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 Introduction and Motivation
short overview on quark-gluon plasma and heavy-ion physics
direct photons as electromagnetic probes / finite lifetime effects

* Previous approaches
divergent vacuum contribution / unphysical UV scaling behavior
debate how to handle these artifacts

* Model description of finite lifetime effects
time-dependent occupation numbers
achievements / aspects not under control

arXiv:0906.1734 [hep-ph]

* First-principle description on chiral photon production
Yukawa-like source term

Insertion on pair production

asymptotic photon numbers Annals of Phys. 336 (2013) 331

« Summary and Outlook



Introduction and Motivation

* direct access to QGP not possible
experimental signatures needed
direct photons as electromagnetic probes / no finial state interactions

provide direct insight into the early stage of the collision
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 direct photon measurement by PHENIX and ALICE collaborations
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 theoretical investigations / identified photon sources
prompt photons from initial nucleon-nucleon scatterings
photons from jet-medium interactions

medium photons from QGP (+hadronic phase) sl i) plesie

» standard treatment of QGP photons 1.2 . . \.\
integration of thermal rates on 1
hydrodynamic background 08 |

0.6

n(t)/ Neq.

« aspect to take into account
QGP no static medium, but created
over a finite timescale
non-equilibrium situation occurs 10 s 0 s 0
during creation period \ t [fm/c]

04t

_ _ vacuum
e questions of interest

non-equilibrium / finite lifetime effects on photon emission?
consistent description within real-time formalism?



Previous Approaches

. Boyanovsky et al.,
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I/ (@)
non-equilibrium

3—%

(b)
Oasae) }_{

thermal

dominance over leading-order thermal contributions (b) in UV domain

However:
photon numbers l/w > (wip
pair creation process neglected so far — results incomplete

— |k| ) in UV domain — unphysical
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* Boyanovsky et al., Phys. Rev. D 68, 065018 (2003), hep-ph/0305224
inclusion of pair-creation process — divergent vacuum contribution
renormalization attempt
unphysical UV scaling behavior remains

«Serreau, JEHP 0405 (2004), hep-ph/0310051
encountered problems < virtual radiation (not observable)
consideration of correlated initial state required
no concrete calculations

» Dadi¢, Moore und Gelis, hep-ph/0311131
uncorrelated initial state «» ‘switching on’ of e.m. interaction at t,

* Fraga, Gelis and Schiff, Phys. Rev. D 71, 085015 (2005)
photon free initial state ?? <« uncorrelated initial state
transient photon numbers ?? < ‘switching off’ of e.m. interaction at time t
renormalization scheme ?? — no re-derivation of photon numbers
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* Boyanovsky et al., Nucl. Phys. A 747, 564-608 (2005)
photon-free initial state < initial value problem
transient photon numbers — QGP has finite lifetime
renormalization scheme — consistent definition of photon numbers

e original problems remained unsolved
main motivation for our investigations
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« find an ansatz for the photon self-energy (PSE)
take into time evolution of QGP properly

 things to take into account / disregarded by Boyanovsky et al.
vacuum contribution to PSE — always persistent / t; — -«
medium contribution to PSE — only temporarily persistent as long
as QGP is heated up

 introduction of time-dependent occupation numbers in PSE
nr(E) — np(E,t) = f(l)nr(E)
« adhered to consideration of transient photon numbers

» achievement of ansatz
consistent renormalization of vacuum contribution



Model description

Time-dependent occupation numbers

* However:
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UV scaling behavior of photon numbers not fully under control

1.2

1t
0.8 |

0.6 t

f(t)

04

0.2

0

instantancous
formation

formation time

of t=1.0 fm/c |

-10

-5

t [fm/c]

107
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=

instantancous
formation

| formation time
of 1z=1.0 fm/c

0 2 4 6 8 10 12 14 16 18 20
o, [GeV]

photon numbers l/wgi for instantaneous formation

photon numbers l/w%S for formation over finite time interval

total photon number density but total photon energy density
UV convergent

artifact remains for arbitrarily smooth f(t)

still UV divergent
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* consider Ward Takahashi identities < current conservation

LS, (z,y) = () (¥)ju(z)) with OMILS, (z,y) =0

not fulfilled by model approach (and not by Boyanovsky et al. either)
possible reason for photon spectra being not UV integrable

 chiral photon production 04
chiral symmetry temporarily restored 035
during heavy-ion collisions 0.3

. 0.25
change of quark mass from constituent sl
value m, to bare value m, 0.15 |
mass change induces pair creation 0.1

" . . 1 c 0.05
consider photon emission arising from

0

pair-crea’tion process 25-2-15-1-05 0051 15 2 25
t [fm/c]

m(t) [GeV]

mc=0.35 GeV
my,=0.01 GeV |

* mass shift contributes to formation of quark-gluon plasma
investigations relevant in the context of finite lifetime effects
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 allows for first principle calculation

* model change in quark mass by Yukawa-like source term

A

ﬁ(w) = ﬁQED(x) - 9¢(75)¢(93)1;($)
source field classical and time-dependent only / time-dependent mass
m(t) = me + go(t)

compatible with Ward-Takahashi identities / gauge invariance

» keep coupling to source field to all orders
pair creation process non-perturbative phenomenon
construct interaction picture including full dynamics from source field

- determine photon numbers through perturbative calculation in a,
restriction to first-order QED processes
required energy provided by coupling to source field
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* photon numbers expressed in terms of photon self energy

d6n,},(t) 1 t : < ( iwg(t1—t2)
ka d3xd3k = (271_)3 [OO dtl [m dtngT(k‘,tl,tg)e k 2

* photon self-energy given by one-loop approximation

e d°p
T3, (k, 1, t2) =82/ (QW)gTr{’mSF((erk t1,t2) v Sg (p,tl,tz)}

fermion propagators obey equations of motion
. 7 =,
(1(9t1 T YD — m(tl)) Sﬁ(pa t1,t2) = 0
. i Z /-
(18t2 — 7 Di +m(t2)) Sli{(pa t17t2) = 0

full inclusion of mass shift effects
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—> qg—qty

1-loop diagram corresponds to 3 3
1st order QED processes qQ— q-—+y

1st order QED processes possible by qg+q—7
coupling of quarks/antiquarks to ((t)

*—ii (—)\?/ 0—q+qg+~
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* photon numbers given by an absolute square

d°n.,(¢)
2y s = WZ[ du (f3F Ay ()]0

integrand < 1st order QED transition amplitude
initial state: [0 > = [0, > ® |04 >
final state: |f;k,A> = |f>® |k, >

2

* photon numbers positive semi definite
unphysical negative values excluded a priori

absolute square free of <> consideration of photon numbers
vacuum contribution for free asymptotic states
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» diagonalize Hamiltonian via Bogolyubov transformation

~

bﬁ,s(t) = &5 () p;s +77P5( )&T—ﬁas

by . T % =
d—ﬁ,s(t) — 5 ( )d—p S nﬁ,s(t)bﬁas

7

expansion of fermion-field operator in terms of instantaneous
eigenstates of Hamiltonian

 instantaneous particle / antiparticle number operators

e

fps(t) =L (Dbss(t) , Rpa(t) =d ; (t)d_p(t)
normal ordering of Hamiltonian with respect to instantaneous vacuum

« definition of number of quark-antiquark pairs

?’L expectation value of inst. number
qq e
dSmdS § : |7710 S operator w.r.t. initial vacuum state
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Chiral photon production

Pair production from chiral mass shift

 particle numbers in the asymptotic limit
decay behavior for large p highly sensitive to m(t)

0.4 ———— 100
0.35 ) 1 104}
instantaneous
0.3 1 once diff. ] 10 |
= fully smooth o
iq>J 0.25 ¢ J 2 5
) I (VA
= 0.2t ] =3 o instantaneous
E’ 0.15 + 1=1.0 fm/c for m_=0.35 GeV - = o oncc_{_jnf..
once diff. and m=0.01 GeV > fully smooth
0.1 | fully smooth 1 10
0.05 10" | =1.0 fm/c for once diff. m_=0.35 GeV
0 s . . . . : . - and fully smooth m;=0.01 GeV
-16
10 * * ; ; ; ; ; ; *
25-2-15-1-05005 115 2 25 0 02 04 06 08 1 12 14 16 1.8 2
t [fm/c] p [GeV]

particle numbers o« 1/p? for instantaneous mass shift
particle numbers o« 1/p®if mass function once differentiable
exponential suppression for fully smooth mass function

- same dependence on mass function for m.—m,—m,
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Chiral photon production

Pair production from chiral mass shift

* particle numbers at finite times
strong ‘overshoot’ over asymptotic value

107

6 343
d'ngg(t/d xd"p

p=0.5 GeV
p=1.0 GeV

L p=1.5 GeV

p=2.0 GeV

once diff.
7=1.0 fm/c
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6 343

d'ngg(t/d"xd"p
S
=

_.
C:I
o

m_=0.35 GeV
m,=0.01 GeV

oo

-2

0 1

t [fm/c]

_.
C:I

p=0.5 GeV

fully smooth m_=0.35 GeV

=10 fm/c m,=0.01 GeV

-3 -2 -1 0 1 2 3
t [fm/c]

particularly distinctive for fully smooth case

particle numbers o« 1/p* for < temporary logarithmic divergence in
large p at finite times

ambiguity of particle number definition at finite times?

In total energy density
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* reflect definition of photon numbers more carefully

* model approach / investigations by Boyanovsky et al.
definition of photon number for transient times

6
d"ny(t) _ Z <@TH(E,)\,t)&H(E,)\,t)> (1)

w—.
k 1313
d’xd’k =
average taken with respect to initial state

mode operators ar(k, A, t) < coefficients in plane-wave
decomposition of photon operator
however: interacting fields « interpretation as single-photon
operator questionable

interpretation of (1) as photon < argument by Fraga, Gelis and Schiff
number problematic

* how to obtain a consistent definition
possible in the limit t—<« for free asymptotic states



Chiral photon production GOETHEQ?
Asymptotic photon numbers UNIVERSITAT

FRANKFURT AM MAIN

* how to construct free asymptotic states
introduce adiabatic switching of electromagnetic interaction according

to Gell-Mann and Low theorem 12

2 A A 2 ~ ~ 1

Bt — e~ Fgyy  Hgn = e f &z Y@ D@ AE)  os|w ©
= 0.6

specify initial state for t;—-« (a) 0.4

interacting fields at finite t (b) 02 /N

evolution into free fields for t— (c) 755250 25 5 175

et

* how to obtain correct asymptotic limit for the photon numbers
sequence of limits: first t—< for a consistent definition
then e—0 as adiabatic limit

» exact sequence of limits crucial
eliminate possible unphysical contributions from vacuum polarization

obtain physically sensible results «» damping out of spurious
from mass shift effects transient contributions
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« achievement of asymptotic description
photon spectra UV integrable for suitable m(t)

0.4 ——— 10 \\__—_—;
0.35 . 107 |
instantaneous 10}
0.3 1 once diff. i 10
= i fully smooth ok j
;U>J 0.25 rﬁ . instantaneous m_=0.35 GeV
< 02 | ] % 10 | once diff. my=0.01 GeV
-y & g fully smooth
= 0.15  t=1.0 fm/c for m _=0.35 GeV 1 s 107
0.1 ¢ ']:T]Tf dllT]:f,J .?&d mb=0,0] GeV | 1070 | A-=20 GeV for instantancous
. 7 SMOC
’ 35
0.05 ¢ 10 7=1.0 fm/c for once diff. and fully smooth
0 . L ) ) n n : . 10'40 'l . L -
25-2-15-1-050051 15 2 25 0 2 3 4 5
o, [GeV]

t [fm/c]
photon numbers l/w;% for instantaneous mass shift

photon numbers 1/@:)% If mass function once differentiable
exponential suppression for fully smooth mass function

- same dependence on mass function for m.—m,—m,
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e comparison to thermal photon spectra
thermal photon production ~aa. / chiral photon production ~a,

10—5 i
10710
2 -15
e 1077 F
rﬁ?d A instantaneous
< 10°° | once diff.
d~ s | fully smooth
s 10
1079}
10 | m=0.35 GeV
m;=0.01 GeV
107 ' - - -
0 1 2 3 4 5

o, [GeV]

no general dominance of chiral photon production
consider fully smooth case / most physical scenario
chiral photon production subdominant in UV domain



Summary

» photon emission from a quark-gluon plasma
role of finite lifetime effects
consistent description in real-time formalism

*» model description
time-dependent occupation numbers
‘Photon numbers’ at finite times
renormalization of vacuum contribution
photon spectra still not UV integrable
artifact from violation of Ward-Takahashi identities

* first-principle description
chiral photon production
Ward Takahashi identities fulfilled
photon numbers for free asymptotic states
no unphysical vacuum contribution
photon spectra UV integrable
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Chiral photon production

Photon numbers at finite times?
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» consider pure mass-shift contribution for different values of €

107 - - - - 107 - -
®,=1.0 GeV =10 GeV
Ac=50Gev [V ' : 107 | A=5.0GeV  /
10 once diff. fully smooth /
=1.0fm/c 10° pr=1.0 fm/c /
2 A2
= -6 4 = = 5
= 10 7 1 -7 | x 107 | ]
F 107 F 100} 0
< e=10) GeV —— e e=10) Gev
e=10 GeV —— 107 }e=102 Gev
]0-3 E:lO_EJ GeV 8:10_6 GeV
£=10 GeV —— 1010 [ E=107 Gev
e=10" GeV —— e=10" GeV ——
109 LE=0.GeV © . : : : ot L0 GeV .
1w0* w2 1w 10 1wt 1w® 10* 10" w* 10?10 1w 1wt 1w 10® 10!

t [fm/c] t [fm/c]
excess over asymptotic value by several orders of magnitude
transient photon numbers ill defined

no free asymptotic states or artificial ‘switching off’ of e.m. interaction
< violation of Ward-Takahashi identities

 interchange of limits forbidden
corresponds to consideration of transient value for small €
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 relevance of results for earlier model approach
unphysical UV scaling behavior < ill defined photon numbers?
artifact removed for free asymptotic states?

e accordant revision of model description
keep ansatz for photon self-energy (PSE) to describe time-
evolution of QGP

np(E) — np(E,1) = f(t)nr(E)

but: consider photon numbers for free asymptotic states
again restriction to first-order QED processes

« achievements of revised model approach
possible unphysical contribution from vacuum polarization
again eliminated
photon spectra moreover UV integrable for suitable f(t)
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Revised model description

» consider photon spectra for different f(t)

n(t)/ ..

1.2

1

0.8 ¢

0.6

04

0.2 1

0

- instantaneous

once diff.

fully smooth

17=1.0 fm/c for
once diff. and
fully smooth

-25-2-15-1-05 0 05 1 1.5 2 25
t [fm/c]

dﬁnq‘,,’d?’xd?’k

10
107

10 |
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instantaneous

fully smooth

- t=1.0 fm/c for once diff.
and fully smooth

0 2 4 6 8 10 12 14 16 18 20
o, [GeV]

photon numbers 1/w§ for instantaneous formation

photon numbers 1/w;—:» for f(t) once differentiable

exponential suppression fully smooth f(t) / slope coincides
with inverse temperature
thermal-looking photon spectrum at large t for fully smooth case?
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* indeed: convergence of slope against inverse temperature at large t

20 | 1=0.00 fm/c
1=0.05 fm/c
1072 }1=0.10 fm/c
1=0.15 fm/c
1029 }1=0.20 fm/c
t=1.00 fm/c

dﬁnq‘,;’daxd?’k
=)
§

T=0.3 GeV

0 2 4 6 8 10 12 14 16 18 20
o, [GeV]

however: photon numbers seem to saturate for t—« / unphysical

 Where does the apparent saturation come from?
consider individual processes separately
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- exclude collinear modes for ¢(q) — q(q) +~
consider only modes with -1 < x < x_../ X <> cosine of angle
between fermion and photon momentum

107 - 10t ————— —
-10 | 1 % q— q+Y Xmax=0-90000 ——
10 q = q+Y 10° T g gy X, =0.99000 ——
1015 | R YU g T Xpnax=0-99900 ——
20 o 0T Xenae=0.99990 —
m_g 1015 1 ] r"‘_a 10710 \ X =0.99999 ——
o 107 | o 12 _ ' xmax=]‘00000
:9_?- ]0_30 'T=]*100 f]'['lJ"C - E}_ ]O » i mk—SGEV
& 10 [r=1F10] fmie —— £ 10
1040 fT=1#107 fm/c —— 10'° | T=0.3GeV
45 | T=5%10" fm/c —— o8 |
107 He=1%10° fm/c . T=03GeV ool |
10 Siatin31a0210] 100 1 2103 104 102
0 5 10 15 20 1071010107107 10” 10" 10% 10° 10* 10
®, [GeV] T [GeV]
significantly faster decrease for x.,.,,=0.9

decrease delayed for x.,,—1.0 / collinear modes reincluded
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* modes with large formation times require HTL-resummation
effective provided assigning quarks/antiquarks a thermal mass

mE(T) = S5 (Ne - 3) T2 3 i

formation times decrease by several orders of magnitude

10° 10710 —
8 | m=m,_, —— | q+q — Y
10 m=mi’:llle — 10" | ]
-10 | — qQ+
10 q—>qty -14 =
% q— q+Y =5 GeV e 10T O bare
E 1012 | '-3 10716 M=Mg
™ s}
== -14 =2
=~ 10 i = _18 W, =5 GeV
o my, =001 GeV R
=] ]0—|6 I O-c ]0_20 I mbm'e=0‘0] GeV
18 | T=0.3 GeV
10718 | 22 | T=0.3 GeV
10 e
120 LM =0.67GeV mg, =0.67 GeV
102 '
1010710710107 10 10" 10% 10* 10* 10° 103 10*10%10210" 10° 10" 10% 10 10* 10°

T [GeV]
significantly faster decrease in t

T [GeV]
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Revised model description

e comparison to thermal photon spectra
thermal photon production ~aa / non-equilbrium photon production ~a,

10’ - -
10° | st-order, bare mass
el 1 | st-order, full mass ]
> 10 LO thermal 3
G 107} ]
< 107§
2 107}
r,,_; 10 Ty=0.36 GeV
6
g 101 my, =0.01GeV
107 mg,; =081 GeV =10 fm/c _
100 ) ) ) '
0 1 2 3 4 5
@y [GeV]

non-equilibrium photon production subdominant for w; = 1 — 5 GeV
for full thermal mass / reversion for w; < 5 GeV

- non-equilibrium quantum field theory remains challenging
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Revised model description

« demonstration of last aspect
replace thermal distributions function by jet distribution function

in photon self-energy — model for photon emission from jets

Ty=0.36 GeV
Tt =0.5 fm/c -

Ist-order, my .
“Ist-order, my,;;, —

IO-IZ I LO thermal \
Ist-order Jets
o 1 2 3 4 5 6 7 8 9 10
o, [GeV]

o, d’n, /d’k [GeV ]

non-equilibrium photons from QGP phase dominate over

thermal photons from this phase

however: total photon emission from QGP phase (thermal +
non-equilibrium) in turn dominated by jet photons
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Depedendence on switching time
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» exclude anticollinear modes / modes with p < oh for g +q — vy
restrict either or X,,,, < X<l orp,,<p <

dén,,‘, /d3xd’k

107! —
q+q =Y
1072 } ]
1013 }
X,,,;;=-0.90000

4 | Xpip=-0.99000
1077 b x . =-0.99900

s | xmn=-0.99990
1077 ¢ xmi =-0.99999
1016 | Xmin= 1.00000

. mk_S GeV
107

10°10*10 102107 10° 10" 10% 10° 10* 10°

T [GeV]

significantly faster decrease for X,

IO-I{]
1012t
(F.éd ]0—I4 F
&
t‘,_;:vC
5 1070}
="c‘"-
s 1078}
]0—20
1022

=5 GeV

T=0.3 GeV

q+q =Y

"Pmin

=5.2 GeV
=5.1 GeV
=5.0 GeV

=4.9 GeV
=4.8 GeV
=0. 0 GcV

Pmin
Pmin
Pmin
Pmin™

pl'l'lll'l

10°10%10 102107 10° 10' 10? 10° 10* 10°

in:-0.9

significantly faster decrease for Pmin > !

T [GeV]

decrease delayed both for x.,,— -1.0 and p,;, — 0/ reinclusion

of anticollinear modes in domain p < wg
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- consider first ¢(q) — q(q) +~v and ¢+ g — 7

10 ' —>' +'y' Eq'—>E|-|'-7 107
q—> q+Y.
10_[0 - 10—[0 i
= 15 ¢ v 15 |
5 0% }=0.00fm/c B 107} 1200 fm/c
= 1=0.05 fm/c —— = =1.0 fmfc ——~-
< 25 1 1=0.10 fm/c —— o s T ¢
> 10 5 10
1=0.15 fm/c ——
1030 }1=0.20 fm/c —— 1079 | T=0.3 GeV
7=1.00 fm/c T=0.3 GeV
10-35 . . . . . . . ) ) 10-35 . , ) . . | | | ,
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
o [GeV] o, [GeV]

apparent saturation for ¢(q) — q(q) +
apparent independence from tfor ¢ +q — 7y
slope given by inverse temperature for t— in both cases
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- different observation for 0 — ¢+ g+~

10°

1020 ¢ ]
1074 | :
10% :

107 F 20,0 fros ]
1=0.0 fm/c _

1019 | 1=0.1 fm/c T=0.3GeV ]
10-I20 t 1=0.2 fm/c
140 [ ©=0.5 fm/c i
10 F1=1.0 fm/c 0 — q+q + Y
10—|60 . . \ . \ |

dﬁnq‘, /d3xdk

0 2 4 6 8 10 12 14 16 18 20
o, [GeV]

Intuitive behavior / suppression w.r.t. instantaneous case
the stronger the larger t is chosen

- apparent saturation arises from 9(7) — ¢(q) +7 and ¢+ 7 — 7
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« however: ¢(qg) — q(q) +~v and g+ g — - also vanish for t—

107 - 107
107 qogHy 101 q+q =+
10"} a—a¥y 10"} ]
pn',x -20 4 cf“'.x 200 f =W, E
= :8-25 i = :8-25 i 1203 GeV ]
=107 fr=1#100 e —— = oM} ;
o_; 1073 _r:]*lO;lfmfc E— @; 1035 | ‘E=l*104fmfc
1040 [e=1¥107 fm/c 100 | =1*10] fm/c
s fr=5%10" fm/c —— _ s | =5%10] fm/e ——
107 Fe=1%10° fmlc T=0.3 GeV 1o =1%10° fm/c ——
10 ' ' : 10 ' :
0 5 10 15 20 0 5 10 15 20
o, [GeV] o, [GeV]

only evident for t >> 1= 1.0 fm/c (expected formation time of QGP)

* Why such slow decrease?
large formation times of collinear modes for ¢(q) — ¢(q) +~

large formation times of anticollinear modes at p < wj; for ¢ + ¢ — 7

T needs to be significantly larger than formation times of all
contributing modes
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* relevance of results for earlier model approach
unphysical UV scaling behavior < ill defined photon numbers?
artifact removed for free asymptotic states?

* revisit model approach accordingly
photon spectra indeed UV integrable for suitable f(t)

10 T T T 10 T
. letl . . letl o
10-6 I without ¢ prescription i 10-6 I with e prescription
8 | instantaneous | 8| instantaneous |
o 10 formation 2 10 formation
5 101 5 1010 |
10"} o< ey ] o 10" | npoc /oy,
= 0 38 - = 10| 7 1
) 1016 | nyo< 1/ay ™ 1 By 1016 | m o< 1/@, 1
.18 | formation time | .18 | formation time
10 of T=1.0 fm/c 10 of Tp=1.0 fm/c
]0—2{} . . . . . . . . . ]O—EO . ' ' . . . . . .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
o, [GeV] o, [GeV]

£
photon numbers X 1/w,; for formation over finite time interval

photon numbers o 1/w: for instantaneous formation
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 role of Ward-Takahashi identities?
violated for photon self-energy  but asymptotic photon spectra
within model description UV integrable
original conjecture disapproved?

* but keep in mind:
Ward-Takahashi identities can be violated in two ways

direct violation by ansatz or indirect violation when considering
for photon self-energy ‘Photon numbers’ at finite times

Does only the indirect violation lead to artificial results?

» so far only asymptotic description / extension to finite times
physically sensible definition of transient photon numbers possible?
identify possible alternative quantities

* non-equilibrium quantum field theory remains challenging



Introduction and Motivation

* What is the quark-gluon plasma?

state of matter of deconfined quarks-and gluons
predicted by Quantum ChromoDynamics (QCD) for large T and/or n
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* How to access the quark-gluon plasma in a laboratory?

Net Baryon Density

Ultrarelativistic heavy-ion collisions
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Introduction and Motivation

* What are heavy-ion collisions?
nuclei of heavy elements (Au,Pb) are taken to collision
at almost the speed of light
required energy obtained using special accelerator facilities
such as RHIC, LHC and future FAIR

* Time-evolution of heavy-ion collision

hadronic phase
QGP and and freeze-out

initial state oo I
5’5"";‘5: %73

U5 A

r.t,(.r.'_ ey 53 o:

S sV 7 S
Poia .“'7

'5“’1 -3 ‘.‘5'_* < f‘f ﬁ
‘v(.t._ﬁ_:.”»‘n.;‘ i d >

pre-equilibrium hadronization
| | ] |
0.1 1 10 100 “tmrc

Quark-gluon plasma appears during early stage

* Major obstacle for investigating properties of QGP
extremely short lifetime of up to 10 fm/c = 1022 s !



