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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 viahility of inflationary models. | present a phenomenological model that can be used to calculate the perturbations analytically.
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Non-Gaussianity

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

(C(k1)C(k2)) =

P(k1)(27)%8 (k1 + ko)

@ Define [y, using the three-point function

(C(k1)C(k2)C(k2)) =

=

—= e [P(ky) P(ky) + eyelic

< (2m) 36 (ke + ka + ks)

» Generally fyr. = fnL(k1, ko k3)

e Single field: fyp ~e <1

@ QObservations:

o WMAP —9 < fxp < 111 ]

o | SS 29 < TNL
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Massless Preheating

¢ Chaotic inflation + massless scalar y |

1 | LI
Viox) == A" +—a x>, X=Tx10™

e Inflation: ¢ > 2/3Mp

® Massof xy: m, =go < H if ggf}\
= Nearly scale-invariant Gaussian perturbations
@ Convertoy — C

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

¢ Chaotic inflation + massless scalar y (-

1 B i
Vigix) = A" +50°¢6°x", A~Tx107H
¢ After inflation: Radiation domination a ~ /2 4
d)"?
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Massless Preheating

¢ Chaotic inflation + massless scalar y (-0

Vg, x) = i/\& ¥ ég%%ﬁ. YVoeTn 10

o Inflation: © > 2v/3Mp 74
® Massof x: m, =go < H if g:’ffx >

= Nearly scale-invariant Gaussian perturbations
@ Convertoy — (¢

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

b

Page 3 Artiz Rajanis 3 June: 2008




imperial College

Non-Gaussianity

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

(C(k1)C(k2)) = P(k1)(27)°6 (k1 + k2)
@ Define fyr, using the three-point function

(C(k1)C(k2)C(ka); = —

x (2m)°8(ky + ko + k3)

Ine [P(k1) P(ka) + eyelie]

| e

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

e Single field: fyy, ~e < 1|
@ Observations:
« WMAP —9 < fnr, < 111 (| - |
o LSS —29 < fr. < 69 (Slosar ¢ )
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Massless Preheating

e Chaotic inflation + massless scalar y (|-

1 |
Vie,x) = 1/\@4 + 5{;‘2{32)(2. Xl 3% 10
e After inflation: Radiation domination a x t1/2 74
d)":
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Massless Preheating

@ Chaotic inflation + massless scalar y |

= 1 1) i
Vigix) = 72" +5070°X",

e T i

o After inflation: Radiation domination a ~ ¢!/
o Inflaton zero mode ¢ + 3Ho + \é° =0

» Rescale the field o = a0

» Rescale time dr = a=\/24;,;dt

O(T) = Oimien(7;1/1/2)

¢ Inhomogeneous y modes y; = a '\ 6 5
2 .E-l {b
Kg + K2 + y—cngt-r: 1;’\;’5)] Yo=0 =£= ;2
A AOL;
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Resonance Bands

2
Xe + HE—E—%CHQ(T;l/ﬁ) e =0

-J'-'-c|I i1 I I T "\.'I-H T T
: . |
L - . |
i L B
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& o \
i ] W
i '
. :
20 : =
L)
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Separate Universes

FRW universes
recombination

scale factor

end of inflation

@ Each Hubble patch described by a separate FRW

universe |- |
e Curvature perturbation ( =dlna|g_g___
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LOIQon

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 (-2 |
e Curvature perturbation ( =dlna|g_g___
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Separate Universes

FRW universes
recombination

thermalisation

scale factor

end of inflation

e After thermalisation: Unique equation of state p = p(p)

= Curvature perturbation conserved (..c = dInalg—p,.. = Gn = Inalp—_pg,,
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Separate Universes

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

with different initial data (-
® Friedmann eq. = a(t), H(1)

» Calculate curvature perturbation ( = 0N =dlna | g_g.
» Non-linear, includes gravity
@ Dependence on initial conditions (&;,;, Yin):

E e e X e VN2
== gfﬁ}(ﬂlﬂl) 2_81'2 X e

ini

» Vary o;,; = Usual inflationary perturbations
» Vary v;.; = New contribution
= Need *N /2.
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Earlier Results

2 - g g 10
%, x10°
Bassett and Tanaka 2003

@ Homogeneous fields = No sub-horizon dynamics
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Earlier Results

N : ; N :
55544?'\ | /\\l \{ w ﬂ (\/\ p \‘J \ﬂ 65544 |
6.55435 f‘/ﬂf‘w \U J 1 | 655435 ]
' | | | 6.5543 |
65543 | .
\ 6.55425 |
6.55425} \ :
6.5542 | 1 i
0 108 0 10~2
Xini [ M, Xini/Mp

e Homageneous fields (Suyama and Yokoyama 200E
e Could not measure 92N /dy2..

@ Chaotic (Podolsky and Starobinsk

Pirsa: 08060146 Page 18/61

Page 9 At Riajantie 3 June 2008




imperial College

Inhomogeneous Fields

o Make ¢ and y position-dependent |

.- . l ot . ‘
o+ 3Ho — —:}V")@ L A{;ﬁ +Q212@

a-

¥ +3HY — 5V x + g0
(1l

@ Couple to Friedmann eq with avg energy density (-

1

3MZV

1 Bl
+1}@4 4 5{;3@3_\"3)

—i

M [ 1 .
B — /d?‘r (gr__ﬁz (V)
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Oraon

Inhomogeneous Fields

FRW lattices

recombination

thermalisation

scale factor

end of inflation

@ Calculate dependence on the initial super-horizon modes

~ Averages over the lattice y;,; = x(t = 0)
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LONaon

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

o \=7x10" vary0 < ¢*/X < 10

@ Oin; = SMpy, VAry Xin;

e | attice size 32°, §x = 1.25 x 10° M,
@ Statistics: up to 250 runs for each v;.;
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Inflation
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Parameters

@ \=7x10"" vary 0 < ¢?/X < 10

® Oini = 5Mpy, Vary Xini

o | attice size 32°, dx = 1.25 x 10° My,
@ Statistics: up to 250 runs for each y;.;
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Inflation
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Dependence on i

-0005 —

AN

e
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| cndon

Earlier Results

Nt

65544 ;“ ] vw ﬁ ir\ f\‘J \ﬁ 6.5544 |
655435 /’VV\F\N U J 1 ] 6.55435
i | {
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6.5543 | . :
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Fitting V( Yini)

AN
[
——
——
[ |
i

001 ;—} * ) %

-0.0015 ' — - = -
“2x10° “Ix10 4 Ix10

@ Regular at small y;,; — Chaotic at larger values
e Analyticity = N(xini) = N(0) +ex2. +O(xi))
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Fitting V(i)

-0.0005

AN

000

® Fit N(ximi) = N(0) + o2 + O(xL)

= fe=— 10 BERE ] for g% /X = 1.875
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Dependence on H
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Dependence on ¢°/\
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Dependence on g~/
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Analytic Calculation
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Analytic Calculation

g fA=27

10 T A s
B APV

Uy ,f}"'[ﬂili H [‘ [ 1

1 el B ﬂ.-*"' ﬂ1 ‘ |
: - =% = B _,-"'ﬁr- l ﬂ' .!| |
@ /ero mode grows as ~ exp(ug7) = of ”m | ]
@ Fluctuations grow as > exp( ftmaxT) ”’—’“;’,ﬂﬂﬂ I\ ;
] 2 A . i -I_;F_i'_r\.-.r-.{'f‘ 1] ]

o Becomes non-linear when g (x*) =~ A\(¢*) it —men
107 ' : = 7

[t} ﬂl'lﬂ ‘ !i‘]r;'_(_'t I ':‘ili.ti..'l T I'.El‘JUt?l

- g Pl L Oyl

Inaq(Xini) = Inany(0) — 24AM2, In(1/g)"
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Analytic Calculation

A
L

In a

e /ero mode grows as x exp(uq7)

Lh

@ Fluctuations grow as ~ exp( ftmaxT)
@ We need the scale factor at constant /:
Alnalg—g, = (1+

1dinH ) Aln Al -

2 dlna
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Dependence on ¢°/\
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Calculating fxr.

o Boubekeur&Lyth: For flat spectrum, ¢ = (o + (92 N/dx2.)x2,; gives

o Tilted spectrum

02*\* 3 _L\T ‘ 3{2_ g.’ﬁ A)
e~ — (55 ) AME (—
(}\r ' 'L\'ISiIll

with N ~ 60 and Vg, = 25/8
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Amplitude of Perturbations

@ (Gaussian contribution from y

. N
-A(s _— a—g){ini&)tini
X

Il

where 1. is the average of our currently observable universe
e [f this is more than 10", 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 y

. BN __
At: = = 5 Xini&)(ini
j i

Il

where 1, is the average of our currently observable universe

@ [f this is more than 1077, it dominates over the inflaton
= |ncompatible with observations, but can be cured by tuning A
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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 (bosonic) 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 (bosonic) 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 £ = %&H{:ﬂ“ o — V(o)
@ Potential V(o)

» Dominates p ~ V(o)

= Slow roll
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« Flate =M (V' V) <1, /
gl = M2V V]| < 1
o
H2= L _ _constant = a(t) ~ e
IM g, '
= Solves harizon, flatness problems
Page 56/61

Page 30 Artiu Rajantie

3 June 2008




imperial College

LOGTHaON

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 (bosonic) 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:

s 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?
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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 (bosonic) field dynamics
» Box size dependence - Combine with metric perturbations?
@ Analytic approximation:
» Reproduces numerical results
» Generalise to other models?
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