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Classical field theory Is all aro

P whee we do not have 2le
Far fom equilibnm only

Bosons only

Homogeneous system@reheatingfermionic thermalisation)
already solvedartree or 2F
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Classical bosons + fermions

1 | X Tr, 111 " 1 | n
L = SN V(I )+ i H " 1 B(MPL + M PR) M(x)=m! gl (x)

It Is straightforward to solve a bosonic cksical !eld theory:

We "just# need: es«t1= pipwest (S iS nonlocal)

Semiclasical appraimation: classical bosonic sedar,
with exact fermions on the bosonic background.

Se [!'] 1S built of e$ective vetices %non&local actior

quad. diverge
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Integrating the fermion deterr

1 | p— " : | n
L=t r v )+ ienins 1 9(MPL + M7PR) M(x)=m! g (x)

operator equations:

(i"M1, ! m+ gRe! (x)! igim! (x)"%)" (x) = 0, St;f‘dard
gl 4 . oy irac
12 x)"" + 9(x)(m! gRe! (x)+iglm! (x)"°) =10 equation
symmetrised prop@atr. D(xy) = %![! (x),! ("
(i""lyp ! m4gRe®(x)! iglm ®(x)"°)D (X, y) =0 same Dirac
ity DX, Y)"M +D(x,y)(m! gRe®(y) +iglm ®(y)">) =0 equation

back reaction:
o%! (x)+ V (! (X)) + NsJ(x)=0

J(X) = ReJ>(x)+ iln)iJPS(x),, "
J3°(x) = 19,2(x)" (x) = Ol "o T ()#E ’
IPP(X) = g 9" (x) =gTr " (X)" © (X)##

This Is the %inhomogenoudH artree appraximation.
(knavn limitationgap efpcient piade scatteng) ﬁ



The standard approach
Mode functions - —==

" (X) = \ bs(P)&"*(x, p) + dg (P)&"°(X, ! b)
y*
(). BB = ()% (P! bB)'ss . JONS (q) = (2")%(p! B)'ss' (! 2n3 (D)),
ds(p)’d;!(q) = (2")3' (pl q)ls,s! ds(p) dS (q) = (2")3' (p! ) 'ss(1! 2n!S (p)) .

Initial time: Pk Yoy = i3

& (X, P)lyy=0 =
&> (X, P)lx, =0

Evolution:
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The stochastic approach

Notice, that in the back-eaction we hae: i) o), o(y)”’o/f’

(Anti-comotator decouple
We reproduce b(x, y)— 2 1900, ()] = 1E! () ensermble

We replace the lader operators ly stochastlc variales:

e
LI : bs (P)&"°(x, p) + dg (P)&"*(x, ! b)
L (X) = p ("s(@S™° (x, #) + %(HS"> (%, #))

)*

i HOR (q) = (2)%(p! B)'ss'(@! 205 (P)), > (B! 2 (B)" = (#)°H(b# b!)$ss!. = # n(p)
EL
|

2
FOETQ = @) (B! el 207 ), (D) 4 (D) = # (2#)°8(b# b)%s %# n(P)

No sua! !

WeOll need to do something special about énen emis
(No such poblem with scalars)



The gender index

We represent a tw&point function a the expectation value of the
product of two di$erent complex sbchastic spinor variables.
D(x,y) = !! v (X)) (y) = !! F (X)%u (y)
M: male,F: female:D"x,y$may have negative eigenvalues
| nitialisation "Fourier space = eigenspace of dveop@tors
primary stocastic variabl

opposite sigor Male ancemals

genaer; o

This recipe guaranees that: 1u()¥%(y) solves the tvo&point equation

'm ()% (y) matches the pet. vacuum at t=0



Thus we simulate fermions

¥Number of spinor equtions:
E << # of siteqas in Hatree)
" E ~ linear lattice siz@ule of thumb)
" No benebt In 1+1 dimensions
" Similar ideadr bosons poved useful in 2+1

¥Chemical potentiaho ppblem
(micocanonical instead airgr canonical)

¥This is not lattice QCD!
(no staightbrward genealisation)



What can these equations do f

No thermalisation,
produced érmions do not satte(Hartree)

Close to thermal érmion produciton!
Sphaleon transitions.

Fermion spectrum after a Brane-collison.

Decay of detcts into radiation.

(see alsdbosonic decg of kinks)



\VOItONSstring loops that refuse to collapse
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\VOItONSstring loops that refuse to collapse



Cosmic strings: do they exist

—— String contribution
- - - Inflation best!fit
— Inflation+strings

{ WMAP (binned)
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— Semilocal strings
--- Textures
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\Vortons: nothing/disaster/dark mat

Matter domination in universes with realistic vorton! producing strings
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How do cosmic strings dec:

-~ Birth;
- early phase transition at 1/d scal
S as topological deft

/ -~ Death:
| ﬁ_,;é—/_ Perturbati
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Scale separationm =t )

const if t! d
in 1° volume: ! along loop SVSPL

/BDIBTQBUJ 7JMFOL
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string energyin !3 box! M ?2!
scaling: !'! t

energylosd loop! M ?




Scaling Is universal

(shevn though 3 aders of magnituds
Nambu Goto solutions: .(zer-width sing dynamics)
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Semiclassical scaling
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Closer look on the lattice:

Classical with fermionic [Suctuations




What are the oscillons?

Stablelocalised oscillating excitations.

Naturally produced In our 2d classical str;jpngynaimcs.
Classical oscillon gasemiclassical oscillon gas
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Equation of the small structures

n: density of the %zero&dimensional’ shsdifuctures,
eg osci%ons

d: spa® dimensions

D &dimensional defects

Energy density of the defects:mP+1tP! 4 o4pm the scaling law

MD! d+ 1

o 1! df2 —
H " N+ Cyef ect N+ Ceont M n- =

td! D . =
| /
[legzc;! it b Energ/_
ya ' Co%isio’ &om demjing
defec!

defects



Classical: quasistable oscillons

|ln our model: d=2, D=1

. Q (& @‘P

Dl a1 1! d 2 M °
X"' Cdef ect {d' D n+ CcoII M — Csource,[dl D+1

Classical: no %signilcant' direct decag:(1/t, "d=2, D=1%

Note tlat in higher dimensions "d>2% aelassii%ons dagec




Osclillons with radiative decay

|ln our model: d=2, D=1

200 ¢ ¢

D! d+1 0 G 2 M D
N+ Ceon M = Csource

"N+ Cyef ect

td! D td! D+1

Quantum: direct decayn follows the soure:n (1/t2




Osclillons with radiative decay

|ln our model: d=2, D=1

\ \ \

V] D! d+1 V] D
1! d2 —
n+ Cco” M n- = Csourcetd! D+ 1

tH " N+ Cyef ect ¥dl D

Quantum: direct decayn follows the soure:n (1/t2




Numerics confirnig
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Quantum: direct decayn follows the soure: n (1/t2

Strings in 3 dimensionsn"t$( 143



Summary

¥ Semiclassical cactions to
Classical peld thegr

¥ Patticle production,
decd of topological defcts,oscillonsyortons

¥ Efbcient atgyithm to solve Hartree equations:

¥ Application to string eolution:
scaling M Is not alteed by quantum corections;
corrections ae relevant in the small scale dynamic:

¥ Indirect radiatie string dece (not gravitational)
¥ Increased conbdence in the British styngMB bt



