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Introduction

Introduction
Bjorken idea of the possible formation of a disoriented chiral condensate in
hadronic collisions:

Relativistic heavy ion collisions
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The highly Lorentz contracted nuclei essentially pass through each other,
leaving behind a hot plasma of baryon free in the central rapidity region
where the chiral symmetry is restored.

This plasma then cools down via rapid hydrodynamic expansion to go
through the NONEQUILIBRIUM chiral phase transition.
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Introduction

( For a review, see B. Mohantya, J. Serreau , Physics Reports 414 (2005)
263-358)

Chiral Restoration .. Chiral Symmetry Breaking

7 =17 7 =0

Disoriented Chiral Condensate

The DCCs are the correlated regions of space-time where the chiral order
parameter of QCD is chirally rotated from its usual orientation in isospin
space.

The growth of DCCs is triggered by the instabilities of long-wavelength
fluctuations ( spinodal instabilities) during the second order ( or weakly
first order ) phase transition. Subsequent relaxation of such DCCs to the
true ground state is expected to radiate copious soft pions.

Some theoretical models predict that DCC domain is of size 3 — 4 fm in
radius with a typical life time about 10 fm/c, and can emit 50 — 200 pions.
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Introduction

The formation of DCC leads to large event-by-event fluctuation in the
neutral pion fraction given by f = N_o/N_o + N, +.

For DCC, since f = cos? # where 6 is the angle between the direction of
the isospin in a particular condensate and the third axis in isospin space,
the event-by-event distribution on f is given by

dP(f) [ dQ o1
pr. —/47T5(f cos 9)_2\ﬁ

assuming that there is no privileged isospin direction.

If pions are incoherently produced,the probability distribution of f will be a
Gaussian, peaked at the value f =1/3.

The event-by-event fluctuation in the neutral pion fraction is the most
basic signature of DCC formation. But the pions decay into photons by
the time they reach the detector. This study is equivalent to studying the
fluctuation in the number of charged particles and photons.

We propose that to search for non-equilibrium photons in the direct
photon measurements of heavy-ion collisions can be a potential test

of the formation of a disoriented chiral condensate.
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Introduction

Let us cite Bjorken’s words in his DCC trouble list on Existence of DCC:
Must it exist? NO

Should it exist? MAYBE

Might it exist? YES

Does it exist? IT'S WORTH HAVE A LOOK
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Concluding remark:

Concluding remark:

We propose that to search for non-equilibrium photons in the direct
photon measurements of heavy-ion collisions can be a potential test of the
formation of disoriented chiral condensates. This has been stressed in
ALICE: Physics performance report, volume II. by ALICE Collaboration (B.
Alessandro et al. (ed.)), published in J. Phys.G32:1295-2040 (2006).

Da-Shin Lee (NDHU) Photon Production from Nonequilibrium Disoriented Chiral Condemshzs2011 7 /53



Concluding remark:
References:

» Y.-Y. Charng, K.-W. Ng, C.-Y. Lin and D.-S. Lee : Photon
Production from Non-equilibrium Disoriented Chiral Condensates in a
Spherical Expansion, Phys. Lett. B 548, 175 (2002).

» D.-S. Lee and K. W. Ng: Out-of-Equilibrium Photon Production from
Disoriented Chiral Condensates, Phys. Lett. B 492, 303 (2000).

» D. Boyanovsky, D.-S. Lee and A. Singh: Phase Transitions out of
Equilibrium: Domain Formation and Growth, Phys. Rev. D 48, 800
(1993).

» Suggested review article for nonequilibrium formulation of quantum
field theory: D. Boyanovsky, M. D’Attanasio, H.J. de Vega, R.
Holman, D.-S. Lee, and A. Singh : Proceedings of International
School of Astrophysics, D. Chalonge: 4th Course: String Gravity and
Physics at the Planck Energy Scale, Erice, ltaly (1995) ,
hep-ph/9511361 , or book: Nonequilibrium Quantum Field Theory by
Esteban A. Calzetta and Bei-Lok Hu (Cambridge University Press).

Da-Shin Lee (NDHU) Photon Production from Nonequilibrium Disoriented Chiral Condemshs2011 8 /53



Linear o model + Sudden quench
Linear 0 model 4+ Sudden quench
The relevant phenomenological Lagrangian density is given by

L=Ls+Ly+ Loy, + Ly + Ly,

where
1, - > 1 5, o o 5 o\ 2
L, = 50'6-0,6—om (t)cb.cb—A(cb-cb) + ho,
1 e2 O 8
Ly+ Loy, = —ZF’“’FW—i—rz 2?60‘ " FogFu,
1 Y 1 m eAV aBuv
,/.,‘\/—i-ﬁ\/ﬂ-,y = _ZV Vw,—§mvv V'u—i-4 € Faﬂvm,ﬂ

™

where F,, = 0,A, — 0,A, is the electromagnetic field-strength tensor,
and V), = 9, V, — 9,V is the field-strength tensor of the vector meson
with mass my . In addition, ® = (o, 7%, %) is an O(N + 1) vector with

7t = (nt, 72, ..., mN1) representing the N — 1 pions. Thus, we take
T2

m?(t) = o 5 {729( t) — 1], T > Te.

Da-Shin Lee (NDHU) Photon Production from Nonequilibrium Disoriented Chiral Condemshs2011 9 /53



Linear o model + Sudden quench

The parameters can be determined by the low-energy pion physics as
follows:

my, ~ 600 MeV, f; ~93 MeV, A~ 4.5, T.~200MeV,
h = (120 MeV)*, my =~ 782 MeV, Ay ~ 0.36,

where V is identified as the w meson, and the coupling Ay is obtained
from the w — 70y decay width ((Davidson et al. PRD 43, 71 (1991)).
Since we are only interested in the photon production, we can integrate
out the vector meson to obtain the effective Lagrangian density that
contains the relevant degrees of freedom given by

22
ey,

2

A6 af 0 0
S m T T 0y Fuy Fag,
TV

Lot = Lo+ Ly + Loy —

where the higher derivative terms are dropped out. At this point it must
be noticed that here we have assumed the validity of the low-energy
effective vertices.
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Nonequilibrium Quantum Field Theory

Nonequilibrium Quantum Field Theory

Suggested review article: D. Boyanovsky, M. D'Attanasio, H.J. de Vega,
R. Holman, D.-S. Lee, and A. Singh : Proceedings of International School
of Astrophysics, D. Chalonge: 4th Course: String Gravity and Physics at
the Planck Energy Scale, Erice, Italy (1995) , hep-ph/9511361.

Initial valued problem in a nonequilibrium system

In the Schrodinger picture the evolution of the density matrix p is
determined by

p(t) = U(t, to) p(to) U (t, to),
where U(t, tp) is the time evolution operator:
t /
U(t, to) =T exp [—i/ dt H(t’)]
to
for a time-dependent Hamiltonian H. The symbol 7 means to take the

time-ordered product.
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Nonequilibrium Quantum Field Theory

The expectation value of an operator O in the Schrodinger picture is given
by
Tr [U(t, to) p(to) U(tp, t) O
O1(e) - LU 1) (1) Ui, £) O]
Tr [p(to)]

Consider the case in which the initial density matrix describes a system in
equilibrium. When a perturbation is switched on at time ty, the resulting
time-dependent Hamiltonian can drive the initial state out of equilibrium.
Conveniently, we can model the dynamics by the following Hamiltonian:

H(t) = O(to — t)Ho(to) + ©(t — to)[Ho(to) + Hint ()]

where ©(t — tp) is the Heaviside step function.
The initial density matrix is assumed to be in equilibrium with respect to
Ho(to) at a temperature T = 1/[ given by

p(to) = exp[—BHo(to)] -
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Nonequilibrium Quantum Field Theory
Notice that the initial density matrix can be expressed in terms of the time
evolution operator along imaginary time in the distant past:
p(to) = U(—oo — i, —o0). This allows us to write the expectation value
as

~ Tr[U(t, to) U(—o0 — if3, —00) U(tg, —00) U(—00, tg) U(to, t)O]

(o) = Tr [U(—o0 — B, —o0)]

Tr[U(t, —o0) U(—o00 — i3, —00) U(—o0,t) O]

Tr[U(—oc0 — i, —00)]

where we have inserted

U(to, —00) U™L(tg, —00) = U(ty, —00) U(—00, ty) = 1 to the right of
p(to) in the numerator, commuted U(tp, —o0) with p(tp), and used the
composition property of the evolution operator:

U(t,, to) U(to, tp) = U(ta, tp). Another insertion of 1 = U(t,00) U(o0, t)
yields

_ Tr[U(—o0 —if3, —00) U(—00,00) U(oo, t) O U(t, —00)]
(O)(t) = Tr [U(—o0 — 18, —o0)] :
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Nonequilibrium Quantum Field Theory
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Nonequilibrium Quantum Field Theory

Consider the case of a scalar field ¢ as an example. The generating
functional above has the following path-integral representation

Zlj*t, i) = /d‘Pd(Pld4P2/DSD+D‘P,DSOﬁ

exp</ dt/d3 {£]p —l—jsO})
xexp(—l/ dt/d3 {£]p +Js0}>
oo (i [t [ax{a[]})

with the boundary conditions: ¢t (x, —00) = ¢ (x, —c0 — i) = ¢(x),
Pt (x,00) = ¢~ (x,00) = p1(x), and ¢~ (x, —00) = Y7 (x, —00) = p2(x).

A

L oo 72 |

e t
£ -
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Nonequilibrium Quantum Field Theory

Thus, the relevant generating functional for computing real-time
correlation functions can be obtained as

2" = exp{ /d x <£th [_"5?] - L [iéjb}
exp{ /d4 /d“ T 6T (X)X

(6, X)J™ () =7 () G (X)) T (X
+ () G (x,x)j(X)

o

—ip
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Nonequilibrium Quantum Field Theory

The nonequilibrium propagators are given by

Gt (x,x;t,t") = (pF(x,t)pT(X,t))

= G7(x,xit,t)O(t —t') + G=(x,x; t,t')O(t' — 1),
G (x,x;t,t') = (p (x,t)p (X, 1))

= G7(xxit,t)O(t' —t) + G=(x,x;t,t')O(t — t'),
G (x, Xt t) = (o7 (xt)e” (X, 1))

= G (x,X;t,t') = (p(X, t")p(x, 1)),
G T(x,x;t,t") = (p (x,t)pT(X,t))

= G7(x,X;t,t') = {p(x, t)p(X, t')).
The assumed initial thermal state gives the boundary condition (the
Kubo-Martin-Schwinger (KMS) condition)
G<(x,x; —o0,t') = G7(x,x; —00 — iB3, t').

In the perturbative expansion for weak couplings, there are four sets of
nonequilibrium propagators. Two sets of interaction vertices are defined by
the interaction Lagrangian Lin[=£].
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Nonequilibrium evolution

Nonequilibrium action+ equations of motion

Following the non-equilibrium quantum field theory that requires a path
integral representation along the complex contour in time, the
non-equilibrium Lagrangian density is given by

Lneq - Leﬁ‘[q)+7 A:’L_] — £eﬂ[¢_, /4;]7

where +(—) denotes the forward (backward) time branches. As mentioned
before, the situation of interest to us is a DCC in which both the ¢ and 7°
fields acquire the vacuum expectation values. We then shift o and 7% by
their expectation values described by the initial non-equilibrium states
specified later,

o

7'('0(

) = () +x(X
) = )+ (X,

with the tadpole conditions,

<X()?v t)> =0, <7Z)()?7 t)> =0, <7_[!()?7 t)> =0.
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Nonequilibrium evolution

Large-N approximation

To incorporate quantum fluctuation effects from the strong o —
interactions, we will use the large-N limit to provide a consistent,
non-perturbative framework to study this dynamics. The corresponding
Hartree factorizations are given by

' = 6(x®)x? + constant
X = 30X
4
(7-7)? — (2+N)(7r2>7_r’2+constant
T = TC) (7N
X = (7T)x

Da-Shin Lee (NDHU) Photon Production from Nonequilibrium Disoriented Chiral CorAerib2te2011 19 / 53



Nonequilibrium evolution

To leading order in the 1/N expansion, the Lagrangian then becomes

ﬁeﬂ [¢+X+7C+w+7ﬁ+7’4:] - £eﬁ [¢+X77C+1/1777?77A;]

= {5+ 300 4 507 - Lo - ta(e)u*

1 1 1 . 1 y
—5/\/@3(1“))(+2 - EMi(f)%Z)H - EMT%(f)TFH - ZFJZFW
e’ Buv g+ -+ & gt pt
(6% v « v
+327T2ff(t)6 WFapFin + 327r2f,r¢ T FasFw
_ 62)‘%/ (C'(t))ZeuV066aﬁO Ft Ft + 62)‘%/ 5(t)¢+€’w066a60 FT F+
8m3, m2 0 T wial T am2 m2 § " mvtaf
ezA%/ : + _uv0s _afo ) F+ F+
a0 OrfFa
ey, A6 af
(0
_Sm%/mz A0l 8>\w+871/1+F:,/F;5} —{+--}.
s

We treat the linear and non-linear terms in fields as interactions and

impose the tadpole condition consistently in a perturbative expansion.
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Nonequilibrium evolution

We define:
Ur(t) = &(t) + [m? (1) + 4r0%(2) + 4AC3(t) + 4AE(2)] ¢(t) — h,
Ua(t) = C(t) + [mP(t) +4AQ%(t) + 4XC3(1) + 4AZ(1)] ¢(1),
M2(t) m?(t) + 120¢%(t) + 4XC3(t) + 4NX(t)
M3(t) = mP(t) +4Ag7 (1) + 12XC3(t) + 4AE(1),
M2(t) = m?(t) + 4 p>(t) + 4NC3(t) + 4AX (1),
(t) = (@)(t) - (7)(0). (1)

For example, the tadpole condition reads < Xi(i, t) >= 0. One obtains
expressions of the form (here we quote the equation obtained from

<xT(X,t)>=0)
/ﬁ%mﬂ<xwzﬂxw%¢q>—<xﬂzox(ﬂﬂpﬂugﬂ:o

and similarly for < x~ (X, t) >= 0. Because the Green's functions
< xHT(X,t)xT(¥',t') >, etc. are all independent one obtains the equations
of motion in the form Ui(t) = 0.
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Nonequilibrium evolution

With the above Hartree-factorized Lagrangian in the Coulomb gauge,
following the tadpole conditions, we can obtain the full one-loop equations
of motion while we treat the weak electromagnetic coupling perturbatively:

o(t) + [m?(t) + 4Ap2(t) + 43 (t) + 4NE(t)] o(t) — h =0,

C(t) + [mP(t) + 4G (1) + 4N (¢) + 4AE(2)] ¢(¢)

2 242
B e aBuv . € )\V i ; i o2 pl —
oz o)) = 5 [CO T2 AR ()

Now we decompose the fields 7 and AT into their Fourier mode functions
Ug(t) and V,z(t) respectively,

7?()_('71') = /\/273{31? k
7T Ww_r

Ar(z,t) = Z/ _Pkae b Var(D)e™ + e,

\/2(27)3w 47

where 3 and b, are destruction operators, and €, are circular

polarization unit yectors,
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Nonequilibrium evolution

Then the mode equations can be read off from the quadratic part of the
Lagrangian in the form

[dz K2+ mP(t) + 4XP2(t) + 4AC3(t) + 4XNX(t)| Uk(t) =0,

dt2

2 e2)\2 2
jtz Vi(t) + [1 _ e s V_C2(t )} k2 Vi (t) — k;Tﬁrg(t)vlk(t) =0,
2 2 2 2
S Vale) [ 1= 00| K0+ kS (0 Va(0) =0

The expectation values Wlth respect to the initial states are given by

A 3
S(t) = (N—l)/ 2(dk[|Uk( )2 —1}coth[

27r)3w,rk

2T]
A 3
UEFO = [ @0 g IVadoF = VoF].

27 )3wak

L ] A 3
(ALV2ALN (1) = /2(2:)3’;“(—%) [Var(8)]? + [Var(2)?]

where we set the cutoff scale A ~ my and N = 3.
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Photon production

The initial conditions for the mode functions are given by

Ur(0) = 1, Uk(0) = —iwnk, w2y = k? + m?(t < 0) + 4X[¢%(0) + ¢%(0)]
Vak(0) = 1, Vi(0) = —iwak. wak = k,

We choose to represent the quench from an initial temperature set to be
T; =220 MeV = 1.1 fm ™! to zero temperature. The initial conditions for
the mean fields are ((0) = 0.5 fm~! and 1 fm™!, and

¢(0) = ¢(0) = ¢(0) = 0.

The expectation value of the number operator for the asymptotic photons
with momentum K is given by

(Ni(t)) = 21k [; (K,t) - Ap(=K.t) +K2A7(K. 1) - Ar(—K, )] —1

A
= Z Vak(8)]* + K[ Var(t)]?| - 1.
A

This gives the spectral number density of the photons produced at time t,
dN(t)/d>k.
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Photon production

05

C (™)
2

.05

t (fm)

Figl shows the temporal evolution of the ((t) by choosing the initial
conditions ¢(0) = 0.5 fm~* and 1 fm™1, and {(0) = #(0) = ¢(0) = 0.
The ((t) evolves with damping due to the backreaction effects from the

quantum fluctuations.
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Photon production

In Fig2, we present the time-averaged invariant photon production rate,

kdR /d3k, where
1 T
R=—
Py

over a period from the initial time to time T = 10 fm.

waRid )
5

me\mmm

K (Fm™h

T Ty T T Ty T

}HHHJ \HHH}" I ;HJ AT T AR

o]
B
a

Note that the peaks are located at k = w¢/2 and k = w¢ where wy is the
oscillating frequency of the ((t) field with ¢(0) = 1 fm~? in Figl Thus,
the photon production mechanism is that of parametric amplification.
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Photon production

We now provide the analytical analysis to understand qualitatively the
above numerical results.

Let us approximate the ((t) as ((t) ~ C_sin(wct). The C is the average
amplitude over a period from the initial time up to time of 10 fm. When
Av = 0, we change the variable to z = wgt/Q.Then, the photon mode
equation becomes

2 2 27
:2 Vik + 4kc Vik — ;;Zi cos(2z) Vi, = 0. (2)
This is the standard Mathieu equation. The widest and most important
instability is the first parametric resonance that occurs at k = w¢/2 with a
narrow bandwidth & ~ e2(/(2n2f,). The instability leads to the
exponential growth of photon modes with a growth factor f = e“*#, where
the growth index p ~ 0/2. This growth explains the peak at k = w¢/2.

2uz
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Photon production

When the Ua (1) anomalous vertex is turned off (f; — c0), we change the
variable to z’ = w¢t. Then, the photon mode equation becomes

d2 k2 k2€2)\2 52
@V]_k + ?V]_k — ﬁ COS(2Z,) V]_k = O (3)
¢ Tmy

Now, the parametric resonance occurs at k = w¢ with a growth factor

' = e where pi/ ~ e2)\%/<2w§/(8m7%m%/). This growth explains the
peak at k = w¢. Putting all values together, the ratio of their growth rates
is given by f’/f ~ 0.5 consistent with the numerical result.
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Linear o model+ Spherical expansion

Linear 0 model+ Spherical expansion

In ultra-relativistic heavy-ion collisions, it is expected that the rapidity
density of the particles produced in the hot central region has a plateau (
an approximate Lorentz boost invariance along the longitudinal
hydrodynamic expansion). However, at late times, a transverse flow can be
generated due to the multi-scattering between the produced particles, so
the expansion becomes three dimensional.
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Linear o model+ Spherical expansion
Here we will simply assume that the hydrodynamical flow is spherically
symmetric, and that the boost is along the radial direction.
The natural coordinates for spherical boost invariant hydrodynamical flow
are the proper time 7 and the space-time rapidity 7 defined as

1 t
TE(tz—r2)%, nzzln(ti_:>,

where (t,F) are the coordinates in the laboratory,
t =T7coshn, r=Tsinhn.

The ranges of these coordinates are set to be 0 < 7 < 0o and 0 < 5 < o0,
restricted to the forward light cone. In terms of spherical coordinates, the
Minkowski line element is given by

ds*> = dt* —dP?
= dr? — 7%(dn? + sinh® 5 d6? + sinh® 1) sin” 6 d¢?)
dr? — r2di?.

This is a good first-order approximation since the boost invariance is in

anyway applied only for small values of 7.
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Linear o model+ Spherical expansion

The relevant phenomenological effective action in a general expanding
space-time is given by

5—/d4x\/§(Lg+LA+LWoA),

where
L= 20,606+ 112661 (6.6) 4 ho,
La = —%ga“gﬂ”FaﬁFW,
1 eQA%/ uvAo _apys

— A0, O Fy Fogp,
TVErEmmy ST e
where F,, = 0,A, — 0,A, is the photon field, and ¢ = (0,70, 7) is an
O(N + 1) vector of scalar fields with 7 = (71, 72, ..., 7/V=1) representing
the N — 1 pions.
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Linear o model+ Spherical expansion

It is convenient to work with the conformal time defined by

d
du = T;—T
-

where 7; is the initial proper time after which we expect that the
quark-gluon plasma is formed and thermalized. Integration gives

-
u=mT1In[—].
Ti

ds? = —gdx'dx” = a(u)(du? — dx?),

Rewrite the metric as

where a(u) = 7/7; = €/ and dX = 7;d1].
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Linear o model+ Spherical expansion

Defining ® = ®,/a, the action becomes

5—/dud3>? E—/dud3>"<’ (Lo +La+Loa),

where
1 11 1d%a -
EO’ = —577/“/8“(])3 61/(1)2 + 5 |:232M§ + aduz:| d>a a
- 2 3
A ((Da <Da> + a3ho.,
1
£A = ZT} ’I’]ﬂVFaBFMV,
e 79
Loa = —2 P gF,
A 3272 af, Bl
1 e2)\%/ 0 70
il nvAe aBys, o ol 22VF F
+328m,2rm%/6 776)\( > 'y<a> uvlFapBs

where &, = (0,70, 7,) and 7" is the Minkowski metric. In terms of the
conformal time, the effective action now has the time dependent mass

term and interactions.
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Linear o model+ Spherical expansion

Here we first shift o, and 70 by their expectation values with respect to an
initial non-equilibrium states:

oa(X, u) = ¢a(u) + xa(X, u), (oa(
772()_(’7 U) = Ca(u)‘{'d}a()_('a U), <772

X,
X, u)) = Ca(U) < a(%, )>
(Ta(X, u)) =0.
Using the tadpole conditions, the large-N equations are as follows:
d2
[d2 + m3(u) + 4Xg3(u) + AN (u) + 4A<ﬁ§>(u)] ¢a—a h =0,
e 1

2
)+ A+ G+ N G o (PP

d 2
e\ 1d [1d (¢
uv0o _aB0d F F
4m2mvadu Lz du ( )} € € Nos (Fuv Fap)
e’ 1 d
4m2m?, a3 du
where m2(u) = —(1/2) a®M2 — 3/a, ((u) = C»(u)/a, k = |k|, and the dot
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Linear o model+ Spherical expansion

The Fourier mode functions U_z(u) and V, (u) respectively are defined by

with the mode equations:

2
[j:z + k% + m3(u) + 4Ng3(u) + ANZ(u) + 4)\<7?§>(u)} Uak = 0,

o2 )2, (2] 2

{du2 A R m%m%/? B 271'2/’770( ik =0,
o2 )2, (2] 2 .

{duz+ _m%m%/? k +271'2f7r<k Var = 0.

The frequencies w

.y and w,> . can be determined from the initial states:
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Linear o model+ Spherical expansion

The expectation values with respective to the initial states are given by

Na(u) 3L W
0 =W [ S U] coth | 55

O FopFu)e) = [ M P ) V@)~ Vi)
€ afl uv - 2(27T)3WAk du 2k 1k ’
Na(u) d3E
6W006aﬂoa7705<FWFaﬁ>(u) - / 2(27)3wark )
[Vak(u)? + [Var(u)*]
Aa(u) d3E
Ewoaﬁaﬁw%é<87FWF045>(U) - / 2(27)3wak (4k2)

2 [[Vak(w)? + Var(w)?]

where (72)(u) is self-consistently determined. In particular, when u = 0, it
becomes the gap equation,
A 3%
d >k Wi ki
—2 Tak,i
0)=(N-1 th =1 . 4
(72)0) = (W =1) [ 5ot coth | 74 @
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Linear o model+ Spherical expansion
In this conformal frame, the momentum cutoff we choose depends linearly
on a so as to keep the physical momentum cutoff A fixed in the laboratory
frame. Here we choose

Uak<n(0) = 1, Usken(0) = —iwz ki,
w3 k% + m3(0) + 4Ap3(0) + 4AC3(0) + 4N (72)(0);

Fakyi =
Vioken(0) = 1, Viokan(0) = —iwari» wak; = k;
Usksn(uk) = 1, Usksa(uk) = —iws ks
Wi = K24 ma(uk) + 4ad5(uk) + 4ACE (k) + AN(T2) (uk);
Visksa(uk) = 1, Vioksa(uk) = —iwaki, waki = k.

Therefore, for the momentum lying below the momentum cutoff A at the
initial conformal time, the initial condition for the mode function can be
set at u = 0 as above. However, for the momentum above the cutoff
momentum A at u = 0, it will become dynamical when k < Aa(u) after

u = ug = 1iln(k/N), and the initial condition for this mode function must
be set at that conformal time wy.
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Linear o model+ Spherical expansion

The photon spectral number density at time u is given by the expectation
value of the number operator for the asymptotic photons,

N __ dN, . dN
BRd3k  d3%d3k  d3Xd3k
1 15 - 5 - S5 - -

- 2k [AT(k u) - Ar(—K, u) + k2AT(k u) - Ar(—K, u)} ~1

_ 2 2 2 2 2

= oz [V (@P + RIVik(@)?] + 1 (Vo) + K Vi) ]~ 1,

and the invariant photon spectral production rate is given by
kdN
dud3>?d3/?

LN o Var] + =S [Vl — Vel
_4 m2m%/ 2K qu Vi LT o2 Sy LT Ak
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Linear o model+ Spherical expansion

We now need to relate this spectral production rate to the invariant
production rate measured in the laboratory frame. From the coordinate
transformations, we find that

q = pcoshn+ prsinhn,
Gy, = pTsinhn+ p,7coshn,
qs = Po,
dp = Pgs

and the zero-mass condition of the photon, i.e., g"’p,p, = 0,

gl _1 ( 2 1 5 1 2>
= T= @+ —5 @R+ ———a) .
7 T 7\ sinhznqe sinhznsinzeqd)
1 1 2
_oqm [ 2 2 2
p = |P|—<pr+r2pa+r25in2 p¢> ,

where g, = (g, §) is the photon four-momentum in the proper time and
spatial rapidity coordinates and p,, = (p, p) is that measured in the

laboratory frame.
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Linear o model+ Spherical expansion

Because of the spherical symmetry of the problem, for convenience, we
can choose p to be along the z-axis, which is also the polar axis. This
gives p, = pcos#, and then

g = p(cosh n + cos @ sinh 7).

We then find that

dN q dN B p dN
dl  dqg,dqpdqsdTdnddd¢ — d3p 73 sinh?nsin Odrdndide’

where dI" stands for the invariant phase space element in the comoving
frame. Therefore, the photon spectrum measured in the laboratory at the
final time 77 can be obtained as

N Tmax 2
" o / dT/ dn/ de/ dg 73 sunhznmn@%(f q)

where g = p(cosh 1 + cos ' sinh 7).
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Linear o model+ Spherical expansion

Now, in the small 1 approximation, one can link the invariant rate in the
comoving frame to that of the conformal frame, where k = q7/7; and
k = ¢/, in the following way:

dN- ~ qdN N<ﬂ>2 k dN
di — drd3ijd®q  \7/) dud3%d3k
where u = 7iIn(7/7;). Then, we can approximate

p dN

d3
Tf Tmax ™ 2 k dN

2/ dT/ dn/ dQ/ d¢ 727 sinh? ysin §———(u, k)
7 0 0 0 dudXdk

QT2 [TF Tpe’max /7; 1/ kT
~ T / dT/ dk [cosh(nmax) - = (T' + pT)]
p J - 2\p17 kT

pemax /Ti
k dN
wKIN k.
dud3xXd3k
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Linear o model+ Spherical expansion

Here we consider the photon emission from the states of the local thermal
equilibrium that are presumably produced in heavy-ion collisions.
FORMATION OF QUAKR-GLUON PLASMA:
After the ultra-relativistic heavy collisions, in the central rapidity regime,
multi-scatterings among the constituents of nuclei cause the produced
quarks and gluons to reach local thermal equilibrium at the time scale of
i
The conservation law of entropy for a hydrodynamic expansion of spherical
symmetry reads
s(T)r3 = s(Ti)73.
In the QGP phase, the entropy density is dominated by the relativistic
massless gas composed of quarks and gluons given by
212
==_gcT? 5

sQ = 4867, (5)
where the degeneracy gc = (2-8+2-2-3-2- %) for the two-flavor quarks
and the eight SU(3) gluons.
The cooling law in the QGP phase can be obtained as T = (7;/7)T;.
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Linear o model+ Spherical expansion

FIRST ORDER P.T. TO HADRONIC GAS
Subsequently, the plasma cools adiabatically down to the quark-hadron
P.T. about T, when the QGP starts to hadronize at 7¢ = (T;/ Tc)7i.
The entropy density of hadronic matter is taken as

2

27
==_—gn(T)T>.
SH = 5 gH(T)

The effective degeneracy gy(T) ~ 13(T/fm™1)? where § ~ 3.4 (the
Walecka model (Alam et al.,Ann. of Phys.(2001)).

The entropy density of the mixed state is equal to the sum of the entropy
densities of QGP and hadronic matter at T, weighted by their fractions:

smix(T) = fQ(7)sg + fH(T)sk
The entropy conservation leads to

s€ @3_Sc
fQ(T)Z Q(T) H

c c
SQ_SH

; f(r) = 1 = fo(7).

Therefore, the mixed phase ends at 7y = (s(c\)/s,‘f,)l/3TQ determined from
fo(TH) = 0 above.
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Linear o model+ Spherical expansion

HADRONIC PHASE

As for the hadronic phase, the entropy conservation law gives the cooling
law, T = Tc(7y/7)3(%+3) The freeze-out time can be obtained as

7¢ = TH( T/ T¢)(0*3)/3 where the mean free path for all hadrons is of the
order of the size of the plasma,, and after that all hadrons cease further
interactions.

Da-Shin Lee (NDHU) Photon Production from Nonequilibrium Disoriented Chiral CorAerik2te2011 44 / 53



Linear o model+ Spherical expansion

The equilibrium photon emission arising from an expanding quark-gluon
plasma (QGP) as well as hadronic matter can be obtained by convoluting
the equilibrium photon production rates with the expansion dynamic as

N Tmax 2w
pdgﬁ — / dT/ dn/ d0/ dé 73 sinh?7sin 0

Mo (a.7=77)

+ / dT/nmxdn/ d(9/27rdgz57' sinh2 7 sin 0
(o5 lo (0.7 + )G b (0. T2))
Tlmax 27
+ / dT/ dn/ de/ d¢ 73 sinh?nsin 6
3
dar ‘”(q’T T<T>M>’

where again g = p(cosh 7 + cos f sinh 7).
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Linear o model+ Spherical expansion

We now turn into the discussions of the photon production processes from
the QGP and the hadronic phase (Peitzmann & Thoma, Phys. Rep.
(2002)).

The thermal photon production rates in the high energy regime (E >> T)
from the QGP take account of the following important processes:

e e AVAVAVAUAWE S B AVAYAVAVAVY |
g 000000 q q 000000 o
Fig. 1. Lowest order contributions to photon production from the QGP: Compton scattering (left) and quark—antiquark
annihilation (right).
a
(\S«S\J v ¥
q
q
9.2 q.g

Fig. 5. Photon production processes corresponding to the 2-loop HTL contribution: bremsstrahlung (left) and annihilation
with scattering (right). The filled circles indicate HTL resummed gluon propagators. The lower line indicates either a
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Linear o model+ Spherical expansion

As for the photon production processes from the hadronic phase, the
dominant processes in the energy regime of our interest are those of the
reactions:

e AUAUAR I SEEETEE — Y
L P IaVaUal BN tiass o
+
n*\ (\-S\Y oo IAUAVAR AN o
Dﬁ/ St 0 b = po/kflqj':’
o IR o
17 0 -2

o Ty A a0 Uy
e e R

Fig. 9. Photon production from pions and rhos.

The reaction for producing photons that involves the intermediary axial

vector meson aj is also important, for example, wp — a1 — 7.
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Numerical results

We assume that the QGP is formed with temperature T; = 1.0 fm ™" at
the formation time 7; = 1.0 fm.

In addition, the cooling law in the QGP phase gives the time scale

7@ = 1.1 fm when the QGP begins hadronizing and the subsequent
quark-hadron mixed state is formed at the critical temperature assumed to
be T. = 0.9 fm™'. One can also estimate the time when the mixed state
ends, Ty = (s(c\)/s,‘il)l/3 = 1.77 fm.

In the final stage, the system turns into the hadronic phase starting at 7y
till the freeze-out time 7 = 5.6 fm estimated from the cooling law of the
hadronic phase and the freeze-out temperature chosen as T¢ = 0.5 fm ™.
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Numerical results
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(a) Temporal evolution of the 7° mean field ((u). (b) Evolution of the
derivative ((u). (c) Photon spectral number density d\N/d3xd3k for
¢(0) = 1.0 fm™! at different times, where u is in units of fm.
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Numerical results
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Photon energy spectrum measured in laboratory. The solid line denotes
the initial mean field ¢(0) = 1.0 fm~!, while the dashed line denotes
¢(0) = 0.3 fm™!. The dotted line is the thermal photons emitted from

quark—%!_uon (phase transition.
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Concluding remark:

Concluding remark:

We propose that to search for non-equilibrium photons in the direct
photon measurements of heavy-ion collisions can be a potential test of the
formation of disoriented chiral condensates. This has been stressed in
ALICE: Physics performance report, volume II. by ALICE Collaboration (B.
Alessandro et al. (ed.)), published in J. Phys.G32:1295-2040 (2006).
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Longitudinal hydrodynamic expansion

Longitudinal hydrodynamic expansion ( in progress)
In the longitudinal hydrodynamic expansion, for example along the z
direction, the natural coordinates for describing the boost invariant
phenomena can be the proper time and spatial rapidity given by

1 t—z
_(#2 _ 2\1/2 _ 2
T=(t"—2z9) N 2|n<t+z>' (6)

Then, the Minkowski metric can be reexpressed as:

ds? = dr? — dx? — dy? — 7%dn?, (7)

which lies within the category of the metric of the Bianchi-type |
cosmologies of this type:

ds® = C3(r)dr? — C2(r)dx? — C3(7)dy® — C3(7)dz>. (8)

1. Quantizing gauge potentials of electromagnetic fields under this
metric can be done by a proper choice of the gauge conditions.
(DONE).

2. Numerical study of photon creation that arises via the couplings to

nonequmbrlum reIaxatlon of DCCs is in progress.
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Longitudinal hydrodynamic expansion

Thank you for your attention!!
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