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REAL-TIME EVOLUTION IN FIELD THEORY

*Magnetic fields

* Berges, Felder; Garcia-Bellido, Garcia-Perez Gelfand, Gonzalez-Arroyo, Knhlebnikov, Kofman, Linde, Micha,
Mou, Prokopec, Pruschke, Roos, Tkachev

* Preheating

* Berges, Felder; Garcia-Bellido, Garcia-Perez Gelfand, Gonzalez-Arroyo, Knhlebnikov, Kofman, Linde, Micha,
Mou, Prokopec, Pruschke, Roos, Tkachev

*Baryogenesis
* Bodecker, Grigoriev, Hu, Kusenko, Moore, Mou, Muller, Rummukainen, PMS, Shaposhnikov,, Smit, Tranberg

 FRW evolution

 Baacke, Covi, Heitmann, Kevlishvili, Patzold, Tranberg

*Soliton dynamics
* Berges, Borsanyi, Hertzberg, Hindmarsh, Mou,PMS, Roth, TognarelliTranberg

e [ hermalization

* Aarts, Attems, Berges, Bonini, Gelfand, Kurkela, Philipsen, Pruschke, Schlicting, Sexty, Shafer; VWagenbach,
Wetterich, Zafeiropoulos

* Phase transitions

* Blaizot, Hatta, Rajantie, Sexty, Smit, Tranberg, Tsutsui

*[angevin

* Aarts, Scherzer, Seiler; Sexty, Stamatescu



OVERVIEW Or TALK

» [he (standard) model
» gauge fields, scalars, fermions

* [he methods

» Lattice gauge theory

» Helical fields, parity, baryogenesis
» PDE approach

» Classical/quantum simulations

* Summary
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| ots of structure in the Standard Model, three principle
difficulties:

» (auge Invariance

* Fermions
 h
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Gauge invariance

Wigner: massless spin-one particle have two polarisations

A

1 %4
Fuv = OuAy =B,y Lo —7F"F,,
A, - AT A TN
Aop: NV.E=p




Gauge invariance

Abelian Higgs:
AN
1 |4

Frw = 8, A, = G0l S

A, — Al = Ay + 8,A

A() 5 ZE — /0

¢ — ¢ =e "¢ Charged scalar field:

D,¢ = 0,6 —ieA,d R g4

D¢ — (Du¢)' = 6_iqADu€b



Lattice Gauge Theory approach

 Create a lattice

Wilson; Kogut and Susskind.
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Lattice Gauge Theory approach

2 1
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Lattice Gauge Theory approach

2 1

S = Zdtdgw Do¢'Dop — Di¢" D — V (|9]) — di2dz2g2 ZTT(UW) 8 drtg? S .Tr(Uij)
i tJ

Db = — [U,(2)(z + 3*) — $(x)

~ dxm

iU (e + /l)Ul];(a: + D)U} (z)
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Baryogengesis: Moore, Turok, Ambjorn, Krasnitz, smit, Hu, Muller, Rajantie,
PMS, Copeland, Rummukainen, Annala, Askgaard, Porter, Shaposhnikov...
(P)reheating: Adshead, Giblin, Weiner, Amin, Lozano, Cuissa, Figueroa, Mou,
PMS, Tranberg, Smit, Skullerud, Dufaux, Figueroa, Garcia-Bellido. ..

Cosmic Strings: Moriarty, Myers, Rebbi, Hindmarsh, Vincent, Antunes,
Shellard, Battye, Lizarraga, Urrestilla, Daverio, Kunz, Rummukainen,
Tenkanen, Weir, PMS, Bevis, Portsidou, Copeland, Martin, Niz, Stuckey,. ..



Helical B-fields
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Helical B-fields

H = | d°z A.B
C4
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Helical B-fields

* |nverse cascade
* Baryogenesis
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* |Image from Hosking, Schekochihin

 Pouquet, Frisch, Leorat,; Meneguzzi, Frisch, Pouquet; Balsara, Pouquet; Muller; Biskamp; Christensson,
Hindmarsh, Brandenburg; Cho; Mdller; Tashihiro,Vachaspati, Vilenkin; Malapaka, Busse; Hirono,
Kharzeey, Yin; Gorbar, Rudenok, Shovkovy, Vilchinskii; Hatorl; Hosking, Schekochihin



Helical B-fields

* |nverse cascade
* Baryogenesis
/2
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Helical B-fields

* |nverse cascade
* Baryogenesis

9/2 3
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€82 = T35 3 L €ijk i Wik — §€ e &
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ANg(t) = 3[ANcga(t) — ANgg1(t)]



Helical B-fields and baryogenesis
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Helical B-fields and baryogenesis
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- Uncertainty in modelling H from sphaleron decay

» Uncertainty in ny vs Np + Np

Vachaspati; Cornwall; Copi, Ferrer,Vachaspati, Achucarro; Chu, Dent, Vachaspati; Kharzeev, Shuryak, Zahed;



Helical B-fields and baryogenesis
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 Cold EW baryogengesis

« CP violation Lop=L— ——¢T¢Tr |WHW,,

« (Clasgleal-SETistical 1nrtialNaElE!

Mou, PMS, Tranberg



- Hypercharge Chern-Simons:

* non-Abelian Chern-Simons:
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Lattice approach

» Second order* (space and time)
* |Implicit eom for CP violation

PDE approach
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1 ) 1 g
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+ Lg(610°D'6 — D'6lo"0)

- Abelian: Deskins, Giblin, Caldwell; Adshead, Giblin, Skully, Sfakianakis; Garcia-Bellido, Grigoriev, Kusenko, Shaposhnikoy;
 non-Abelian: Lozano, Amin: Adshead. Giblin, Weiner:
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PDE approach

Q)
V)

ler to use bigger stencils
ler to use higher order time Iintegrators
ier to include parity violation

(Gauss constraints not automatically satisfied

Numerical relativity also has gauge invariance

i e

And constraint equations
(;OOa (;Oi



Numerically improved EM
A =—E; — 9;¢

E; = —VZ2A; +0,0,A; — J;

* Knapp, Walker, Baumgarte



Numerically improved EM
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Numerically improved EM
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Numerically improved EM
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Numerically improved EM
A; =—FE; — 0;¢
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Standard Model version

Qo = V26 — S(g'Y; + 5o W™)(0:6 + Di6) — 2X(616 — 1)
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* Vachaspati



Standard Model version
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« Mou, Patel, PMS,Vachaspati



Fermions

easy:
* Linear in fermion field
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L=..+vY,rY"Dubr R+ gy VLdYR + ...

hard:

* Intrinsically quantum: Grassmann
* First order derivatives: doublers

fERE T T 20 ),

a _
dr




Fermions
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Fermions

A

One quantum field, ¥ (¢, z), ~ N3 classical fieldsu®(z, p), v°(z, p)
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Fermions

One quantum field, (¢, z), ~ N3 classical fieldsu®(z,p), v*(z,p)

; p y*O0,u’ (x, p) + mu®(x,p) =0, Vp
7 e M L L Ol
yau¢+m¢—0_>{ - _

“‘Oop... = gy (@(x)Y(x))”  bs(p)|0) =0, ds(p)|0) =
“‘T... Mgy (%)3[ *(z,p)u’(z,p) — 0°(z, p)v°(z,p)]”

* Borsanyi, Hindmarsh

* Berges, Gelfand, Pruschke; PMS, Tranberg; Mou, PMS, Tranberg; Hebenstreit, Berges, Gelfand; Tanji, Mueller, Berges; Mueller,
Schlichting, Sharma.



« BMS,; TranlBero

Simulating fermions
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Classical/quantum
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» Schwinger; Keldysh

Classical/quantum
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Classical/quantum
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» Schwinger; Keldysh



Classical/quantum
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» Keldysh; Aarts, Smit Greiner; Muller; Kameen, Levchenko
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Classical/quantum

G 0 = (ny+ 3 ) 05— 1)

oy,

G 65" 1) = e (my + 3) @0~

Unique saddle:

[
¢C |Saddl€ = 907 ¢q|8addle S O

o —Vi(p)=0

* Mou, PMS, Tranberg, Woodward
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Aarts, Smit; Aarts, Berges; Buchmuiller, Jakovdc;; Cooper; Share, Rose; Blagoev, Cooper; Dawson, Mihall; Berges, Boguslavski,
Schlichting, Venugopalan; Mou, PMS, Tranberg; Micha, Tkachev; Diaz-Gil, Garcia-Bellido, Perez, Gonzalez-Arroyo. ..
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liEspivc:
» use Monte Carlo sampling to evaluate the integrals



liEspivc:
» use Monte Carlo sampling to evaluate the integrals
*|t's a phase:
* use Picard-Lefschetz (Cauchy’s theorem) to improve
convergence

* Aarts, Alexandru, Basar, Bedaque, Christoforetti, , Feldbrugge, Fujii, Honda, Kato, Kikukawa, Komatsu, Lehners, Mukherjee, Di Renz
Ridgeway, Sano, Scorzato, Seiler, Sexty, Turok, Warrington, Witten,. ..
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Lsy = —48,930,95 — 9./*0, 909595 — 1931 f* glacgtes — DWW, —
MWW, — 50,200,20 — 75 M2 2025 — 30,A.8,A, — igeu (8, Z0(W, W, —
Ww,) - Z)W, oW, — W;BVWJ) + Z3Wo. W, — W, 0,W))) -

z'gsw(auAu(W;W* Wy W) - (W[c’),,W* W, o,W;) + A WHO,W, —
W, 0,W,) — 3P W W, W, W, + Lg? Wi W, W,y W= 4 g% (ZOW+Z°W“
Z07W,; W, )+g.s (A, W AW, A#A WAW=) + g2suca( AL 20 (W W
W, W,) —24,2°W;W,) — 18,H8,H — 2 M2y H? — 8,0+ 8,6™ — %6,1(1506,,(&0 a
B (2;—§2 “F %H + 3(H? + ¢°¢° + 2¢+¢_)) ar %fah —
gopM (H? + H¢%¢® + 2Ho ¢~ ) —
39 (H' + (¢°)' +4(67¢7)* + 4(¢°) ¢to +4H?* ¢ ¢ +2(¢°)°H?) -
gMW W H — 392 Z0Z°H —
3ig (Wit (¢°0,6™ — ¢~ d ¢°) -W, (¢>°0 ¢t —¢70,0%) +
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gzs?L,A#A#qﬁ"’qé"' + 319, A% (@7 q7) g5 — é"('y(’) +md)er — v (0 + m;\)u* —a3(y0 +
m,);)u:,\ — dj(ﬂ/(’) -+ m{})d? +19SwAy (—(é’\"/“e_’\) + %(ﬂiﬁ/”uﬁ) - %(djﬂ/“dﬁ)) -

— ZO{(i/' (1 +~°)v ) (é Ayt (4s2 — 1 —%)et) + (d;-\’y“(%sfu — il = 'y‘r’)d}) +
(@) 7“(1 — 355+ 7)) W (#2941 + P)UPxee") + (3374(1 +7°)Candf)) +
2w, ((e U P+ AW + (dCH (1 + 7)) +
J7-2M 0" (—mE(P U )5(1 — 1°)e®) + mY(F VP, (1 + 7°)e") +
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Lsy = —48,930,95 — 9./*0, 909595 — 1931 f* glacgtes — DWW, —
MQWJW; $0.200,2) — - M*Z3Z3 — 38,A.8,A, — ige. (3. Z0(WiW, —
WIS ZB(W;(?,,W; - W;BVWJ) + Z3Wo. W, — W, 0,W))) -
z'gsw(a,Au(W;W’ W;W;) - (W+a W, - W, 0,W;) + AW} oW, —
W, 0,W,)) — t* W W, W, W, +1 2W W W W +g2c2 (ZOW*Z"W gt
Z0Z0W; W) + g%s (A, W AW, A AWIWo) £ g?scu(AL20 (W W, —
W, W,)—24,2W,; W, ) - 18,H8,H — 2M2ahH2 — 0,018,6 — %a,@oa,@ﬂ E
B (4 + HLH + J(H? + ¢°6° + 26797) ) + 2oy, -
gapM (H? + H¢°¢° + 2Ho ¢ ) —
39%en (H' + (¢°)' + 4(¢7¢7)* + 4(¢°) o™ +4H?* 99" + 2(¢°)2H?) -
gMW}W, H — Eg Y 707°H —
Lig (W}(¢°0,0~ — ¢~ d RAALs (¢>°0 ¢t — ¢70,0%) +
%g (W:(Hau¢_ -0 0.H) + W,:(Hau¢+ S ¢+auH)) o %gé(ZS(Hauéo - ¢°0,H) +

M (-l-zﬂam%ww gr + W, 0,6")—ig=MZUWy ¢~ W, ¢7) +igsMA, (W, 6~ —

W (b*) e 7’ ZO(¢+0 @_ -9 (b d/-t¢ ) ar igsw u(¢+0p¢7 B ¢76y¢l+) o

LW W, (H? + (8 + 2076 ~ RO E 22, (H +(¢°)° +2(25;, — 1)°67¢7) ~
L LW, 67 + Wi o) = L Z0H(Wi o™ — W, 6%) + 3%, 4,0 (W6 +
Wy o) + big?su A, H(W 6" — W,y 6%) — 22(2% — 1) 204,676 —

gZS?L.A#AmP““(é" + 319, X (a7 v*45)gps — a0 + m*)eA A0 + mpvt — a3 (70 +
m,’))u{,\ — d;‘("/c') - md)d’\ +19SwAy ( (e*y#er) + 2 (uj*;f‘/“u?) - %(djﬂ/“dg\)) -
B LU+ 7)) + (@ = 1= 7)) + (B4l — 1= 7)) +
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e (m(@U, ( W)~ myEUTL (L~ ) ~ SR ) -
PRHES) el 7'1/ ) $506°@ 7€) — § 52 MY (1~ 75)0n —
TOME (1 — )0, + —\frgb $(65Cx(1 —¥°)d5) + m’\("AC,\N(l +7°)ds) +
it (MECL (1 +7 )u-) mi($CL (1 - 1)) — §5H (@)
A
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Lsy = —48,930,95 — 9./*0, 909595 — 1931 f* glacgtes — DWW, —
MQWJW; $0.200,2) — - M*Z3Z3 — 38,A.8,A, — ige. (3. Z0(WiW, —
WIS ZB(W;(?,,W; - W;BVWJ) + Z3Wo. W, — W, 0,W))) -
z'gsw(a,Au(W;W’ W;W;) - (W+a W, - W, 0,W;) + AW} oW, —
W, 0,W,)) — t* W W, W, W, +1 2W W W W +g2c2 (ZOW*Z"W gt
Z0Z0W; W) + g%s (A, W AW, A AWIWo) £ g?scu(AL20 (W W, —
W, W,)—24,2W,; W, ) - 18,H8,H — 2M2ahH2 — 0,018,6 — %a,@oa,@ﬂ E
B (4 + HLH + J(H? + ¢°6° + 26797) ) + 2oy, -
gapM (H? + H¢°¢° + 2Ho ¢ ) —
39%en (H' + (¢°)' + 4(¢7¢7)* + 4(¢°) o™ +4H?* 99" + 2(¢°)2H?) -
gMW}W, H — Eg Y 707°H —
Lig (W}(¢°0,0~ — ¢~ d RAALs (¢>°0 ¢t — ¢70,0%) +
%g (W:(Hau¢_ -0 0.H) + W,:(Hau¢+ S ¢+auH)) o %gé(ZS(Hauéo - ¢°0,H) +

M (-l-zﬂam%ww gr + W, 0,6")—ig=MZUWy ¢~ W, ¢7) +igsMA, (W, 6~ —

W (b*) e 7’ ZO(¢+0 @_ -9 (b d/-t¢ ) ar igsw u(¢+0p¢7 B ¢76y¢l+) o

LW W, (H? + (8 + 2076 ~ RO E 22, (H +(¢°)° +2(25;, — 1)°67¢7) ~
L LW, 67 + Wi o) = L Z0H(Wi o™ — W, 6%) + 3%, 4,0 (W6 +
Wy o) + big?su A, H(W 6" — W,y 6%) — 22(2% — 1) 204,676 —

gZS?L.A#AmP““(é" + 319, X (a7 v*45)gps — a0 + m*)eA A0 + mpvt — a3 (70 +
my)u) —d}(“/3+md)d*+zgsuA (—(@#e*) + 3@}y u}) — 3(d}r"d))) +
A ZH{ A+ + (e (dsh — 1= 7)) + (dr (4 — 1= 7)) d)) +
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SEW, (( UL (L 9P + ([@d5CH (L +9) ) +
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i e ; mt(e epl BN s, my -
sz (MU ' ( W) = m(EU (L~ A7) — $5EH (M) -
$RH(E) + 45460 w s 222 99(eMPe?) — § oa ME, (1— 75)0% —
TOME (1 — )0, + —97\4 6" (—m(a)Cre(1 — 7°)d5) + m (@) Cre(1 +7°)d5) +
it (MECL (1 +7 )u-) mi($CL (1 - 1)) — §5H (@)
A
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