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From heavy ion collisions towards the QCD phase diagram:
an equilibration process
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From heavy ion collisions towards the QCD phase diagram:
an equilibration process

non-perturbative
regime of QCD
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o QCD phase diagram: an equilibrium concept
o Need of out-of-equilibrium dynamics to
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We can investigate this equilibration using effective field theories.

o low-energy QCD
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We can investigate this equilibration using effective field theories.
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The quark-meson model provides
a successful formulation of QCD below scales ~1 GeV.

T 5
_ chiral symmetric
o d.o.f.: light quarks and mesons critical point b =0
o chiral symmetry breaking
o phase diagram with 15t order & chiral broken
2d order/crossover transition ¢#0
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The quark-meson model provides
a successful formulation of QCD below scales ~1 GeV.

St 0.7 = [

lzﬁ[iv“ﬁu—mw]w—N%@E[OH%T“W“W
_|_1[8 8/1» +a (9'“]—1 2[2+ aa]_L[Q_i_ aa]2
5 00t o L ToH T 2m o + 1% N o + 7%
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The quark-meson model provides
a successful formulation of QCD below scales ~1 GeV.

St ool = | [ 31070, — gl = 2-lo -+ 7]
t Mo,0000 + 9,m0rn] — L [0? 4 10n0] — A 62 4 pono]?
2 - g 2 AN

sigma meson & pions

Linda Shen | Institute for Theoretical Physics | Heidelberg 05.12.17




The quark-meson model provides
a successful formulation of QCD below scales ~1 GeV.

Yukawa coupling

St 0.7 = [
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The quark-meson model provides
a successful formulation of QCD below scales ~1 GeV.

S or = [ 910, ~mlv = $-ilo+ insron] v
-+ ! 10,00"0 + 0, woHw| — 1m2 [02 -+ 770‘770‘] A [02 + 770‘770‘]2
2 - s 2 AIN

scalar potential ><
V(o) a
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The 2Pl effective action is a practical tool to study thermalization.

CIaSS|Ca| aCtlon Berges. AIP Conference Proc. (2004)
— Borsanyi. arXiv hep-ph/0512308 (2005)
S[¢7 ¢7 0.7 7T:|

2P| effective action
Lo, G

evolution equations
for o and G
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The 2Pl effective action is a practical tool to study thermalization.

CIaSS|Ca| aCtlon Berges. AIP Conference Proc. (2004)
— Borsanyi. arXiv hep-ph/0512308 (2005)
S[¢7 ¢7 0.7 Tr]

2P| effective action
Lo, G

non-equilibrium v non-perturbative approximations

evolution equations
for o and G

non-equilibrium v non-secular and universal
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classical action non-equilibrium generating functional for pGa“SS(tO)

SW,TP,U, 7T] Z[J, R] _ 6iVV[J,R] _ /DQO eiS[cp]—l—z'J-go—l—%go-R-cp
lo
double . :
= ;
Legendre with 4 = O: Re(t)
transf.

2Pl effective action
L'¢,G]

evolution equations
for ¢ and G
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classical action

S[&? ¢7 0.7 ﬂ-]

double
Legendre
transf.

2Pl effective action
L'¢,G]

stationary
conditions

evolution equations
for ¢ and G

non-equilibrium generating functional for p®24s5(t)

/
\
1

Z[J R} — (,{/iﬂ'"/v[’]‘]ﬂ — / D‘/; (/ib{@T‘f]sD*_QRﬁ:

f

0
with : = > Re(t)

A

\

= S[¢] + 1-loop quantum —, 5, diagrams
corrections
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classical action non-equilibrium generating functional for p©24sS(¢y)
[¢7¢7 ) ] Z«] }I)J - (51“ J,R| __ D?ﬁ" (i/,bﬁ,./r vJ o+ 50 R

Lo
> F\m t)

> OC

2P| effective action 1-loop quantum

I'¢, G] = Sl¢] + corrections + 2Pl diagrams

large N expansion

stationary LO diagrams + NLO diagrams+ ... + fermion-boson-loop
conditions D i

evolution equations
for ¢ and G
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classical action non-equilibrium generating functional for pGa“SS(tO)

SWMP,@ 7T] Z[(]’ R] - eiW[J,R} - /DSQ e’éS[gp]+ie]-ap+%gp-R-g@
to
double With e Re(1)
Legendre
— OC
transf.
2P1 effective action 1-loop duantum .
Tld. O = S|p] + P + 2P| diagrams
9, G| corrections
large N expansion
stationary LO diagrams+ NLO diagrams+ ... + fermion-boson-loop
conditions - e S i -

evolution equations [03 + MQ(x;cb)} ¢(t) = fermion backreaction + 2P| corrections

forgand G (0, + M) Glony) = —i [ [E(0,56,6)) Glary) ~ 8z~ v

effective mass self-energy
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Numerical solution of the equations of motion

o symmetries: spatial homogeneity & isotropy

o propagator decomposition:
?
G(z,y) = F(w,y) + 5p(w,y) sgn(a” —y")

statistical function spectral function

o iterative real-time evolution A

> 1

Linda Shen | Institute for Theoretical Physics | Heidelberg 03.12.17




Numerical solution of the equations of motion

o symmetries: spatial homogeneity & isotropy

o propagator decomposition:

Gr,y) = F(x,y) + Lp(z,y) san(2® — 3°)

S EaN

statistical function spectral function
t/
o iterative real-time evolution A
IC | IC
IC | IC
> 1

Linda Shen | Institute for Theoretical Physics | Heidelberg 04.12.17




Numerical solution of the equations of motion

o symmetries: spatial homogeneity & isotropy

o propagator decomposition:

Gr,y) = F(x,y) + Lp(z,y) san(2® — 3°)

S EaN

statistical function spectral function
t/
o iterative real-time evolution 2
IC | IC
_.>
IC | IC 1
> 1

Linda Shen | Institute for Theoretical Physics | Heidelberg 04.12.17




Real-time evolution of the macroscopic field
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Real-time evolution of the macroscopic field
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(1) Thermal equilibrium is a time-translation invariant state.

o time-translation invariance implies

G(t,t',[p]) ~ G(w,|pl)

/ \

In general depending independent of ¢t + ¢
ont+t andt—t

o temporal Wigner transformation:

p(t,t',Ip|]) — p(X°, w,|p|)

\

center-of-mass time frequency
0 _ t+t’
X" ==
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The two-point functions become time-translation invariant.

10.0+
—~ 1.57 — XY=19250
= —— X0=375
3 5.0 — XY =500
< — X'=¢25
< 2.51 —— X0 =1950

| o 0_

0.0 X9 =250.0
~ 2.5 | | |
0.0 0.5 1.0 1.5 2.0
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The two-point functions become time-translation invariant.

constant in X% ~ ¢t +¢  for X% > 150
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(2) Thermal eq. as state with thermal particle distributions.

o thermal initial density matrix implies fluctuation-dissipation relation:

ol ) = =i ( 5+ 10(6) ) pl )

o effective particle number:

n(wv |pD =1

o In thermal equilibrium:

n(w, [p|) = nee/Fp(W) = with 8 =1/T

efw 1
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Determination of the thermalization temperature
using the Bose-Einstein and Fermi-Dirac distribution

Y boson (pion)

+  fermion

log [y (w, [p]) % 1

T ~m,.~ 130 MeV
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Particle masses from spectral functions by dispersion relation

— 101 l | | X0 =250.0
& i i i
3 i | i — |p| = 0.016
% 5 | | I — |p|=1571
‘Qé | i A — |p| = 3.142
0 e~ —
0 1 2 3 4
w
. - 1.6
o particle mass from peak position:
2 — 1.4
m(|pl) = /w2 (P2) ~ [p]? =
=
S 12
o physical mass at zero momentum 0
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A step forward
In describing the thermalizing of the QGP in a heavy ion collision

We were able to
o Include non-equilibrium dynamics
o observe the approach of thermal equilibrium

o determine the physical mass spectrum

Next steps:
o non-zero baryon-chemical potential
o expanding box size

o scaling behavior around critical point
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