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Lagrangian density of QCD
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QCD Lagrangian
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QCD-like
bilocal

Zep(P,0) = [ K (p,K)w, (k=0 2y (-k—/ 2)
Dynamical Chirdl Symmetry Breaking

X
(Xup) =Zos(P)(27)* 5 (0)

V[l=- [2(pK(p.Z(K) +i[ 10 (7P, ~m—3(p)

Stationary Condition 5\/_[2] =0
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QCD-like

ij}é%
Schwinger-Dyson Equation %[p| = f—é 3 & p

1 -
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! 7k, —m-2(k) )
guark condensate

— 1
<l//W>A =- { tr[ pr— Z(k)}

pion decay constant
f2oN I ds sx(s)[Z(s)-s2'(s)/ 2]

) [s+2(s) ]

dynamical quark mass
>(s=xM?) =M
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QCD

 Nmbu-Jona-Lasinio (NJL) model
gluon
. 4

N el 2t e



QCD 1l

7 2yiyaty o~y
1 q
Lsigma = Eaﬂwa aygoa _V(¢a¢a) ((Da = (O', 72'))
1 i 2 ﬂ, 2
V(p,0,)= M0, + Z(coacva) = Z(%(ﬂa v?)
o’ O 2

m=—"— , m=0
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Functional Schroedinger picture In
Quantum theory

55 =5 (@(t) ino, — H| d(t))dt =0
|D Schroedinger eq.

|P



e Coherent State

D(t)) = exp(oa’?l+ — a*é} 0)

- exp(% (p(t)@ —q(t) Is)j‘ 0) (Q|0)

2] eof-50e)
(@@)|Qo®)) =q(t), (DE)|P|D(L))= p(t)

(©(1)G7 D) = q(t)? +%, (©(1)|P? (1)) = p(t)? +h7”
(AqY = (@®)|G-a®)f| o) =%h, (ap) = (@®)|(F - p)f @) =%hw

(sa)Yap)=3



Sgueezed State

Squeezed State
(1)) = explod’ - a*a)exp@ (Ba*? - B*aZ)j\ 0)

_ ' 2 A 1 : 2
=(2G) ™" ex (l t)Q - tPjex —| - +i22(t) |Q? |0
(26)* exp| 1 (p()Q-a(0P) exp 51| 0~ <4125 Q7 |0)
p(t) p(t)
. 7/ \vE@
Coherent state G(t) Squeezed state I
q(?) q(t)

(@(t)|Q@M)) =q(t), (D(t)|P|D(t))= p(t)
<®(t)\62\®(t)> =q(t)* + AG(t), <<1>(t)\|32\c1>(t)> = p(t)? +h[%+4G(t)2(t)2j



Sgueezed State

(@(1)|G-aq)f|ow) =1Gw),

(@(®)|(B- p)f o)) =7 (%+4G(t)2(t)2j

(Aq)’
(ap)’

(sa)ap) = 1+ (48 OZ()

= 5S=5[(@()fno, —H|d(t))dt =0

_oH , p=- cH , hezg_H RS =— oH
op aq ) oG



Squeezed State

11111l

Gaussian wavefunctional
approach

[ D(t)) =exp(S(t))exp(T (t))0)
S(1) =i d*¥{7, (%, 0, () -0, (%, D2, (%)

TO=[] d3xd3y¢3a(i)B (GO (%, ¥) -G (%, Y. O [+, (%, v,tﬂ&b(y)



Sgueezed State
Gaussian wave functional

p(t)

. Schroedinger
Plp(X)] = (p|O(1)) ik W 5 ()
:Nexp{ij d)?ﬁa()?,t)gﬁa(i,t)} e Ry

x exp{ [] dzdycaam)& Goy (%, 1, 1) 12, (%, v,t>j¢b(v,t>}

(Ba ()_(, t) =@, ()_() o @ ()_(” t)
dynamical “variables”

o (X1) 7 (X1)
G(X, ,1) 2(GZ+2G)(X, ¥,t)



Gaussian wavefunctional

(D(t) |, ()| () =, (X, 1), (D(t)|7, (X)| D(t)) =7, (X,1)
(D(t) |, (X, 1)@, (¥, 1) D)) =G,y (X, Y, 1)

5S=05 j (®(t) 70, — H| D (t))dt =0

p(X,1) 7(X,1)
G(X,¥,1) (%1

(@(1)|7, (X,1)7, (7, 1) @(1)) =%G;é(x Y,1) +4ZGZ, (X, ¥,1)

(@K D)=, (N-2,(XKY) , A (RK)=m(R) -7, (X 1))

quantum mechanics

scalar field theory

Q, P

p(x) , ()
mg — V2 (or m + k?)
plx,t) , m(x,t)
G(z,y,t) , X(x,y,t)
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Reformulation for fluctuations

« Hartree-Bogoliubov form like Nuclear Many-Body
Physics Introduction fo Reduced Density Matrix

i(0: (X7, (7.1)) <¢a(x,t)@b(v,t)>j 1

Ml 30 = [ (7Z02GY) i EDEE.Y)| 200 )

2

e Eq. of Motion Liouville equation
iM=[H, M|

0 1 .
H = , T=-V2im?+--.
r 0



Gauge Field Dynamics

* su(2) Yang-Mills Field A 2 A @ gauge

e Hamiltonisn density

H- Eges L

29°

Ea(x)=—i5Aa(X) , I§a(x)=§x,&a(x)+%fabc,&b(x)x,&c(x)
e Extra gauge degrees of freedom removed by the Gauss
Law G*(x)\w)=0 for physical state
G*(x)=V-E*(X) + f ™ A"(x)-E°(X)
Projection to Color Singlet State — Like GCM
o) = j D[Ha]exp(ijdxHa(x)Ga(x))\ v)

o y )---Gaussian Wavefunctional
Difficult to calculate practically



Gauge Field Dynamics

e Approximate projection  Thouless-Valatin method
cf. Nuclear Rotation

A \ P £
(H—Q)Jx)l//w>:Ew‘l//a)> , HZHint"‘ﬁ
Moment of Inertia
| Wl ddv)
w—0 I0)
e In QED
H,=H-[d’xo(\)V-E(X) , E=(H)-AE,
1 ..
ABr, = [dxdy(V-E()V-E(YD1*(x,)
1

1 '(x,y) = | : Coulomb Int.



Gauge Field Dynamics

_ . 3 a a ab _ §<Ga(x)>a)
° WHQCD H, =H jdxw(@G(m , 1P (xy) = o y
—fd xdy & (Z(b)G (YD)
17(x,y)
_1 (G*(X))(G°(Y)). (G*(X)G" (y)).
‘2Idﬂw 12 (x,y) o foy 12 (x,y)

e Screening and antiscreening
1°(@)=—20°(l+a) , (G(X), =p5,1+5)
2% A A

g g°C
| Iaz >In , 0==—°"In i- | I
Screening 48,72 ﬂg 1272 qu Anti-screening

e Thus,
_ 1 [ ey G006 (1)
E“D‘zjd 1 (x,Y)

. 21+35J_dq 1 =11+0(_1_11CN|nA2

(2 )3pext(q)pext( q) 2_.2 gé(/u) B g2 1+35 92 487° ,uz



Time-Dependent Variational
Approach with Gaussian wavefunctional In
O(4) Linear Sigma Model associated with
"DCC

N.lkezi, M.Asakawa and Y.T., Phys.Rev. C69 (2004) 032202(R)
D.Vautherin and T.Matsui, Phys.Lett. B437 (1998) 137

Y.T., D.Vautherin and T.Matsui, Prog.Theor.Phys.102 (1999) 313
Y.T., D.Vautherin and T.Matsui, Phys.Rev. D61 (2000) 076006

Chiral Restoration ——— > Chiral Symmetry Breaking
T>T. cool down

(o)

Disoriented Chiral Condensate

Disoriented Chiral Condensate
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5 / dt(®(t)|i— — H|B(t)) = 0.

ME(F,t) =

ot

= —k2 - MM(E,1),

2(k| (Ga(D)La(t) + I (D)Ga(t)) |,

%(EIG?H}G;]{HIE’} — 2(k[TL, (1) ILa (£) ")

_R28M(R— ) - %Mﬁfi(;}' o

_ [—mz + ANC2 (K, 1) + 120G, (K, F, 1)

+4X 3 (C2(E,t) + Gy(R F, t})]Ca

b(#a)
_hﬁﬂﬂs

—m? + 12AC3 (K, 1) + 12XGo (K, k, 1)

+x Y (CGHED + GulF 1),
b(#a)

(K t)

(4)

= [ 12a(8),

= exp(Saq(t)) - Na(t) - exp(T.(t))|0),
_ f dZ[Co(, 1) $a(E) — Dald, t)ma()),

N L 7 s
— /dﬁdy@a{l")[—i(cal(:ﬂ,y,f}

~GOHE, ) + illa(Z, 7, t)] ¢a (D),

{Cn (:E, D}} = 0,
<Oﬂ {:E, U}E} - {Cﬂ{:f! D]}E —
{Dn-(f-.v D}} = 0,

|
Dy
]

(Do(Z,0)?) — (Do(%,0))? = =67



-The expectation value of the
sigma field approaches a

constant.

-The expectation value of the
pion field oscillates around

Z€ero.

DCC

- shows a domain structure
with long correlation length.

This iIs the formation of DCC

domains.

It is observed that the domain - 24.0-

structure continues to grow
40 fm.

N.lkezi, M.Asakawa & Y.Tsue,

till as late as t

PRC69(2004)032202
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DCC

- without the off-diagonal
components of the Green's
functions

- short range fluctuation is
dominant and no long length
correlation is observed

- This tells us that the mode-
mode correlation plays a
decisive role in the formation

of DCC domain.

N.lkezi, M.Asakawa & Y.Tsue,
PRC69(2004)032202
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DCC
Collective Isospin Rotation

Phase diagram in isospin rotation ?
Damping mechanism of collective
Isospin rotation ?

Damping time ?

Number of emitted mesons ?

Pion Emission

Collisionless dissipation

I

Investigate them in O(4) linear
sigma model in time-dependent
variational method




Egs. of motion for condensate

. TDVP  &[dt(®d(t)find, —H|d(t))=0
e Eqg. of motion for condensate  Klein-Gordon type
(aﬂa“ +m¢ +%g52()_(',t) +(%TrG(>‘<’, X) +§G(>‘<’, z)j o (X,t)=cl

G, (X, ¥,t) =(9,(X,)@,(y,1)) : Thermal average
* Reduced density matrix and eq. of motion

(0, (X 07,(V.1)  (2,(XD@, (VD) | 1.
N P e Cl)
(7. (07, (7.1) {7 (X,D@,(F.1) ) 2
iM=[H, M]

s

A0 A oan A
I, = (—Vz +m; +g<02 +€<¢C¢C>j5ab +§(¢a¢b> +{PaPp))

I\/Iab ()_(; )7,'[) - {

=-V?+M?35

a~ab



Collective iIsospin rotation

Dynamics of isospin rotation where isospin
components 0 and 1 are mixed - isospin rptating fram

o, 0 —i 0 -

0 i 0 0 -
_X:UX , =
FOO=UM| . | n= o

O . . . .

U(x) =expligxz,) . 9*=(o,7)

Pion Emission

2 2 % 2 %N:l A A ﬂ ol PN llisionless dissipation
~Q My 4oy + 6 200D + 3 @ (0 (1) 2
M, (X, y,1) =U" (X, ) M(X, ¥, 1)U (Y, 1)

H(@) =U" (o -i LaH = 22
@-U" Wi ZeH W= pe



Phase diagram

Time-like isospin rotation: d4=0; ¢ =w* >0
Space-like isospin rotation : w=0; ¢*=—|q]* <0

- - — - T — |g| vs. condensate

omaganl Mey

OITEsga= a0 MEW oo
1o ¢ R S omega=sl Mey =

I, ormega=B0 My ==

*a, pmega=1 00 Mey --.--

condensata [Mewv]

Té

0 10 0 30 40 50

[al Mde]

T vs. condensate

Y.Tsue, D.Vautherin & T.Matsui, Prog. Theor.Phys. 102 (1999) 313



Brief Summary
g% 0...enhancement of chiral symmetry breaking
cf.) centrifugal force
 g° O0...existence of critical g
restoration of chiral symmetry
Quantum effects lead to more rapid change of chiral cndensate

T (MeV) 0 20 40 60 80
lg.|(MeV) 50.0 [49.9 |49.7 |47.2 |37.7
Cf.) Classical case

2 _ 2 |m2| _m2
g(ﬁo:a) _‘q ‘_mo

MZ
= foz(354|\/|ev)2 at T=0

=2

A

---Quantum fluctuations smear out the effective potential

---Quantum fluctuations make symmetry breaking more
difficult to reach



Decay of DCC
Boundary condition

T=0

nk+q)+1 n(k+q)
* k k 1
Fxta T\ two meson emission

- ANV N — AR <ng(k) +np(k +q) +1
q 4 dn)=va+in+1)
aln) = v/nln — 1)
do(x) 1 k k 4 do(x) T=0 T% non-zero
n(k) + 1 n(k)
=

(a,k, £[SMP)|b, K, F)
- i - ng(k) +mp(k£q)+1
VE.(k)Ey(k £ q) w— (Ea(k) + Ep(k £ q))

. (w — (Fa(k) + Ep(k £ q))t) S(K — k £ q)e i Ba)+Bllca))t/2

() + T3

2




Damping time & number of emitted pions
Y.Tsue, D.Vautherin & T.Matsui, Phys. Rev. D61 (2000) 076006

Damping time £, 172+ v =S oil 1)
. Energy density of
7(q) = E . collective rotating condensate
AE) A= T (HM)-Tr(HM, )= (@)t
t . Energy density of two meson
excitation
Number of emitted pions, if classical field configuration occupies
volume V :
AEMXV r=7_~40fm/c
N =L 15/ (fm /c) for E,~ (160 MeV)* and V = (10fm)’
/8
M%

Larger than the collision time a few fm/c

%gogaf ~ (160 MeV)*  for @~ 2+/2M _
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« Bose-Einstein Condensation, ed. A.Griffin, D.W.Snoke and S.Stringari
(Cambridge 1995)

Text bokks

e (C.J.Pethick and H.Smith, Bose-Einstein Condensation in Dilute Gases,
(Cambridge 2002)

o L.Pitaevskii and S.Stringari, Bose-Einstein Condensation, (Oxford 2003)





