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Outline

Relativistic Kadanoff-Baym equations for correlated initial
states and baryogenesis

@ Motivation: Baryogenesis

Relativistic Kadanoff-Baym Equations

UV divergences, renormalization and Non-Gaussian 1Cs

Results for A\d* 2P| 3-loop

Numerical methods
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Nonequilibrium dynamics at high energy

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Quant
Fluctuations &

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Early universe
@ Reheating after Inflation
o Baryogenesis

Mathias Garny (TU Miinchen)

Heavy lon Collisions
e LHC: ALICE
e RHIC
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Baryogenesis

Baryon asymmetry of the universe
o Our galaxy consists of matter: p/p < 1073

@ No annihilations observed

Asymmetry parameter

= baryon density
= anti-baryon density

= entropy density

47-1071% < < 6.5-10710 (95% CL)
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Baryogenesis

Baryon asymmetry of the universe

10,000,000,000

ANTI MATTER
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Baryogenesis

Baryon asymmetry of the universe

10,000,000,000

ANTI MATTER

(1) Initial baryon asymmetry after Big Bang

Problem:

e Diluted by inflation
e Washed out by AB # 0 processes at high energy

Mathias Garny (TU Miinchen) Relativistic KBEs for correlated initial states and baryogenesis



Baryogenesis

Baryon asymmetry of the universe

10,000,000,000

ANTI MATTER

(1) Initial baryon asymmetry after Big Bang

Problem:

e Diluted by inflation
e Washed out by AB # 0 processes at high energy

(2) Dynamical creation: Baryogenesis
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Baryogenesis

Baryogenesis: three Sakharov conditions Sakharov 1967
@ baryon number violation: (B) # const.
o CP violation: T'(i — f) # (i — f)
@ deviation from thermal equilibrium: ['(i — f) # ['(f — i)
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Baryogenesis

Baryogenesis: three Sakharov conditions Sakharov 1967
@ baryon number violation: (B) # const.
o CP violation: T'(i — f) # (i — f)
@ deviation from thermal equilibrium: ['(i — f) # ['(f — i)

Baryogenesis within the Standard Model of Particles ?

@ B-violation for T > Tgw

AB = AL

@ CP-violation in quark mixing
—  K°/KO decay

@ Expanding universe

But: much too weak...

y
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Baryogenesis

Collider exp. Baryogenesis

\( )/ 47107 < n < 6.5.1071°

i
_|_

. ’\
Pdark matter 0.23

Neutrino Dark matter 20
exp.

Superkamiokande

Neutrino Detector
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Baryogenesis

Baryogenesis: three Sakharov conditions
@ baryon number violation: (B) # const.
o CP violation: T'(i — f) # (i — f)
@ deviation from thermal equilibrium: ['(i — f) # ['(f — i)

Baryogenesis in the SM + Right-handed neutrinos (vg)e ., -

@ B- via L-violation Mrigrp
— 0vBB: (A 2) = (A Z+2)+2e

(Gerda, Nemo, Exo, ...)

@ CP-violation in v-mixing
— v-oscillation
(Double Chooz, Daya Bay, ...)

@ Expanding universe
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Baryogenesis

Leptogenesis
Out-of-equilibrium decay of heavy right-handed neutrino vg

M — -

VR,iqeL,ahT

Yia,*
MUR,I‘HE(L:,Q’) = ¢ +...
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Baryogenesis

Leptogenesis
Out-of-equilibrium decay of heavy right-handed neutrino vg

M

VR,i_’ZL,ahT

Mo -t b =

Yia
CP violation in decay described by loop process

(R, — Liah) = TR — £.0h) ~ Im(yiayipy/ay]s) - Im J\j\

v
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Baryogenesis

Baryogenesis via Leptogenesis

@ CP violation in decay described by loop process

@ deviation from thermal equilibrium

Quantum nonequilibrium effects ? J
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The semi-classical approach

Boltzmann equation for leptogenesis

Do, (t,%,p) — / dM,dMl,

x (2m)*5(pe, + P — Pug)

vr— ht

" [w fon(L— ) (1 + Fo)

CMB e (- fuR)]

|M|? : microscopic interactions, off-shell processes
f(t,x,p) : macroscopic propagation of on-shell particles

AXinteraction < >\mfp7 )\defBroglie < )\mfp
/M <1/, 1/T <1/(y*T)
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Corrections within Boltzmann picture

Bose-enhancement, Pauli-Blocking; kinetic (non-)equilibrium

@ quantum statistical factors 1+1;

@ non-integrated Boltzmann equations

Hannsestad, Basbgll 06; Garayoa, Pastor, Pinto, Rius, Vives 09; Hahn-Woernle, Pliimacher, Wong 09

Medium corrections

@ medium correction to decay rates <[ N <[

Mvg — KhT) —(vg — €€h) "
_ = v 4 et (T
= oot +Tn s eeh) ¢ T ()

@ thermal masses

MG, Hohenegger, Kartavtsev, Lindner 09; Kiessig, Plimacher 09; Giudice, Notari, Raidal, Riotto, Stumia 04; Covi,

Rius, Roulet, Vissani 98;. ..

Flavour effects
Nardi, Nir, Roulet, Racker 06; Adaba, Davidson, Ibarra, Josse-Micheaux, Losada, Riotto 06; Blanchet, diBari 06. ..
”
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Limitations of the Boltzmann approach

@ Unstable particles lead to double counting problems

[real intermediate state subtraction]

Pilaftsis, Underwood, ...

@ Resonant Leptogenesis: [ ~ AM

Am
1 ft
g 08 [
£
S 06 |
£ iy
£ o4 ST
02 /)
o _ N
0 0.5 1 1.5 2
ko/m

@ Quantum interference out of equilibrium

_ T(vr — (1) —T(vr — (°h) a ) 10
€= M(vg — £ht) + T (vg — £h) \ 41\
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_Going beyond ¢he BotamannpicH

(P1()®I () + &/ (y)/(x)) /2
(O ()P (y) — &/ (y) @' (x))

Statistical propagator G,i:i(x,y)

Spectral function Gg(x,y)
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Going beyond the Boltzmann picture

Statistical propagator G,'Z(x,y)

Spectral function Gg (x,¥)

Boltzmann limit

@ on-shell quasi-stable particles

i
0.8
0.6
0.4
0.2

0

Gylko)

0 0.5 1 1.5 2
ko/m

Gl (k) ~ 875(k* — m7)

@ equilibrium-like
fluctuation-dissipation relation

Gl(t, k) = (fk"(t) 4 %) Gi(k)

Mathias Garny (TU Miinchen)

= ()P (y) + ¥ (y)P(x))/2
= {PI(x)P/(y) — ¥/(y)®(x))
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Going beyond the Boltzmann picture

Statistical propagator Gg(x,y)

Spectral function Gg(x, y)

Boltzmann limit

@ on-shell quasi-stable particles

i
0.8
0.6
0.4
0.2

0

Gylko)

0 0.5 15 2

1
ko/m

ij ij 2 2
Gi(k) ~ 5T5(K* — m?)

I

@ equilibrium-like
fluctuation-dissipation relation

Gt k) = (fkf(t) + %) Gil(k)

4

= (PI()PI(y) + ¥ (y)Pi(x)) /2
= i(@(x)PI(y) ~ P(y)®(x))

Propagation beyond Boltzmann

@ spectrum with (thermal) width

1
__ o8 /\\\
< 06 I\
O o4 //‘F\\
0.2 // \\\
0 _ —
0 0.5 1 15 2
ko/m
i 82koT ()
G4 (t, k) ~ +

(k2 — m$h7,.(t))2 + kgri(t)2 o

@ on-/off-shell, cross-correlations

- Gll Gl2
GY(t, k :( 5 5 )
F( ) Ggl GE_Z
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Relativistic Kadanoff-Baym equations

Relativistic Kadanoff-Baym equations

yO

(0% - Vim0 GExy) = [ d*2 MG, 2)GH(z.)
0
0

= /d4z I_I;f‘(x, z)Gﬁj(Ly)
0

yO

(0% — V2 + m2(x)) Gl(x,y) = / d*z M (x,2)GY (2, y)
Statistical propagator Gg(x,y) = (P(x)PI(y) + P(y)P(x))/2
Spectral function Gi(x,y) = i(®(x)P/(y) — d/(y)d'(x))
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Relativistic Kadanoff-Baym equations

Obtained from stationarity condition of the 2Pl effective action

Cornwall, Jackiw, Tomboulis (1974)

e, G]

_ -1 _ -1
e =0 & G'=6"-n[g]

where G(x,y) = Gr(x,y) — i/2signe (x® — y°) Gy (x, y)

Controlled approximation...
... by truncation of the 2PI functional 2[¢, G]
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Relativistic Kadanoff-Baym equations

Example: Three-loop truncation in A®*-theory (for ($) = 0)

L6l = (Ox +@

nie) = 2idl ( ) N S

0G

S = /d4x (;auqsa% — %m2¢2 — :!¢4>

>'< = —iA(x1 — x2)0(x1 — x3)0(x1 — x3)
——o = G(x,y)
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Relativistic Kadanoff-Baym equations

Setting-sun approximation for A®*-theory

A A2 3 N2 3
§GF(X-,X) —@—*_ch(X‘,Z) —@—*_EG/)()GZ)

A2G G 2 = A2(; %G
s F(x,2)Gp(x, 2) —@——fg F(x,2)°Gp(x, 2)

OIS
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Relativistic Kadanoff-Baym equations

Homogeneous system
G(X,y) = G(XO’yO,X - y) = G(X07y07 k)v k = (kx’ k}/7 kz)

(850 + K24+ m? +Q> Gr(x%y% k) =
7dz° (_@_+_@_) Gp(2%,y°,k)
0

X0

7/dz° (_@_+_@_) Gr(2°,y°,k)

0

A& 0 .0
= 2 TP 6005,
2/(%)3 (<2, %%, p)

A2 d3p d3q
—@— = = Gr(x%, 2%, p)Gr(x°, 2%, a)Gr (x°, 2% k — p — q)

6 (2m)3 (2m)3

3

Mol P i 0 0
= -5 /d xe e )3e PXGe(x”, 2", p) Danielewicz, Kohler,. ..
™
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Relativistic Kadanoff-Baym equations

Initial conditions (Gaussian initial state)
Example: ¢ = (;5 =0,

np(tinit) +1/2

G( anoa p)‘XOZyDZtI’nit =
2o wp (tinit)
(axo T 8 )G( Yo p)‘x‘]:yoztmit =
xoa G( 07}’0, p)‘onyoztinit = wP(ti"it) (np(ti”it) + 1/2)
2 —
—IC1
--1C2
. IC3 -
= |
= i
L 7 wp(tinit) = \/W
6 7

3 4
oI/ mg
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Relativistic Kadanoff-Baym equations B ot

NR nuclear coll: Danielewicz (1983); Kéhler (1994,...); ...

Thermalization in relativistic scalar QFT

Berges, Cox (2001); Berges (2002); Aarts, Berges (2002); Aarts, Resco (2003); Juchem, Cassing, Greiner
(2004); Arrizabalaga, Smit, Tranberg (2005); Lindner, Miiller (2006); Gasenzer, Pawlowski (2008); . ..
Thermalization in relativistic fermionic QFT

Berges, Borsanyi, Serreau (2003); Lindner, Miiller (2008)

Prethermalization

Berges, Borsanyi, Wetterich (2004)

Nonequilibrium Instabilities, Parametric Resonance

Berges, Serreau (2003), Aarts, Tranberg (2007); Berges, Rothkopf, Schmidt (2008); Berges, Pruschke,

Rothkopf (2009)

2PI renormalization Borsanyi,Reinosa (2008); MG, Miiller (2009)

Leptogenesis/Baryogenesis [no two-time KBE analysis yet]

Buchmiiller, Fredenhagen (2000); DeSimone, Riotto (2007); Anisimov, Buchmiiller, Drewes, Mendizabal (2008,10);

MG, Hohenegger, Kartavtsev, Lindner (2009,10); Gagnon (2009)
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Buchmiiller, Fredenhagen (2000); DeSimone, Riotto (2007); Anisimov, Buchmiiller, Drewes, Mendizabal (2008,10);
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UV divergences, renormalization and non-Gaussian ICs

UV Divergences

Q = )\/(d3p Gro(x°,x°, p)

2 ) (27)

>

_ _/ d*p np+3 A2
- 2) @) /mryp2
/dzo—@—G(zo,yo,k) ~ N

UV cut-off |p| < kmax = A = Quadratic divergence
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UV divergences, renormalization and non-Gaussian ICs

Renormalization ?

<a%+k2+mR+ —— +Q 487) Gr (<% k) =
om?,6Z
[ (S~ s
0
[t (- ) s

0

= m’+ 6ZK?

_®_
W o

Non pertu rbative 2P| counterterms: Hees, Knoll (2001, 2002); Blaizot, lancu, Reinosa (2003); Berges,

Borsanyi, Reinosa, Serreau (2004, 2005); Reinosa, Serreau (2006, 2007, 2009)
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UV divergences, renormalization and non-Gaussian ICs

Problem
@ Gaussian initial states
@ ‘bare’ particles in the initial state

@ Incompatible with renormalization
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Why does the Gaussian initial state lead to singularities ?

Etotal - Ekin(t) + Ecorr(t)

1 [d% ) )
Ein(t) = = |70 [3X06 o +kT+mp+ —R—
2/ @y ’ sm2, 87
m b

+ Q + ‘Q’]—' [xo—yo—¢ + A
oA
t
" d3k
0

o E...(t) contains divergences

@ Egin(t) contains 2P1 counterterms
Berges, Borsanyi, Reinosa, Serreau (2004, 2005)
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Why does the Gaussian initial state lead to singularities ?

Etotal - Ekin(t) + Ecorr(t)

1 [d% ) )
Exin(t) N vy [axoa o+kS+mp+ —Q—
2./ @ry? ’ sm2, 87
m b

+ Q + ‘Q’]—' [xo—yo—¢ + A
oA
o [ dk
0

Ecorr ( t)

Ecorr(t) contains divergences

Eyin(t) contains 2Pl counterterms
Berges, Borsanyi, Reinosa, Serreau (2004, 2005)

Ecorr(t)|t=0 = 0 for Gaussian initial state

@ = unbalanced divergence at t =0
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Why does the Gaussian initial state lead to singularities ?

Correlation energy, K,,,=10mg

Correlation energy, Ky,,,=7mg
Correlation energy, K,,,=5mg

Ecor(t.K)
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UV divergences, renormalization and non-Gaussian ICs

Non-Gaussian initial state
@ Explicit: non-Gaussian density matrix p at t = tj;
e imaginary time-stepping p = exp(—0)

e initial n-point correlation functions
o0
(prlplp—) =exp <'Z/ azlmen(xlv---7Xn)<P€1(X1)"'<Pe,,(Xn)>
n=0"Xi

where ®(tinir, x)|o+) = o+ (x)|p+) [Calzetta, Hu]

e.g. Hall, Kukharenkov, Tikhodeev, Danielewicz, Wagner, Schlanges, Bornath, Semkat, Kremp, Bonitz,

Kéhler, Morozov, Répke,...
@ Implicit

e external two-point source K(x,y) for t < tnit

e.g. Borsanyi, Reinosa,...
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UV divergences, renormalization and non-Gaussian ICs

Gaussian initial state
All n-point correlation functions vanish at t = t;,;; for n > 3

an(x1,...,xp) =0 forn>3

Renormalized initial state

Relevant n-point correlation functions asymptotically agree with vacuum
correlations at short distances [for n < 4]

n(X1, -y Xn) = PP (xy LX) 4 Aan(xt, . . .y Xn)
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UV divergences, renormalization and non-Gaussian ICs

Initial n-point correlation functions:

Local standard vertices:

X =—idr, (= —id)
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UV divergences, renormalization and non-Gaussian ICs

Initial n-point correlation functions:

Local standard vertices:

X =—idr, (= —id)

Effective non-local vertices: a,(x, ..

...encode the non-Gaussian initial correlations

';Xn)

><<5(X? _061)"'

A (%, x), 6 €{+, -} &
Mathias Garny (TU Miinchen)

6(Xr(1J - 0€n)

--,Xn) U,—oﬁ

IC for (8,0)°1 -+ (8,0)" Valxt, ., xa), G € {0, 1}
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UV divergences, renormalization and non-Gaussian ICs

Example: Initial 4-point correlation, 2P| three-loop truncation

M[G, 4] =

oo = LS 0- H

—_— Y Y Y
I_IGauss n)\a na)\ I_laa
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UV divergences, renormalization and non-Gaussian ICs

Example: Initial 4-point correlation, 2PI three-loop truncation

M[G, 4] =

60l = OGO O

—_— Y Y Y
I_IGauss n/\a rla)\ I_laa

|n|t|a|—t|me Su rface COntr'but'on e.g. Danielewicz, Semkat, Kremp, Bonitz,. . .

For the example:

A
Mya(x,z) = —g/cd4y123G(X7yl)G(nyz)G(&y3)044(y17}’2,)/372)

In general:

Mya(x,2) = I'I;\ra(x,z)(s(zo —04+)+ ﬂ;a(x,z)(s(zo —-0-)
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UV divergences, renormalization and non-Gaussian ICs

(6'92+k2+mR+—<£§>—Jril ‘Q’ Crioy) = 7?6’42_@_@’(“’)

m2,6Z 0
XO
0 C
5(2° = tinit)
L. /
o+ K+ mp+ —@— + Go(x,y) = /d“Z‘@—Gp(ZVY)
om2, 6Z X
16 -
Non-Gaussian contribution 14n I'Ii:F(t:k) ,,,,,,
on the right-hand side: 1'? g *
5 0.8
[d*2Msa(x.2)6(2.5) : o
c £ 02
3 0 0
= /d zMya(x,2)G(z" =0,z,y) 0.2
-0.4
-0.6
e.g. Danielewicz, Semkat, Kremp, Bonitz,. .. 0 0.5 1 15 2 25 3 35 4
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UV divergences, renormalization and non-Gaussian ICs

Correlation energy at initial time

1 Q. @
Eiin(t=0) = E[axoayo-f—vz-i-m,q-‘r—@— + ]—= lx=o + o7

m?,6Z

i
Ec40rrp (t = 0) = Z / d*z [nGauss(X7 Z) + nnonfGauss(Xv Z)] G(va)

x=0

x=0

x=0
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UV divergences, renormalization and non-Gaussian ICs

Correlation energy at initial time

1 Q. @
Eiin(t=0) = E[axoayo-f—vz-i-m,q-‘r—@— + ]—= lx=o + o7

m?,6Z

i
Ec40rrp (t = 0) = Z / d*z [nGauss(X7 Z) + nnonfGauss(Xv Z)] G(va)

x=0

x=0

x=0
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UV divergences, renormalization and non-Gaussian ICs

Questions
@ Is it sufficient to include oy, or does one need ag etc. ?

@ How to choose «f, ?

Renormalized initial state

n(X1, ..y Xn) = PP (xy LX) 4 Dan(xt, . . .y Xn)
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UV divergences, renormalization and non-Gaussian ICs

Thermal initial correlations MG, Miller (2009)

Oéf;f'ézLP’(Z1,Zz,Z37Z4) = —"A/d4VA(V,Zl)A(Vyzz)A(V723)A(V:Z4)
T

h: —1 XX

= X = X
& N N

A(—iT,2%k) = -] |—
= AT(—it,k)dc(2° — 04) + A7 (—iT,k)dc(z° —0_)
GZT(—it,0,k)
At(—ir,k) = > 2245 GIT(—ir,0,k
il 260,01 e ok
GET(—ir,0,k)
2Gth(0707k)

A= (—iT,k) — 8, GET(—it,0,k)
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UV divergences, renormalization and non-Gaussian ICs

Full renormalized thermal correlation energy (computed at initial time):

i
Ecegrr(t = 0) = Z / d*z [nGauss(X:z) + nnonfGauss(X:z)] G(va)
x=0
C
= —@—0 + ....:}....__. + {75 W{iﬁ )
x=0 x=0 x=0
[ —
x0 X0
[ dz® —0 [ dz20 — 0
0 0
[ ;'§>.\ _{;>.\
+ e + e + Batde | 4.,
k x=0 Ly’ x=0 by’ x=0
x0 %0 N
[dz20 —o0 [dz0 —o0 [d0 =0
0 0 0
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UV divergences, renormalization and non-Gaussian ICs

Full renormalized thermal correlation energy (computed at initial time):

i
Ecegrr(t = 0) = Z / d*z [nGauss(X:z) + nnonfGauss(X:z)] G(va)
x=0
C
= 4@_. + ..\¢..._. + {,} ,,,4,, }—
x=0 x=0 x=0
|
XO XO
[ dz0 — 0 [ dz0 — 0
0 0
/‘ . j§>-\ j§>-\
+ > + gt + 34— 1e +..
k_,/( x=0 '_1¢"l x=0 '_'9"( x=0
XO XO XO
[dz20 —o0 [dz0 —o0 [d0 =0
0 0 0
= '"f}""_' = E:ip. corr(tL = 0)
< x=0

...only the thermal 4-point correlation contributes
= truncate initial correlations with n > 4
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Results for A®* 3-loop

Gaussian IC

G(x,¥)lx0, 00
ou(x1, ..., Xa)

Oén(XL ce- 7Xn)

Gen(x, ¥)lx0,0-0
0

0 forn>4

Non-Gaussian IC with aff

G(va)‘xo,yozo = Gth(x7y)|x0,y0:0
aa(xa,. ) = (... x)
an(x1,...,xn) = 0 forn>4

@ Truncate thermal initial correlations

@ = nonequilibrium initial states

@ The upper states are ‘as thermal as possible’

@ Expectation: Non-Gaussian state more close to equilibrium
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Results for A®* 3-loop

Minimal offset from thermal equilibrium MG, Miller (2009)
0.8 T T T T T T
k=0
0.7 TS SN Aa,, E |
R
Rk
. 06 k=mg R 4 1
= R L PO | I e e L e e b iy
< ARV AT
Y 0.5 4k
----- KB, Gauss (A)
——— KB, Non-Gauss (B)
04 | k=2mg 4 e THQFT |
---- BRVANTT et | i
03 . . . . . .
0.01 0.1 1 10 100 500 1000 1500 2000
tmg
v
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Results for A®* 3-loop

3l Correlation energy (Gaussian part) ——
Contribution from initial 4-point correlation
Sum ——
2t J
=
t’i kmax=7mR 4
5
i
1+ ]
0 1 2 3 4 5
-1
t[mg]
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Results for A®* 3-loop

3l Correlation energy (Gaussian part) ——
f Contribution from initial 4-point correlation
Sum ——
2 Kmax=10mg ]
=
t‘{: 1 kmax=7mR 4
uJ8
kmaxzst
O s
-1 , ]
0 1 2 3 4 5
t[mg]
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Results for A®* 3-loop

Gaussian IC

Etota = E:,s’, ( Tinit )

Elfgr( Tﬁna’) + Eceg"( Tfinal)

e.g. Kéhler,Morawetz,. . .

Tinit 7# Tfinal

Cutoff-divergence ESS, ~ A* + T2A2 4 ...

| Tinit — Tinar| ~ A2
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Results for A®* 3-loop

Gaussian IC

Etota = E:,'(,i, ( Tinit )

= k,,,( Ttinat) + Eorr (Thinal)

e.g. Kéhler,Morawetz,. . .

Tinit 7# Tfinal

Cutoff-divergence ESS, ~ A* + T2A2 4 ...

| Tinie —

Tinal | ~ A

Non-Gaussian IC with afh

Etotal = E;f,%( Tinit) + qu p. curr( Tinit)
Ek,,,( Tfmal) aF corr( Tfinal)
eq ~ eq
E4 p.corr — ECO”
Tinit = Tfinal

No Cutoff-divergence

Etotal = Eeq(Tinit) = Eeq(Tﬁna/) = finite
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Results for A®* 3-loop

No offset between initial and final temperature MG, Miiller (2009)

T/mg

Wmg

2.3

27

21

2

0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3

h

h

Py b,
e,

AR

Wi ‘\I
1]

[0

v

Nty s o

----- KB, Gauss (A)
KB, Non-Gauss (B)
- Thermal Eq.

|
\

build-up kinetic - chemical equilibration

100 500 1000 1500 2000
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Results for A®* 3-loop

Renormalization of relativistic KBEs: status MG, Miller (2009)

@ It is necessary to include initial 4-point correlation ay

LG a = OO +©+

: 2P1,vac/th . —
@ Choosing o = 27"/ renormalizes total (initial) energy

Restriction: Special class of ICs (close to equilibrium); t — 0, co

Questions

General conditions for renormalized initial states
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Results for A®* 3-loop

. 0o .0 2Pl ,vac/th
Example: G(x",y", K)oz oy, = vac/th(k)+ AG(k) oy € {0,0, }
——
—0 for k—oo
12F . 1T 12
11 tmR OO —_— KB Gauss | [tmg=0.0 KB, Non-Gauss | 11
1 - 1
09t —_— 10
12 f 1 F - 1 12
11 tmR 05 | [tmg=05 {11
1 V 1
= 22 — 22
’\o: 11 tmR-Zi_/\ 1 tmg=2.0 {11
= 1 1
& 22 ———— 22
11 | tmg =10 | [tmg=10 {11
1 1
09 L ——
12, 1 F ] 12
15 [ tme=2000 1 [ tmg=2000 111
1 1
09 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 09
0 1 2 3 4 5 6 70 1 2 3 4 5 6 7
kimg kimg
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Numerical methods

Single Host
Algorithm

Distributed
Memory
Algorithm
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Numerical methods

Single host algorithm: memory layout

0

y
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Numerical methods

Computation of self-energies and memory integrals
yD

Xc

@ Self-energy vector for 0 < y9 < x% using Fourier trf. e.g. Danielewicz,Kohler,. ..

3
. A2
n 07 O,k - _ elkx e~ iPXG 0, O7A
(", ¥, k) : E Eﬁ (x",y",p)

@ Memory integrals = history matrix X self-energies

MEMINT (Xo,yo, IA() = Z I_I(XO, 20, IA()G(zO7y07 IA()
20

y
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Numerical methods

time-stepping

02,6 (x%,y% k) — ALALG (xo,yo,f()
G (XO + ar, yO, l;) —2G (xo,yo, l;) + G (XO — at,yO,IA(>

2
&

G (x° + at,y"vr‘) =26 (xo,yoﬁ) -G (XO — a0y, R)

T [MEM/NT (xo,yo, R) - (Rz + M2 (x°)> G (Xo,yo, k)]

Step 4: Use

(o8]
(9)
-
—
X
1S
=Y
=
Rab
Il

Gr(y°, x°, k)
—Gp(y°, %, k)

o
X
o
<
.o
&7
Il

x°

4
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Numerical methods

History cut-off

0
) y A 4
— [GH. 0, p=0)]

= I -- IG,(t, 0, p=0)] 4 3
(@) [ ]
11 I
(o} :,,'
S |
o |

0.1+

0 30 x°

H = {O,Qt’2at7 ceey (Nt - ].) at}2

G(x°,y°, R) — G (xomodNt,yomodNt, R)
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Numerical methods

Parallelized distributed memory algorithm
process 3
y’ / A
rocess 2
=P
A Y
[ process 1
\ A
X process 0
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Numerical methods

Parallelized distributed memory algorithm
@ compute self-energies on each stripe in parallel

@ circulate self-energies

24
2 2
3
3 | |7 3
2
—_—
2 s
o 1 2 3

@ compute memory integrals on each stripe in parallel
@ time-stepping (x°, y°) — (x° + a;, y°) on each stripe in parallel
@ mirror history matrix

@ time-stepping (x°, x° + a;) — (X0 + a;, x° + a;)

4
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Numerical methods

Performance
1800 T T
total performance
1600 self-energy computation ]
memory integral computation
1400 4
1200 9
o
& 1000 9
o
9o
w 800 4
=
600 T 1
400 4
200 1
0 . . . .
0 100 200 300 400 500 600
time-steps
Intel Itanium2 Montecito Dual Core 1.6GHz, Peak performance 6.4 GFlop/s per core
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Numerical methods

Scaling

1
o+ 72 + k(Np — 1)

af T s =

fs : f, >~ 3 : 1000

e ——
:--«'s"'—"-E' & J ~

speedup

ideal scaling
323 * 20002 ——
40° * 20002 —*—
Amdahls law fg = 0.0025 -------

40 60 80 100 120 140 160 180 200
number of processes

LRZ, HLRB2 (SGI Altix 4700, 9728 cores, Total peak performance 62.3 TFlop/s)

4
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Relativistic KBEs for correlated initial states and
baryogenesis
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Thermal Initial Correlations

Thermal density matrix of the interacting theory

1
pen = e PH H = Ho + Hin:

= Compute the corresponding initial correlations

(o4 |pen| o) = exp (iZ/d4X12...n aff(x, . xn)e(xa)e(x2) - "SD(Xn))
n=0

@ Can be done order-by-order in H;,;
@ Problem: Need approximations compatible with 2PI formalism

@ Solution: Match 2Pl on closed real-time path with 2P| thermal
(imaginary-time) field theory MG, Miiller (2009)
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Thermal Initial Correlations

Closed time path C with «,
c. €
0, N
0_  tma
Linit (G
(e lpenl o)
oo
= ep <i2a§'%u.,,s01<pz~~son>
n=0
v
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Thermal Initial Correlations

Closed time path C with «,

c. €
0, N
0  t e
tinit C_
(o+ loenl o)

oo
= e <’Z O‘ig-~-n¥’1¢2 s @n)
n=0

Thermal time path C +Z

04

tmaz
tinit

—if3

(o [penl o)
P(=iB,x)=p4(x)

_ / D exp (i /I d4x£(x))

#(0,x)=¢—(x)
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Thermal Initial Correlations

Thermal time path C+ 7

Self-consistent Schwinger-Dyson equation

Gtzl(x)y): G()_,tlh(Xay)_nth(Xay) <

(Ox + m?)Gun(x,y) = —idesz(x — y) — i [ d*2Men(x, 2) Gen(z, y)
c+T

I
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Thermal Initial Correlations

Thermal time path C +Z

Self-consistent Schwinger-Dyson equation

Gtzl(x)y):G0_71h(X7y)7nth(X7y) e

(Ox + M) Gu(x,y) = —iderz(x —y) —i | d*zMN(x, 2)Gm(z, y)

C+T

Closed time path C with initial correlations «

Kadanoff-Baym equation for a Non-Gaussian initial state
(O + m2)G(x,y) = —ide(x — y)
- I/ d4Z [nGauss(Xaz) + I_Inon—Gauss(X; Z)] G(z,y)
c
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Thermal Initial Correlations

Thermal time path C+ T

The lines represent the complete propagator
Gil(x,y) = &——@ GiI(x,y) = &——=0

Gg;l'(x y) - O——0 Gg;c(x y) - OO0
—i)\/d4x = X —i)\/d4x = >< —i)\/d4x = )i(
C T C+T

Example: 2Pl three-loop truncation
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Thermal Initial Correlations: Perturbation Theory

Gra(—ir,y° k) = /dt DNo(—iT, t,k)GSe(t,y° k)

Free ‘connection’

Do(—iT,2% k) = AF(—iT,k)de(2°—04)+ Ay (—iT,k)de(z° —0-)

where
. inh(wiT) Gy (—i7,0,k) )
AF(—ir,k SINAKT) = otht 2 5 GTT(—ir,0,k
o (=i k) sinh(wB) 2G0m(0,0,k) 0.in(—17,0.k)
inh _ GZI(—ir,0,k
As(oink) = sin .(Wk(ﬁ 7)) _ S, in(— ) 0, GFE(ir,0.k)
sinh(wk/3) 2Go,(0,0,k)
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Thermal Initial Correlations: Perturbation Theory

Example

o—---(\-----})—---o = o—---é-:ll---;g}--l--o

MG, Miiller (2009)
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Thermal Initial Correlations: Perturbation Theory

Example

PN

o—---(—----\

/

PR *“'{"I"":@i’"'l'" Sp—

N ‘l .- Y
~d.. ~d.-

MG, Miiller (2009)
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Thermal Initial Correlations: Perturbation Theory

Example MG, Miiller (2009)
I’—-\‘\ //’-I’n.". I',_ /’—_\‘ th

o—---(—----¢----o = o—---f--l-mq-l--o = o—---&\- o--f-0 = .._-_Q._-_%-_g
\\\-”/ \\-l."j \\_ \\\_—, 3L
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Thermal Initial Correlations: Perturbation Theory

Example

-

\ / . / 3 - . o L1
¢____. — .____.\._.I.“‘.?...I__. = .____.\. ...... 0 -0 = .____‘\____%___.

MG, Miiller (2009)

e L=~

T N 3L

Perturbative initial 4-point correlation

th
O44,3L(Zla 22

17

’
’

523524) -
th 7 X
/ = o
3L
4, XK

—i/\/d4v ANo(v, z1)Do(v, 22)Ao(v, z3)Ao(V, 24)
z

N ’

If
o
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Thermal Initial Correlations: 2Pl

GEC(—ir,y° k) = /dtﬁ(fir,t,k)Gg,c(nyO,k)

o——e = [ ST |_.

Complete ‘connection’:

= AT(—i1,k)6e(2° —0.) + A (—iT,k)be(2° —0_)
where
GEI(—iT,0,k)
2G(0,0,k)
GET(—ir,0,k)
2G4(0,0,k)

AT(—iT,k) +8:GET(—iT,0,k)

A~ (—iT,k) — 8, GET(—ir,0,k)
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

| 4
_______ |_ = -] i -
./". y
+ g
\.
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation

_______ R S
."/‘ /'/Q::

i 4
R O S— -
T L
\\ '\é:;-

MG, Miiller (2009)
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation

_______ |_ _ _._._._.l_ TR
- ,,é:"
i ;ST
+ g + -] +
\ o
\\ '\é:;-

MG, Miiller (2009)
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

-

i3
#

I
(I3 M Non— Gauss

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

-

:
¢

-7
—_——
I (I3 M Non— Gauss

Non-Gaussian self-energy contains aff'(xi, ..., x,) for all n > 4

I non— Gauss (X, Z) = ----‘-?-.... |

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

-

:
¢

-7
—_——
I (I3 M Non— Gauss

Non-Gaussian self-energy contains aff'(xi, ..., x,) for all n > 4

i) = 5

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

-

bo
¢

I
(I3 M Non— Gauss

Non-Gaussian self-energy contains aff'(xi, ..., x,) for all n > 4

B4t

Nigem—@amss (X, Z) = ---;?—---- — {

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)

-

:
¢

-7
—_——
I (I3 M Non— Gauss

Non-Gaussian self-energy contains aff'(xi, ..., x,) for all n > 4

B4t

Mron— Gauss (Xa Z) =

v
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Thermal Initial Correlations: 2Pl

Example: 2Pl three-loop truncation MG, Miiller (2009)
=
|-~

—_——
I
(I3 M Non— Gauss

Non-Gaussian self-energy contains aff'(xi, ..., x,) for all n > 4

I non— Gauss (X, Z) = "':?'"" —+ {'%" """ ‘{"} 2 ‘6}"}" I~

KN E}:\
FIVAIG U RO. & Ny
[y }/
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %

nth _ ....;}._4_ L

non— Gauss
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %

th _ W
I_Inon—Gauss - ;}- + {:-?- ------ ﬁ-}
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %
, ~ = Va B
I_Ifron—Gauss = -':?—'"_ + {':?' """ %\'} + %j}"’?—- =
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %
, ~ = Va B
I_Ifron—Gauss = -':j}-'"_ + {':?' """ %\'} + %j}"’?—- =
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %
Mo = T+ P+ ‘6“ -

0 N
+ - O !
[ :_;7,
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UV divergences, renormalization and non-Gaussian ICs

Result: Example for Setting-Sun Approximation

I_IGauss = & + %
Mo = T+ P+ ‘6“ -

&Y b
+ - -1+ >4+
[ :_;7,
Kadanoff-Baym equations with thermal initial correlations
contain
aff(x, ..., xn) for all n > 4
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