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Reheating and thermalization

after inflation

Marco Peloso, Minnesota

e Overview
e Intermediate equation of state

e [rilinear interactions

Podolsky, Felder, Kofman, M.P., '05
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History of the Universe
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Good theoretical control & data for inflation
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e COBE normalization (—) = 6.7 - 101° Gev

e Spectral index

e Tensor mode
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WMAP4 + ground based polarization telescopes
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Present scale — horizon exit during inflation 7

1S 16 \
N(k) = 62—1In 2 Ge
6.96 x 10~5Mpc— Hﬁ[.a-ﬂl

. Vi ¥ V2

+ -In————-In-8nd Liddle. Lyth
H 4 Veng 4 J”:er?
1 (1 .
% —ZIn-""  zssumption of MD
Qdend

1
e MD between H.s = 103 GeV and T, = 10°GeV = — In10% ~ —-4.6

; ) . 1
Pirs:m%mmedtate inflaton decay at preheating = ——_In20 ~ —-0.75
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Modulated fluctuations wofman 03

Dvali, Gruzinov, Zaldarriaga '03

o V = ¢g°¢?x?. Fluctuations of the coupling give rise
to density perturbations P
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9° =g°(z) , 0g° =

dp due to w, #F wr

. Bp

e [0 make predictions, need to know details
of the transition inflaton — radiation

irsa: 05100042 Page 6/24



Nonperturbative inflaton decay

® Traschen, Brandenberger '90; Shtanov, Traschen, Brandenberger '94

e Preheating: Kofman, Linde, Starobinsky '94; '97
Resonant particle production due to coherent inflaton oscillations
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e Excitation when wy > w?2

e Periodic “driving force” — resonant instability bands
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e Stimulated particle production

e Redshift of physical momenta:

ln L

modes cross stability/instability bands
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Production of super—heavy particles

e Many models of baryogenesis require heavy masses;
thermal production can be in conflict with bounds on

T,, from gravitino problem

SM
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E.g. Thermal leptogenesis |
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(main reason, dcp x my,)
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Rescattering

e Parametric resonance ends at ¢t ~ 100/m, when the decay products

scatter off the zero mode of ¢, destroying its coherence

e System cannot be studied analytically; perturbative approaches

fail, due to the extremely high occupation numbers
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Classical lattice

simulations

Khlebnikov, Tkachev '96
Prokopec, Ross '96
Felder, Tkachev '00
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Distributions formed at rescattering much more

populated in the IR than thermal distributions

ng~1/g°>>1

1 2 3 1o 20 S0 100

e Thermalization proceeds through particle fusion (slow motion towards UV)

e Excitations of fields not directly coupled to the inflaton, ¢ — x — v

lest2

t=46/m
t=53/m
rest0 | t=131/m | Saturated distribution, still
t=250/m
e s very far from thermal
& 14086 |
10000 ‘ cf. Rayleigh—Jeans spectrum
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Thermalization occurs on a much longer timescale; lattice effective only
for conformal cases, A o* + ¢ o2 2, or too much UV required

N = J600
= 3]k
Y = 70006

N = JiHEN)

‘Kolmogorov) Turbulence; distributions

evolve self—similarly ‘
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Kinetic equation

Wk

Mk
i g

ior = 2uwror + =—Hg+ I3 (k) + I3 (k)
Wk

(apaq ) = n. 'Yk — q)
(akaq) = o,0'"(p+q) Anomalous correlators (phases)

Expanded around w? = k2433 + 3 (d07)

(1+n1) (1 +n2) nang — ninz (1+n3) (1+ng) in the collisional

integrals; usual dilute gas approximation, n < 1, does not apply !

e Not clear speed up over the lattice; hoverer, more suitable
Prea ss10gpproach for (i) fermions, (ii) quantum regime e
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Intermediate equation of state

( ng ~ 1/g2 )
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Effective masses
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94 D2 _3

x a while H x a=3/2

(¢ — xx) =~

Therefore, add trilinear term o y2. Expected to speed
up particle fusion, and thermalization
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New type of preheating. meff < 0 at negative o.

Quartic interaction contrast this effect, but:

e Preheating effects mainly at ¢ ~ 0, where the

trilinear term dominates
msaos000® =X PANSIion reduces amplitude of o B
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Tachyonic resonance

w;‘ — Az + oo WKB approx.
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Parametric resonance: instability bands where ¢ (t) “resonate” with w

Lug n k4
Tachyonic resonance: Yo\
stability bands where

resonance counterbalances s 10 15 20 25 30 35Tﬁ_k
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the tachyonic instability
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Gravitino thermal production
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e Small T,y = late inflaton decay; energy ‘“frozen” in

the coherent oscillations until diluted by expansion

e Rescattering — distributions far from thermal; but
p > (10° Gev)4. Compute gravitino production when

they form, t. ~ 120/m.

; 1 - _ Yukawa interaction
V ==-m2¢2 + 2 02)(2 h x Yy
2 2 as 2nd vertex

effective mass My, = h\/)(2 (t) ~5-10°hm

Typical momenta x quanta k/a(ty) ~0.5m

h S 103 effective production
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h? -
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Entropy s — /d3k [(ng. +1) In(ng + 1) — npin(ng)]
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Conclusions

e Reheating belongs to the standard paradigm of cosmology.
Yet, it is the most uncertain stage in the history of the universe,
MeV < T < 107 GeV

e Unsettled issues include generation of very massive particles,
M = Ten, gravitational relics, connection Ninn — Ao, modulated

perturbations

e While basic formalism is known, major advance may require
improvement of numerical techniques, or development of scaling

solutions for more realistic cases
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