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Abstract: If light scalar fields are present at the end of inflation, their nonequilibrium dynamics can produce non-Gaussian density perturbations.
Lattice field theory simulations show that this effect can be very strong in the massless preheating model. It is therefore an important factor in
assessing the viability of inflationary models. | present a phenomenological model that can be used to calculate the perturbations analytically.
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Non-Gaussianity

@ Gaussian random field: Everything determined by the two-point function

(C(k1)¢(k2)) = P(k1)(27)5(ky + k2)
@ Define fyr, using the three-point function

=

(C(k1)C(ka)C(k2)) = —%fNL [P(k1)P(ka) + cyclic]

% (27)°6 (k1 + ka + k)

o Generally fyr. = faL (k1. ko, k3)

e Single field: fyp ~e < 1|
@ Observations:
« WMAP —9 < fn1. < 111 |
o |SS 29 < fnr. < 69 |
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Massless Preheating

@ Chaotic inflation + massless scalar \ |

- 1 | T
Vigix) = 20" +50°0°X", A~Tx107H

o Inflation: ¢ > 2v/3Mp 4
@ Mass of x: m,, = go < H if g <\

= Nearly scale-invariant Gaussian perturbations
@ Convertoy — ¢

(as in the curvaton model) |
o Jokinen&Mazumdar 2006: fxr = O(1000)
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Massless Preheating

@ Chaotic inflation + massless scalar \ |

—— L2 g

Vido.x) = 4\o4+3g O X7,

XTI

o After inflation: Radiation domination a ~ ¢'/2
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Massless Preheating

@ Chaotic inflation + massless scalar \ |

_ 1 1 -
V(o x) = 1)\.«34 +-9°0°X", A~Tx107H

o Inflation: ¢ > 2v/3Mp 4
@ Mass of x: my, = go < H if g <\

= Nearly scale-invariant Gaussian perturbations
@ Convertoy — ¢

(as in the curvaton model) |
o Jokinen&Mazumdar 2006: fyxr. = O(1000)
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Non-Gaussianity

@ (Gaussian random field: Everything determined by the two-point function

(C(k1)C(k2)) = P(k1)(2m)6 (k1 + k)
@ Define fyr, using the three-point function

=

(C(k1)C(ka)C(ka)) = —%fm [P(k1)P(ka) + cyclic]

% (27)°6(ky + ka + k3)

» Generally fyr. = fan (k1. ko, k3)

o Single field: fyp, ~e < 1
@ Observations:
« WMAP —9 < fn1. < 111 |
o | SS —29 < fyr. < 69 |
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Massless Preheating

¢ Chaotic inflation + massless scalar y |

- 1 | LU
Vo, x) = 1\.«34 +-9°0°X", A~Tx107H
e After inflation: Radiation domination a ~ /2 4
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Massless Preheating

@ Chaotic inflation + massless scalar \ |

| 11
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i 1 = =
Vio,x) = 4§ Aot + 35}‘@2\2. X T3 107
e After inflation: Radiation domination a x t1/2 4
o Inflaton zero mode & - 3Ho + A& =0
» Rescale the field » = a— 1o
» Rescale time dr = a=\/2¢, ;dt
= r_—]” -+ }\{;3 — = (_';{.T} = r;ini(fll{T: lg’r\/ﬁ) ‘
¢ Inhomogeneous y modes y. = a~ "\ S __
| o
h = gﬂ - = 1 - 12
Xe + |65+ —en(;1/v2) | % =0, &° —
/ AQ: .
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Resonance Bands

~Ff

Xg F

2
2 9 2
£ —_en\F;

A

risaBosoyeg. (7) = €7 f(7) with periodic f(7)
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Separate Universes

FEW universes
recombination

scale factor

end of inflation

@ Each Hubble patch described by a separate FRW

universe (-
@ Curvature perturbation ¢ =9 111 alH=H,.
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Resonance Bands
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Separate Universes

FEW universes
recombination

scale factor

end of inflation

@ Each Hubble patch described by a separate FRW

universe (52 |
@ Curvature perturbation ( =dlna|g_g__
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LOMNAaon

Separate Universes

FERW universes
recombination

thermalisation

scale factor

end of inflation

@ After thermalisation: Unique equation of state p = p(p)
= Curvature perturbation conserved (... = dIna|g—_g._
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LONAaon

Separate Universes

@ Regions separated by d > 1/ H treated as independent FRW universes, but

with different initial data (|-
® Friedmann eq. = al(t), H(?)
» Calculate curvature perturbation ( =0N =dlna|g_g.
» Non-linear, includes gravity
@ Dependence on initial conditions ( o;,;, Yin):

=L g 1 82N 2
& — (:c_z'r(@ini) o E@xjfni)(ini + -

» Vary o;,; = Usual inflationary perturbations
» Vary v:.. = New contribution

= Need 9*N /2,
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Earlier Results

@ Homogeneous fields = No sub-horizon dynamics
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Earlier Results

N : , _ -
e {\ MW ﬁ f\ / } \ﬂ 6.5544 |
6.55435:{\/WNV J !\ \-\A 6.55435 |
| 6.5543 |
6.5543 | F
\ 6.55425 |
6.55425| | |

6.5542 | i |

- 108 0 —

. fbfp ;'fini/' M p

@ Homogeneous fields |(-uvama

@ Could not measure 9N /o2
e Chaotic (Podolsky and Starobins
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Inhomogeneous Fields

® Make o and y position-dependent

. .. K 5 o
{’3‘—|—3H(_}——_jvzfﬂ—F)\@S—FQEXz{f} ===
a-
e ) By % 12
X +3lx— sV xt+tgoex = 0
a~

e Couple to Friedmann eq with avg energy density |

. S 1 3 (Lo 1.5 1o 1o
B = T d”x 5% + X +§{\Tu} ——E{T\)
1 B
+1)\r:;4 - Sglrf\‘z)
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LONAaon

Inhomogeneous Fields

FRW lattices
recombination

thermalisation

scale factor

end of inflation

@ Calculate dependence on the initial super-horizon modes

~ Averages over the lattice y;.,; = (f =0)
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LOMNAaon

Inhomogeneous Fields

FRW lattices
recombination

thermalisation

scale factor

end of inflation

e Dynamical scales must be smaller than the lattice m =" < L

e | attice must be smaller than the horizon L < H—!
@ Wavelength of perturbations must be longer than the horizon + < H
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Parameters

® \=7x10" vary0 < ¢*/) < 10

@ Oini = 5Mpy, Vary Xini

o | attice size 323, jx = 1.25 x 10° M5,
@ Statistics: up to 250 runs for each y;.;
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Inflation

10000 =—Trrmm T TTITm T T TTTT T T TTTTm I

L sl LLLE

1000

100

scale factor g

|

]

10

| |
10" 10 10

time

=
[5F]

=
=
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Parameters

® A\=7x10"" vary0 < ¢’/X < 10

® Oini = 5Mpy, vary Xini

o | attice size 323, jx = 1.25 x 10° M5,
@ Statistics: up to 250 runs for each y;.;
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Inflation

10000 ——rrTmm T TTIIm T T TTTT T T TTTT [T TTTIH
1000 = =
5 [ ]
i ]
- 100 =
@ - ; =
% - / 2
Q F.
b il i
10 =
it — 4 permlil : I v pppum [ 0ov i | v v
10° 10° 10 10° 10°
time
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Dependence on i

-0.0005

AN

-0.001

-0.0015

%10
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Earlier Results

N : ’ ﬁ : N |
55544(\. | | {\ \[ r\f\ ru \ﬂ 6.5544?
515435:f V] | 6.55435 |
| |
] 6.5543
6.5543 | .
\ 6.55425 |
6.55425} \ i
6.5542 | 1 ‘
0 107" 0 108
Xini /My Xini/Mp
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Fitting V(i)

AN
[
——i
——
[t
——

0.001 jH %

-0.0015 ' —

e Regular at small y;,; — Chaotic at larger values

o Analyticity = N(xini) = N(0) +ex2; + O(x))
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Fitting NV (iui)

-0.0005

AN

-0.001

0015 "—
Iwll

o Fit N{ 1IIILini} — :\;“:]} F C\;l-}lli + Of \ki_lni )

_

N L 10.964+0.05 y g —2
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Dependence on H
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Dependence on g~/ \
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Dependence on ¢~/ A
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Dependence on
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Analytic Calculation
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@ /ero mode grows as x exp(ug7)

@ Fluctuations grow as ~ exp( ftmaxT)
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Analytic Calculation

Ly ' A ]

I N
@ Zero mode grows as x explg7) e ”_ mm”hﬂ | :
@ Fluctuations grow as  exp( fyaxT) m-ul_iw_”jll i ﬂ I\ 5
e Becomes non-linear when ¢°(\?) =~ \(&?) ‘*':*fn'[ﬁ! —mem |

i L pn i

5
g

Ina@ni(Xini) = Inan(0) — 24AM3, In(1/g)

—Funloy . 2 : 4
g s ‘iini_':_o{.\ini)
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Analytic Calculation

In a

@ /Zero mode grows as x exp(puo7)
@ Fluctuations grow as ~ exp( ftmaxT)
@ We need the scale factor at constant H:

i_l'|
|

LAy

g
107

Alnalg=g, = (1 +395,) Alnan 4 |
10°
1'H
PN 1 Tt
. = 1 - _ J,J q 2H0/ Hmax
xZ;|  12MZIn(1/g) A
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Dependence on ¢/ )\
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Calculating fxr.

® Boubekeur&Lyth: For flat spectrum, ¢ = (5 + (92 N/9x2. )\ 2, gives

@ Tilted spectrum

B 2 5 3(2—g* /)
o — (L) g, 22
\1111 =¥ S1ITTE
with N ~ 60 and N, = 25/8
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Amplitude of Perturbations

@ (Gaussian contribution from y

where 1, Is the average of our currently observable universe
@ |f this is more than 1077, it dominates over the inflaton

= Incompatible with observations, but can be cured by tuning A
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Amplitude of Perturbations

@ Gaussian contribution from

(-_.)2*?\:'

-—\Ls- A)U'lni

where 1;,; Is the average of our currently observable universe
e |f this is more than 1077, it dominates over the inflaton

= Incompatible with observations, but can be cured by tuning A
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LONAaon

Conclusions

@ Massless preheating:

» Strong effect if homogeneous mode dominates the resonance
» Parts of parameter space ruled out
» Other parameters fine, even if preheating takes place

@ Simulations:

» Non-linear calculation of curvature perturbation due to non-equilibrium
physics
» Works with any (bosaonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:

» Reproduces numerical results
s Generalise to other models?
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Conclusions

@ Massless preheating:

» Strong effect if homogeneous mode dominates the resonance
» Parts of parameter space ruled out
» Other parameters fine, even if preheating takes place

@ Simulations:

» Non-linear calculation of curvature perturbation due to non-equilibrium
physics
» Works with any (bosaonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:

» Reproduces numerical results
» Generalise to other models?
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Inflation

@ Scalar inflaton field o,
with £ = 39,00*¢ — V(0)
@ Potential V' (o)
» Dominates p ~ V(o)
o Flat e = %;1[51{1"F_,.-*"T' T2 )
nl = M2 V" V]| <« 1
= Slow roll

i

- p
H? = __ ~ constant
M2

_

="

a(t) ~ et

— Solves horizon, flatness problems
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Conclusions

@ Massless preheating:

» Strong effect if homogeneous mode dominates the resonance
» Parts of parameter space ruled out
» Other parameters fine, even if preheating takes place

@ Simulations:

» Non-linear calculation of curvature perturbation due to non-equilibrium
physics
» Works with any (bosaonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:

» Reproduces numerical results
» Generalise to other models?
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Conclusions

@ Massless preheating:

» Strong effect if homogeneous mode dominates the resonance
» Parts of parameter space ruled out
» Other parameters fine, even if preheating takes place

@ Simulations:

» Non-linear calculation of curvature perturbation due to non-equilibrium
physics
» Works with any (bosaonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:

» Reproduces numerical results
» Generalise to other models?
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LONAaon

Conclusions

@ Massless preheating:

» Strong effect if homogeneous mode dominates the resonance
» Parts of parameter space ruled out
» Other parameters fine, even if preheating takes place

@ Simulations:

» Non-linear calculation of curvature perturbation due to non-equilibrium
physics
» Works with any (bosaonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:

» Reproduces numerical results
> Generalise to other models?
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