





quark-gluon plasma
“deconfinement”

<vy> =0




J glr " atter and quark matter are
i) i~ from other phases by true

jI’erent realizations of symmetries
: uark matter: SSB of baryon number B

e Nuclear matter: SSB of combination of B
and isospin I,

neutron-neutron condensate
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Methods

e | attice : You have to wait until chiral limit |
is properly implemented !
® Models : Quark meson models cannot work

Higgs picture of QCD ?

® Experiment : Has T, been measured ?
Indications for
first order transition !



Latticess s




Lattice.restits

e.g. Karsch,Laermann,Peikert

Critical temperature in chiral limit :

N;=3 :T. = (154 £ 8) MeV
Ne=2 :T. =(173 £ 8) MeV



3 flavour
2+1 flavour
2 flavour
pure gauge




realistic. ©

PAINECISE attlce results not yet available
D f t order transition vs. crossover

i -uncertalntles in determination of
_fﬁ4:¢|t|cal temperature ( chiral limit ...)

— -'l:-'__-u——'

~ e extension to nonvanishing baryon number
only for QCD with relatively heavy quarks
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Analytical description of
phase transition

simultaneously for the correct degrees of
freedom below and above the transition
temperature.

= e Partial aspects can be described by more
limited models, e.g. chiral properties at

=
= —

small momenta.
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Chiral quark meson

odel
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jarge Sirange guiark mass
| a’ﬁ“cularly usefultfor critical behavior of

""‘-second Order phase transition or near
e eRdpeInts of critical lines

(see N. Tetradis for possible QCD-endpoint )
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Quark descriptions ( NJL-model ) fail to describe
the high temperature and high density phase

transitions correctly

High T : chiral aspects could be ok , but glue ...
(pion gas to quark gas )

High density transition : different Fermi surface for

quarks and baryons ( T=0)

- = in mean field theory factor 27 for density at given
- chemical potential —

Confinement is important : baryon enhancement

BERIES SURERICKE] 2

Chiral perturbation theory even less complete




Universe cools pelow 170 MeaV...

Both gluons and quarks disappear from
thermal equilibrium : mass generation
Chiral symmetry breaking

== mass for fermions
Gluons ?

Analogous situation in electroweak phase
transition understood by Higgs mechanism

B Higgs description of QCD vacuum ?



= for N. =3 (u,d,s)

C.Wetterich, Phys.Rev.D64,036003(2001),hep-ph/0008150
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sirm I)L\ WO dlfferent GESCHPLIORS
‘pict :of the same physical sitbation

thi -'5 e-'r? NiZedior QCD)?

= -

e ssar§/ condition : spectrum of

'humbers in both pictures

known for QCD : mesons + baryons -
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Sr)onr« Jeous breakmg of color”
2 rlicje)s mechanism

— e a‘s§f{/e Gluons — all masses equal

i"‘Efg ht octets have vev

¢ [nfrared regulator for QCD
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AIF partlcles fall into representations ofi
Eeseightiold way”

= '(cf. Alford,Rajagopal,Wilczek ; Schaefer, Wilczek)
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Quarks anei = -

observed—auhtum numbe of -
isospin and strange .

of the baryor af
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o /; -‘&ﬂecﬂy ef mevtrons : 3.4 =4 (ﬁ/—’ j,q A&,

(ﬁv Hiy =0 , averases over SU(3) melbplets )
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Higgs picture of the QCD-phase transitions
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A silé"mean field calculation gives
roughly reasonable description that

should be improved.

T, =170 MeV
- First order transition
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Braun-Munzinger et al., FLE 518 (2001) 41 D. Magestro (updated July 22, 2002)

hadron abundancies
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hadronic phase
with sufficient
production of Q :



Exclusion argurnent

Assume T is a meaningful concept -
complex issue, to be discussed later

hadrochemical equilibrium

Exclude T, much smaller than T.:



Has T. been rmeasured ?

® (Observation : statistical distribution of hadron species with
“chemical freeze out temperature ® T,4=176 MeV

® T, cannot be much smaller than T, : hadronic rates for o
T< T.are too small to produce multistrange hadrons (€,..) -\

® Only near T multiparticle scattering becomes important
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Second order pnase transition

for T only somewhat below T. : |
the order parameter o is expected to &
be close to zero and

deviate substantially from its vacuum
value



® Chiral order parameter o depends on T
e Particle masses depend on o

® Chemical freeze out measures m/T for
~  many species

- e Mass ratios at T just below T. are
+—*-= close to vacuum ratios

e
o

;_j_ =

-
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Patios of particle masses and

chemical freeze out

at chemical freeze out :

® ratios of hadron masses seem to be close to
vacuum values

* nucleon and meson masses have different
characteristic dependence on o

nJ ~nNJ '1 2
® I”nnucleon O, mn 9) /



first order phase transition
seems to be favored by
chemical freeze out

..or extremely rapid crossover
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hadronic phase
with sufficient
production of Q :



quarks and gluons

‘“n.___‘%\x‘-
hadrons




quark-gluon plasma
“deconfinement”

<vy> =0
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Is temperature defined 2~

T .

. _-: -\. 1' ¥
) '.

Does co



Time [m]

20 25 3050 100

=p/e

Equation of state w
Occupation number per mode

5 10 15 20 25 30 50 100

Time [m]




Vastly di

for “thermalization” of cli
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= aiiear quiark-meson-model )

= method W particle irreducible non-
eauilibrtim effective action ( J.Berges et al)
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similar for kinetic temperature
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t=100: fermion ——
t=200 : fermion -------
t =400 : fermion — —

1 1.5
Momentum [m]

scalar —
scalar ------
scalar — - -
late time ——

1

") = T OO E 1

w;,f) (t) determined by peak of spectral function

n, :occupation number
for momentum p

late time:



Global kinetic temperature Ti;,

|

Practical definition:

e association of temperature with average kinetic energy per d.o.f.
Tkin(t) — Ekin (t)/ceq

® Coq = Ekinoq/Toq is given solely in terms of equilibrium quantities
(E.g. relativistic plasma: Exin /N = ¢/n = al)

Kinetic equilibration: Ty, (t) = Teq

Consider also chemical temperatures Té}{’s) from integrated number
density of each species, n/*)(t) = ¢) [ d3p/(27)% ni " (¢):

nit) = 9 / " dpp? [exp (w (1) T () £ 1]

272

Chemical equilibration: T(f)(t) — T(S)(t)

ch ch
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Once a temperature becomes stationary it
takes the value of the equilibrium
temperature.

Once chemical equilibration has been
reached the chemical temperature equals
the kinetic temperature and can be
associated with the overall equilibrium
temperature.
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‘LTG g FAIStAAEES : Daryons and MESONS



How to cormne frorn quarks and

gluons to baryons and mesons ?

-

Find effective description where relevant
degrees of freedom depend on
momentum scale or resolution in space.

Microscope with variable resolution:
&= ® High resolution , small piece of volume:
&= quarks and gluons =

-

== ® | ow resolution, large volume : hadrons &=

—
_—
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Exact flow equation

for scale dependence of average action

O Tlp] = 4T { (re)+ By -1 akRk}

,92

(2) n o §°r
(F‘r" )ab (a:4') = 5@(:(—42);%(42')

. d*
Tr+zaf(2—?:)%

(fermions : STr)




R, :  IR-cutoff
Z qu?

eqzﬁzz —1
Ry = Zy(k* — ¢")Ok” — ¢°)

limg_,0 R = 0

im0 B — 00
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| L i ! 1 1
0 0.2 04 0.6 0.8 1 1.2 1.4

T/T.

1.6

1.8

2

niversa
Cirbree
egvebron of
state :0(4)

Explicit link between xPT domain of validity (4d) and
critical (universal) domain near 7, (3d)
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1.5 186 .7

# ';CPQ/COQQ

Civtical egre biour of state

E‘?éE/ (owest ovter plvrvalive exp. Bevges, 1etrants, ...

ERGE, Lirst ovor sbpiie exp. e, ...

Berges, pean (el
Tetradis,...

h:'gé —T -series, locp expangion, £~ CApersoa

Monte Caule




T/ MeV

2 m, < 2m, for T2 100MeV | 2

No long pion correlation length in thermal equilibrium!




J rugfwrz ental GEtermination of critical
— HIPETculre may. be more precise than lattice
= _-f'e‘éu JiSF

& WRelhier simple phase structure is suggested
e \nelvticall understanding) is only at beginning
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QCD at hic

L e - e R
T S

> Qua m— g Ee 0l plasma
- Chiral s _mmetry iestered

o Dacos mement (no linear heavy: quark
E—ﬁetenual dt large distances )

= AEatitice simulations : both effects happen
atitie same; temperature
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Solution™ of QCD

Effective action ( for suitable fields ) contains all
the relevant information of the solution of QCD

Gauge singlet fields, low momenta:
Order parameters, meson-( baryon- ) propagators [
Gluon and quark fields, high momenta:

&= Perturbative QCD

== Aim: Computation of effective action

g— " — L —
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Ansitior

QCD - "‘L -
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Hlaclror ojes

Quark —glu -
o Gluorlg s x2 =16 ® | ight mesons : 8
o O armﬁf fx 7/2 =12.5 e (pions : 3)
Do 28.5 ® Dof : 8
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- Chiral symmetry Chiral sym. broken
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Ecl JJ\/rJFrJ(“’ nggs and confinement
(Jd”(“rlr)rlf 1in (N.=3) QCD

a I Jr-‘». immetries not spontaneously broken in
OfffLE ;Sense ( only for fixed gauge )

I".ﬁ- ""'-

A‘N‘() "_“fundamental” scalars

-~ e Symmetry breaking by quark-antiquark-
condensate




vani's /n'ng quark masses apual  m,my=m # O
M riyt = (3%0ter ) *

oo MeV B MeV

é8 Mev ME Mel
ASH MeV L?g HeV
290 MeV 290 MeV

580 Mel/

é?ua bion of state

.é_:_._Bf = 1-(',:)

£+ p

7(T) 0,.3%
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Bound for critical temperature

0.95T < T, <T.

®not:" I have a model where T~ To," |8

e not : " I use T, as a free parameter and &=
find that in @ model simulation it is
close to the lattice value (or T, ) ©

T.~ 176 MeV  (?)
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PUeRutauEVe Issue matters!
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e Two particcaftering rates not sufficient
to produce (2

e "multiparticle scattering for Q-production ™ :
dominant only in vicinity of T

'}



T4/ T



e —

the hypothesis of a hadronic phase
where multistrange particles are produced
at T substantially smaller than T




Many r)ror)o'*" g

J 'rJ?JrJrOr'

J OH ~hadron equilibrium
= E'cay of collective excitation (o — field )
*ﬂultl hadron-scattering




Hadronic picture of £2 - production

Should exist, at least semi-quantitatively, if T, < T,
(for Ty, =T, :T4>0.95T. is fulfiled anyhow )

e.g. collective excitations = multi-hadron-scattering
(not necessarily the best and simplest picture )

multihadron -> Q + X should have sufficient rate

* Check of consistency for many models
-~ Necessary if T, # T, and temperature is defined

g:::f— Way to give bound on T,/ T

—



rg = n2(ng /ng)’| M.



Very rapid de

pINVIcInity of critical temperature

5=

L T
< _
~iVP"ld@: -
N ;

— = _g-' = —

e

= , :

proportional to very high power of density )




& 041 LQcD

Stat. Model wo. excl. Vol.

Stat. Model




Phase space

® increases very rapidly with energy and therefore
with temperature

* effective dependence of time needed to produce Q

This will even be more dramatic if transition is closer
& to first order phase transition

—
— . — = s - —
aam——— - —
il — - . _ -
N R
—



165 170 175 180 185 190 T{MeV)

P.Braun-Munzinger,J.Stachel, CW



extremely raplid cnange

lowering T by 5 MeV below critical temperature :

rate of QQ — production decreases by
factor 10 :

This restricts chemical freeze out to close vicinity
of critical temperature

0.95 < T /T. < 1



= consistency: !



.
N;

v =ity V/V. AT =5 MeV,
Foe = 1.13
= (1.10—0.55) /fm Tt =8 fm

k| _ InFox Tay
AT

B (0.02-0.2)/fm




M;(T) = hj(T, u)o(T, )
0(Ten, 1) _ a(0,0)

Tf:.h Tobs

Te = 17613 MeV.




e — 4

- uncertainty in critical temperature



M;(T) = hj(T, p)o (T, u)

o(Ten, 1) _ (0,0)

Ten Tobs |

Te = 176193 MeV.
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:.:‘“than [attice results

e crror estimate becomes crucial
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Effective loss of details of initial conditions (thermalization)

e Two different initial conditions (A), (B) with same energy density

Fermion occupation number:

Time [m™]

25 3050 100

500

0 5 10 15 20
0.55 l l . .
o \
T 05
S
o 045 ;
Q
3 04+
- H
3 I
S 0.35 [
_5 " Initial fermioql distribution
T 037 A B
§ - -10.5 X .
S 025 ],
O p[m] 2 0 p[m] 2

0.2

] «— log scalel!

Characteristic damping time:  tqamp(p/m ~ 1) =~ 25m™~
thermalization time: ., ~ 95m™

1

1

in units of scalar thermal mass m (n(p) ~ tr %—([L D)p ;0 < n(p) <1)




~ T is of the order of the characteristic inverse mass scale m =1

e consequence of rapid loss of phase information ( “dephasing’)

e unrelated to the scattering-driven process of thermalization

A

'pt < tdamp < teq

Prethermalization of the equation of state occurs on time scales

dramatically shorter than the thermal equilibration time!

Given an EQS, the crucial question arises:

e Does a suitable global kinetic temperature Iy;, also exist at t?

~> ‘“quasi-thermal” description in a far-from-equilibrium situation!



upper curves: scalars

lower curves: fermions

o
™

o
o

100 200 300 400 500
Time [m™"]

~s Tiin(t) prethermalizes on a very short time scale ~ m ™!
in contrast to chemical equilibration

~> late-time chemical equilibration for t., ~ t.

(tcn depends on details of particle number changing interactions;

deviation from thermal result can become relatively small for t < to)




Prethermalization: far-from-equilibrium phenomenon which describes

e very rapid establishment of an approximately constant ratio of
pressure over energy density (equation of state)

e as well as a kinetic temperature based on average kinetic energy

~» Crucial for the use of efficient hydrodynamic descriptions!

—r] (p = p(e) important ingredient to close system of equations 9, 7" = 0)

==

More generally:

Extremely different time scales for loss of initial conditions for

e certain "bulk quantities” which average over all momentum modes

e ‘mode quantities’ characterizing the evolution of individual modes



[nitial conditions

Compare
1.2

wi
[

.
th 2PI:

0 100

‘Damping’

exponential suppression of
correlations with initial time

rate: Y(dnmp}

F(t,0)=(0(1) 6(0)) — 0"

%OO 300

early

‘Drifting’

smooth, parametrically slow
change of modes

on t+t

Propagator for (very) different

initial conditions with same (F)

(momenta p = 0, 3,5; all in

initial mass units, ¢ = 0)

here: scalar ¢* to 3-loop

J.B., Cox, PLB517 (2001) 369

'Thermalization’

' thermal equilibrium

- Fiir) — F Y1)

intermediate

approach to quantum

weak dependence of Fy(t,t’) 1 rate: yltherm) - oy(damp)

Effective loss of initial conditions

Y

late

time




‘particle production®
 —

Coherent field regime fluctuation dominated regime:
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/ e __ here: N =4, A = 107°

Mt

~» dramatic phenomenon for ‘arbitrarily’ weakly coupled theory!



at high T :
less order
more symmetry

examples:
magnets, crystals
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dq O R (%)
(2m)¢ Z1q?+ Ry (¢2) + M ()

M?2 , = Oy : Mass matrix
-IEE-'TL’I-!'? o &}'1':}1‘1&-}'1':}}'] - LV clans 1l b4

M, . Eigenvalues of mass matrix




Lattice simulation

J.Berges,D.Jungnickel, ...



