n — n/&n ..-
1 ‘ | ‘ L J
"0 5 0 5 0 15 20 25

14
¢ = 1.88336
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Net proton number




Fitted £ are very consistent with
those by Freeze-out Analysis.

14| 7 This method

12[ | — Cleymans1999 -
f 10 o Alba 2014
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Yes,You

Can'!

We will see 1it.
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Very useful relation, because

(¢ = T : Fugacity)

7 (&
k atsomef and [
*Z g, )atANYf

for both Experiments and Lattice
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