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Cosmological Inflation

a>0, p<—p/3 = Inflation
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Relevent cosmological parameters for inflation:

« Curvature perturbations:

ns—1

« Spectral index:

. 1_dInAf?_dInAf?
° ~ dN.  dlnk

+ Tensor to scalar curvature perturbation ratio:
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+ NonGaussianity:

(D (k1) P(k2)P(k3)) = (27)%6) (k1 + ko + k3) Bo (1, ko, k)
Bo(ki, ko, k3) = fyr F(ki, ko, k3)

Summary
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and rogg from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.
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Cold Inflation?:

El

Inflaton = Reheating = Radiation =— Matter

Inflaton interactions with other d.o.f. only important during reheating

pr+4Hp, =0, (H=a/a~ cte)

= The radiation density during inflation redshifts away: p, ~ 1/a*
= density perturbations sourced by inflaton’s quantum fluctuations
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If the universe did not supercool, then...
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Warm Inflation?:

El

Inflaton = Decay =— Radiation = Matter

Inflaton interactions with other d.o.f. is important during inflation
generate dissipation /viscosity terms = small fraction of vacuum energy
density can be converted to radiation

pr aF 4‘Hpr =

= The radiation density during inflation stabilises: = p, ~
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Warm Inflation

The production of radiation is associated with a friction term in
the inflaton equation,

é+3Ho +V, =0,

describes how inflaton's interactions with other fields
backreact on the inflaton dynamics.

Effectiveness of warm inflation measured by Q = %
Cold or warm inflation: T < H or T2 H

amplitude? §¢2 = (HT)Y/2 T, density fluctuations ¢ = Hé¢/ .
CMB amplitude
fixes the energy scale V.

2oy T>H,Q>1
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Microscopic basis for warm inflation*
Two-stage reheating:

Qb — X r(zZ)X — ’lz)o'v (o}
inflaton heavy field light fermions or scalars

1 _ _
for example : £; = —§g§¢zx2 — 8y Py Wy — hg Mxo? — hyxots

+ decouple the radiation from the inflaton
(my, my, > T,mgy, < T)
+ couplings between fields of order 0.1
« SUSY to reduce vacuum corrections, e.g., W = g®X? + hXY?
Typically® (c +2a—2b=1 , low-T: ¢ = 3, high-T: c=—1orno T:
c=0):

Tc(bZa TC¢

T= C¢>T§<b ~ C‘Z’F’
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Let ¢ = ¢(x, t) and average out (integrate over) the other fields. This
gives a stochastic (Langevin-like) system®,

- . 1

G(x, 0)+3HO(x, )+ [ d*X Tl Yol )+ Vg 5 V(. 1) = E(x. ).

The self-energy contribution is a dissipative term (in the adiabatic
approximation, ¢/¢, H, T/T < T, ~ h*m,/(87))®,

/d4x’ZR(X,X')¢(X’) ~ 'T‘gi)(x, t)
d(x, t) + (BH + T)(x, t) + Vi — ;v%(x, t) = &7(x, t).

We have a spatial gradient term, a scale factor a, and a stochastic
thermal source £7. The source has a gaussian distribution with local
correlation function

(ET(x, )ET(X, ) = a 3T To(x — x)o(t — t)
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Including quantum fluctuations

O(X,t) > O (X, t) + P (X, 1) .

¢ (X, t) — long wavelenght (super horizon) part

S (X, t) = ¢q(X, t) — summarizes high frequency,
short-wavelength (sub horizon) quantum fluctuations
(k > kp =~ aH):

d3k

0-(x0)=dylxt) = [ o

Wk, ) [ou(t)e™™ o + o (1) ™ =]

W (k,t) is a filter or window function that projects out the long
wavelength modes.
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Backreaction of ®_ into the dynamics of local order parameter ®-

4

modelled as a (quantum) noise term

4

combine with the derivation in the warm inflation context’

82
5 TGBH+

9 _ o2 gz ny 4 O 5
)8t € v ¢>(X?t)+ 8¢> 7€q(X)t)+ 9

quantum noise: g = — [(%22 +3HS - LV + V,¢>¢(¢>)] Pq

= Eq. for &< is similar to a Langevin equation with quantum and
thermal noise terms (stochastic process w/ gaussian noises).
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Equation for the fluctuations:
53 (K. 1) + (3H + T)53(K. 1) + Vo (@)5p(K, £) + a~2k35p(K. ) =
ET(k, t) +E&q(k, t) .
General solution can be expref,s</e)ci1 in2 terms of a Green function
z —ZV

Sp(k, z) = /ZOO 47 6(2,7) " [éq(z’) + §T(z')]  (z= aiH),

G(z,7') = gz”z”’ [Ja(2)Ya(Z) = Ja(Z)Ya(2)] 2/ > 2

38Q
=3(1+Q)/2, :\/2+—3
v=3(1+Q)/2, «a viti o
oL Vel 1 Vi g= 1 ToVe
“nGc| V| """ 86 v ' " T 8G TV

slow-roll coefficients: ¢,1,8 < 1+ Q, Q = T/(3H)
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Thermal {7 and quantal £, noises are uncorrelated (decoupled), so
they give separated contributions to the power spectrum:

3 3/
Psp(2) = ;;z/ (27:; (dp(k, 2)0p(K, 2)) = P\t (2) + P{)(2)

Explicitly, we find:

plaw) 2 | 20 JoJ4 =3
0= |t S n= VO

TW))P (v —
Pio () = %ZZHQ r(i E(1;]2)FEV = 1)/2) v =3(1+Q)/2

Conventional inflation: Ps,(T/H — 0) — %
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Observables in Inflation Cold Inflation Warm Inflation

potential (Q = T/(3H)):
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B Planck+WP+BAO: ACDM + r

dashed lines: N, = 50-efolds, solid lines: N, = 60-efolds
dot: T/H =100,10,1, praq ~ g72T*/30

(W = gdX? + hXY?)

Green: g. =15/4 (Ny = 1), Black: g. = 228.75 (MSSM)
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dots, stars: @ = 50, 25,1,
solid line: g = 15/4 (Ny = 1), dashed line: g, = 228.75 (MSSM)
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Warm inflation can also provide the conditions for baryogenesis
(assuming B- and CP-violation in the interactions between the heavy
and the light fields) 8

= thermal fluctuations of the inflaton field will be imprinted on the
baryon-to-entropy ratio
= generates baryon isocurvature perturbations: Bg = (07s/7s)/¢

(where s = ng/s, is the baryon-to-entropy ratio ¢ = —Hdp/p)
correlated with adiabatic perturbations:

Bg ~ —0.119, njso >~ 1.02

(Planck: |Bg|<0.51)
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Conclusions and Outlook

Warm inflation fully includes the effects of interactions in the
inflaton dynamics
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Conclusions and Outlook

Warm inflation fully includes the effects of interactions in the
inflaton dynamics

Warm inflation — dissipation mechanisms — radiation production
— backreaction effect on the power spectrum
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Conclusions and Outlook

« Warm inflation fully includes the effects of interactions in the
inflaton dynamics

« Warm inflation — dissipation mechanisms — radiation production
— backreaction effect on the power spectrum
Thermal fluctuations bring A¢* model back to business:
Both ns and r restricts warm inflation to a region:
T/H=1 and for T/(3H)<1, (high-T, low dissipation regime)
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Conclusions and Outlook

Warm inflation fully includes the effects of interactions in the
inflaton dynamics
Warm inflation — dissipation mechanisms — radiation production
— backreaction effect on the power spectrum
Thermal fluctuations bring A¢* model back to business:
Both ns and r restricts warm inflation to a region:
T/H=1 and for T/(3H)<1, (high-T, low dissipation regime)
nongaussianities should further constrain warm inflation models®
(expected to be true also for cold inflation models)

Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG

Warm inflation: This model, where dissipative effects are i
tant, predicts f3i'"™ 1\ In ( 1 + m/ 1-1) -5/2 (M
) where the

logigra < 2.6

). 1111]710\'1110 the ple\ ious limit by nearly two orders
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