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Motivation

critical phenomena at the phase transition
» order of the phase transition
» fluctuations of observables
 behavior of correlation functions
iIn momentum and space

» critical point (Tc ?):
* behavior of soft modes, IR sector
» critical slowing down
» correlation lengths

> How strong are these effects?
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Model: Lagrangian

L={0lif — g0 +i7 - 7y)] U~ & (Bu00%0 +,70"7) — U (0.7)

Yukawa coupling O(N) theory / ®* coupling
— — 2
U(o,®) =2 (62 + 72 —v?)" — famZo + Up
parameters:
A =20 self coupling
g =3...6 quark-sigma coupling
1/2 = fg — m?r//\ field shift term
fr=93MeV pion decay constant
my; = 138 MeV pion mass
Uo =m%/(4\) — f2m2  ground state
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Spontaneously broken symmetry

oP.-1
o2+ 72 =0
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Explicitly broken symmetry

U(3, n=0)
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Mean-field EoM (meson fields)

5S|[0, 7] ! 5S[o, 7] !
§=[d*zL, 50[(93)] =0, 577['(33)] =0

3D+1 simulation
Klein-Gordon equations:

0,0"0 + A (02 + 7% — 1/2) o — frm2+g <77Ew> =0
0,0"T + A (02 + 72 — V2) T+ g <1Eif)/5ﬂb> =0

with scalar and pseudo-scalar quark densities:

7 NN = 0d .o (t. 7 3 Jq (6,7, p) + [ (¢, Z,p)
<¢¢> (tvSC) _gdq (tv )/d (t .GU ﬁ)

- ] - >1a(t,%,P) + fq (¢, 7, p)
<?/)W5T¢> (t,7)|= gd,7 (t, )/d3 E (t,Z,p)
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Vlasov equation (quarks)

3D+1 simulation
Vlasov eqution for quarks as test particles:

p
(¢, 7,p)

E(t,2,p) = VP? (t) + M2 (t,T)
M?(t,%) = g° [0 (t, %) + 7 (¢, T)]

8t-|-E 'Vf—VfE(t,f,mVﬁ] fq(t,f,ﬁ):o

with a test particle distribution function:

f(tafaﬁ) — 253 (f_fz (t))(sg (ﬁ_ﬁz (t))
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Equilibrium results

Equilibrium values from self-consistent equations:

9,0"c +

)\(02+7?2—V2)a—fﬁm72r—|—g<775w>=O

0,0"T + A (02 + 72 — u2) T+ <7,Eify5ﬁb> =0

0,0"c =0,

A
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utlibrium results
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Thermal blob scenario
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Thermal blob scenario
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Thermal blob scenario
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Thermal blob scenario
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2P| effective action

1 1

P[¢,¢,TE,G, D] — Scl[qbnwa?vm + 2 2 TT’GJIG
—i-TrlogD™' —i-TrDy'D + I's[¢, v, 9, G, D]

Trlog G~ +

relevant 2PI-diagrams (3 loops):
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2P| contributions — self energies

additional contributions beyond the mean-field:

| \: N //’—\\ //—\\ -
/ ) PR \ ~ s N Phe
» —I_X +\ _____ /#X—I_*:‘~__/? —> :\ /'l —l_ >4 \,i —|_
, \ N ) . IR S % \\‘h’// %
self-energies (sigma and pion)

—I_ i

)| — Sxr e

self-energies (quarks and sigma/pion)

Yukawa interaction
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2P| contributions — self energies

additional contributions beyond the mean-field:

| .7 o N = -
\ / \ ~ / N -
X - - - —|_® * é | h \I \ ~ -
_I_ * @ g N , —|— A ha —l_
.’ . S X ~_ - X
e 1/N-NLO resumation self-energies (sigma and pion)
J. Berges VLA N AN P V2l
arXiv:hep-ph/0409233 ,l o« ,): N —|_ p & N

P4-interaction

)| — Sxr e

self-energies (quarks and sigma/pion)

—I_ i

Yukawa interaction
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2P| effective action — mean field

rL‘ B /// \\\
F~§-TTG01G~ . —

0u0"o + A (02 +77 = v+ gGm + %Gm) o|= frmz + g () =0

2 2

1 5 _
D O"T + A (02 + 7 — 12 +=Gop + —GW) 7|+ g (YiysTp) =0

with ¢ € {o,7}

1/ d3p 1+ 2N, (t,Z,p)
2

quqf) (t,f,ﬁ) — —
(2m)? B+ ME (48
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Equilibrium results

0,0"o +|\ (02 + 72—+ gGw + quﬂr) o — fﬂmfT +g <1/;1b> =0

1 5 _
8u8'u7_f+ )\ (0'2 _}_7?2 — V2 —I— iGo'o' —I— iGﬂ-ﬂ-) 7?—|—g<7,b2’)/57_"w> e 0

aﬂ'a'uo-:())ﬂ-:o,Gﬂ-ﬂ-:O = $
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_ 2 2 9 B
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Dissipation kernel - motivation

Langevin equation (1D classical case):

mi (t) +2 [0 dt T (t —t') i (') — Fupt () = & (t)

16

(@]

14 |
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o »® A~ B o N O~ O ©
—————TTTT

ST T O S -
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X X

(a) Simulation with white noise. (b) Simulation with coloured noise.

Julian Schmidt
bachelor thesis, Frankfurt
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Dissipation kernel

Langevin equation (1D classical case):

mi (£) 2 [0 dt T (t —t') @ ()|~ |Fewt (z)|= € (¢)

1

Mean-field equation with a dissipation kernel:

Ty x4 dx  —> Ly
= 2 | =22 2, 9 3 2 T
0,0"c D (t,Z)|+HN | 0” +7° —v +§GW+§GW o — fami + g ()| =0
A3k - dkO M (t, f, k) .
D(t,@) ~ [ ——ge™? t,k) 7o (Ey — k°
69~ [ ™ [ Gt (LF) 7 (B i)
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Summary and outlook

» linear sigma model with Yukawa coupling to quarks

* numerics for mean-field dynamics and quarks as quasi
particles exists already, 3D+1 simulation

» equilibrium and nonequilibrium initial conditions
* dynamic evolution with a pseudo phase transition
» particle creation and annihilation is needed

Outlook:
* on-shell approximation of collision terms
» Boltzmann dynamics for the distribution functions
* sigma, pion and quarks
» dissipation kernel for the mean-field equation
* long term:
» solution of kinetic quantum transport equations
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realtime-formalism

(O) =Trp(t)O(t) = ZzTr{U(t: — i, t:)U (ti, 1)U (ts, )0 () U (¢, 1)}

time-ordered Green’s functions:

Im¢
. A
iG (z,y) = (Tey () ¢ (y))
)
A (G Ggt? ¢ — I{r > Re ¢
iGe =1 (G21 Gzz) L
Y f,g; ?
iGH = (T () o (y)) fora®,y’ €y . C=%+%,+%,
iG™ = (o (y) ¢ (z)) forz" € Cy,9y" € Cy (e
iG* = (p(x) ¢ (y)) forz' € Ca,9° € Cy
G = (T () (y)) forz®,y’ €Cy
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2P| effective action

217 K] = expliW|[J, K| = / D exp {z (S[q>1+ /c J<I>+% f /c @K@)}

W |J, K] i i WIS K] 1,, . i
5.J () - <(I) > =¢' (z) , 5K (z,y) 2 (Cb () ¢* (y) + GY (z,y))

P06 = WK = [ Jo—5 [ [ K@o+0)

explicitly to the 2PI contribution (two-particle irreducible):

Plg, ¥, %, G, D] = Salg, ¥, 9] + 5 - Trlog G~ + 2 - TrG;'G

| —i-TrlogD™! —i-TrD;'D + T'3[¢, 4,9, G, D]
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Transport equations

0T [, G
0¢* ()

o 0GY (z,y) 2 0G ()|

with Il (z,y) = Gal (z,y) — G! (z,y)

Schwinger-Dyson and Kadanoff-Baym equations:

| A
L (8,_,,6” 4 m2 4+ §¢2 4+ Hloc) G'ret,a.d'u . Hret,adv ® G'r'et,ad'u — 45

| (8”8” + m2 + %¢2 + Hloc) G<’> . H'ret ® G<,> — H<’> ® Gadv

with G"¢t = ¢ (330 _ yO) (G> _ G<) , Gadv — _f (yO _ wO) (G> _ G<)
G< — G12 : G> — G21
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Gradient expansion

Wigner transformation with Az =z -y, X = u ;— Y
. . " A A
Ap,X) = / d* Az P A (X—I— ;,X - Tx)

/ 04 Ag A" / 2 A(w,2) B (z,y) = e 20397 =0802) { X (5, XM B (p, X))

SD-equations L dynamics of the spectral function (Breit-Wigner form)

KB-equations —> kinetic quantum transport equations
2p,, 0% (ié<=>) + {M? 4+ Rell"™,iG<>} 4 {ill<>, Re GT} = ilI<iG” — ilI”iG<

drift Viasov off-shell gain/loss
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