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Cosmological Inflation

Standard Big-Bang cosmological model problems:
« Flatness problem (27 =1 = Q7 (taucleos.) — 1 ~ 10719)

* Horizon problem (The observable Universe was larger than the
particle horizon at LSS)

+ Magnetic monopoles, etc

Problems are solved by an early phase of inflation:

a>0, p<-—p/3

(Starobinsky '80; Guth '81; Albrecht, Steinhardt '82; Linde '82)

The standard theory of inflation predicts that the large
scale distribution of galaxies can be traced back to quantum vacuum
fluctuations of a weakly coupled field during the inflationary era.
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Cold Inflation

Inflaton = Radiation (p)reheating = Matter
o) — X Uy — SM dof

for example : £, = —V/(¢) — ng<Z52X2 = gw¢¢x1/1x + Li[x, ¢y, SM]

= density perturbations sourced by inflaton's quantum fluctuations =
CMBR amplitude fixes the energy scale for the inflaton potential V:
e.g., for V(¢) = \p*/4 = X\ ~ 10714
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Cold Inflation
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Relevent cosmological parameters for inflation:

« Curvature perturbations: ® = H3¢/d, dd(x, t) = d(x, t) — d(t)

3

ns—1
P = s [ (0000 = Phio) ()

+ Spectral index:

,_dinPE _dinP}
STET TN, T dink

« Tensor to scalar curvature perturbation ratio:

7

R
2
Pk

+ NonGaussianity:

amplitude = P3 (ko)

(D(k1)P (ko) (k3)) = (27)363) (kg + ky + k3) By (k1, ko, k3)

Bo(ki, ko, k3) = fur F(ka, ko, k)
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Planck
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Fig. 1. Marginalized joint 68% and 95% CL regions for ng and r g2 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.
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In cold inflaton, interactions with other d.o.f. only important
during (p)reheating.

Interactions of the inflaton with other fields are considered
negligible during inflation:

pr+4Hp, =0, (H=2a/a~ cte)

4

The radiation density during inflation redshifts away: p, ~ 1/a*

Y

Universe supercools during inflation
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But what if the universe did not supercool ?
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Warm Inflation?:

El

Inflaton = Decay =— Radiation = Matter

Interactions of the inflaton with other d.o.f. are 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,

¢ +3Ho + V4 =0,

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

x

Effectiveness of warm inflation measured by Q = 30

Cold or warm inflation: T<H or T2 H

amplitude 6¢? ~ H> + HT + T T, (WI: T > H), curvature
perturbations ¢ = H¢/p. CMB amplitude

fixes
the energy scale V.
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Warm Inflation: how to built/get it ?
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Warm Inflation: how to built/get it ?

Coupling the inflaton field directly to radiation fields:
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Warm Inflation: how to built/get it ?

Coupling the inflaton field directly to radiation fields:
For example:

1 1
V(g x) = V() + mix* + §g2¢2xz

2 X

my, < T = x = radiation field

Cosmological fluctuations
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Warm Inflation: how to built/get it ?

Coupling the inflaton field directly to radiation fields:
For example:

1 1
V(g x) = V() + mix* + §g2¢2xz

2 X

my, < T = x = radiation field

Cosmological fluctuations

Equation of motion for the (homogeneous) inflaton field (ensemble

averaged):

¢+ 3Ho + Vg + g°¢(x*) =0,
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(x?) = time dependent thermal average. In perturbation theory:

g2o(x%) ~ &°p(x*)o
— g4¢>(t)/d4xl9(f— t') [*(') — ¢*(1)] i(DP(x), X* (X))
+ 0(g%

During slow-roll?;

—g*8(1) / g4 X6t — ') [6(t) — 2(0)] i{DE0) 20
~ 282625 / a0t — )t — )i, X2 (<))

=T(¢, T)o
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and

>k 1
= g2¢/(27r)32w,([1+2n35(wk)]

T2
(T =0 term) + g2¢ﬁ

12

Putting everything together:

2
B3HG+ Vo + 261+ (6, T)o =0,

What about the equation for the radiation energy density ?
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From:

. . T2 .
6 +3Ho+ Vy+ 05 + (6, T)o =0,
equation for entropy density:
Ts+3HTs —T(¢, T)p* =0
and using s = —0V(¢, T)/0T, p=V(p, T)+ Ts, Ts = 4p,/3,

(1 > pr +4Hp, = T¢? + extra terms
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From:

e
¢+3Hp+ V4 + g° ¢7+T(¢, T)¢ =0,

equation for entropy density:
Ts+3HTs —T(¢, T)p* =0
and using s = —0V(¢, T)/0T, p=V(¢, T)+ Ts, Ts = 4p,/3,
<1 ) pr + 4Hp, = T¢? + extra terms

=> direct coupling to radiation can throw the inflaton away from the
inflationary trajectory. Need couplings < 1, but this spoils
thermalization !
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Warm Inflation: how to built it3

Solution: Decouple the inflaton from the radiation bath:
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Warm Inflation: how to built it3

Solution: Decouple the inflaton from the radiation bath:

If the field(s) coupled to the inflaton is(are) heavy, e.g., my, > T, then:

npe(wy) ~ e~™/T =0,

and

k1
g2o(x* = g2q5/ (27)? 2wx [1+ 2nge(wk)]
~ (T =0 term)

= only T=0 corrections (Coleman-Weinberg type of corrections) to
the inflaton potential, which can be kept under control.
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Warm Inflation: how to built it*
Working model: the two-stage decay model:
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Warm Inflation: how to built it*
Working model: the two-stage decay model:

d) — X5 wx — wtﬂ o
inflaton heavy field light fermions or scalars

A 1 — -
for example : £; = —2-6* > g76°X* ~gy oty —hoe Mx0* ~hyX¥ts
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Warm Inflation: how to built it*
Working model: the two-stage decay model:

¢ — X5 wx — 1/)0'7 o
inflaton heavy field light fermions or scalars

A 1 - -
for example : £; = —2-6* > g76°X* ~gy oty —hoe Mx0* ~hyX¥ts

+ 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 = gdX? + hXY?
where ®, X, Y are superfields with scalar and fermion
components given by (¢, 14), (x, ¥y) and (o, 1») respectively.
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Let ¢ = ¢(x, t) and average out (integrate over) the other fields and
over the quantum modes of the inflaton field. This gives a stochastic
(Langevin-like) effective equation of motion for the inflaton®

o2 9 e ooz gy o V(0D _
ﬁ+(3H+ )&*6 \% ¢C(X7t)+ a¢c *\G(X‘t)+

We have a dissipation (friction) term T¢ and stochastic thermal &7
and quantum &g sources. The sources have a Gaussian distribution
with local correlation functions, e.g.,

ET(x, )ET(X, ) = a 3T To(x — x)o(t — t')

= Eq. for ¢. is similar to a Langevin equation with quantum and
thermal noise terms (stochastic process w/ Gaussian noises).
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Cosmological fluctuations

The friction and (Markovian) noise terms emerge in an adiabatic

approximation ©®, /¢, H, T/T < T, ~ h>m, /(8).

T
¢ — 0, Yy =
X¢x

Typically” (c +2a —2b = 1):
TC¢23

b
my

T=0¢

At low-T (my, my, > T) V(o)
= leading friction coefficient is:

T~ g (T?/m}) ~ T° /¢




Cold Inflation Warm Inflation CMB and Warm Inflation bulk and shear viscosities Cosmological fluctuations

Equation for the fluctuations:

S(K, 1) + (3H + T)0(K, 1) + Vigo(@)00(K, 1) + a~2k20p(k, 1) =
gtr(l?v t) + gq(Ea t)

General solution found by expressing it in terms of a Green function
(analytical).

Using also that the thermal {7 and quantum &, noises are uncorrelated
(decoupled), they give separated contributions to the power spectrum:

3/
Psp(2) = on2 / (6;7:; (0p(k, 2)0p(K', 2)) = Pg;h)(z) I ngu)(z)

_ k.
Z= %A
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CMB Observables and Warm Inflation

scalar curvature perturbation spectrum (at horizon crossing, z = 1):

H\2 /H,\? 21T, ) T
P7222<'> <> 4 G == e , Q=25
b 27 Hi 3+ 4rQ. 3H

tensor-to-scalar ratio (P? = (2/m2)H?/M3):

P 16, __2rT, V3Q.
P72a T 1420+ ke H., /3 +47Q.

spectral index:

r

2Ky
14 Ky
e=(M32)(V/VP<1+Q, ,n=MAV"/V<1+Q,
o= MYV /(TV)<1+Q

ns — 1 ~2n, — 6e, +

(Tex — 4ny + 50y)
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Trajectories in the (ng, r) plane for A\¢* potential®

mT..Q.=0
T, =H

black lines: nearly-thermal inflaton, T,.2>H.
light blue lines: vanishing inflaton occupation numbers (T, = 0)
dashed lines: T, <H.

8
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °

‘The inflaton and the radiation bath: Coupled two-fluid system‘
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °

‘The inflaton and the radiation bath: Coupled two-fluid system‘

¢

Inner interactions in the radiation fluid
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °

‘The inflaton and the radiation bath: Coupled two-fluid system‘

¢

Inner interactions in the radiation fluid

4

‘decay and departure from equilibrium in the radiation ﬂuid‘
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °

‘The inflaton and the radiation bath: Coupled two-fluid system‘

¢

Inner interactions in the radiation fluid

4

‘decay and departure from equilibrium in the radiation ﬂuid‘

4

‘dissipative quxes‘
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Accounting for the perturbations of the radiation bath:
Coupled two-fluid system °

‘The inflaton and the radiation bath: Coupled two-fluid system‘

¢

Inner interactions in the radiation fluid

4

‘decay and departure from equilibrium in the radiation ﬂuid‘

4

‘dissipative quxes‘

4

hydrodynamics: transport coefficients (shear and bulk)‘
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Dissipation in Fluids: Transport Coefficients
(no conserved charges, pi; = 0 — no heat transport)
Relativistic Dissipative Fluid Dynamics

T =-Pg"" +wuu" + AT""

where P = P(T) is pressure, s = dP/d1l is entropy density, e = —FP +T's
is energy density, and w = Ts = P + ¢ is enthalpy density.

In the Landau-Lifshitz approach u is the velocity of energy transport.
v _ v v i 2 uv P
AT =n\AN'u” + A'u )+(;J;—§)H du
nv v v — _ B
" =u'u" -g"", A, _E}ﬂ N E)ﬁ,

st = sU*

Q. +0 4~ 578k11k]2+%(8kuk)2

./
27
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Shear vs. Bulk Viscosity

Shear viscosity is relevant for change in shape at constant volume.

Bulk viscosity is relevant for change in volume at constant shape.

Bulk viscosity is zero for point particles and for a radiation
equation of state. Itis generally small unless internal degrees
of freedom (rotation, vibration) can easily be excited in
collisions. But this is exactly the case for a resonance gas —
expect bulk viscosity to be large near the critical temperature!
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Bulk and shear viscosities

From hydrodynamics'®

4 1 2
s = T5PrTs b =4prT <3 - V3> :

« for conformal field theories (v2 = 1/3), dilatation is a symmetry,
fluid remains always in equilibrium, also for scale invariant field
theories (ideal equation of state, w, =1/3) = 7, =0

+ Quantum corrections break scale invariance in general = 7, # 0

« modeling the radiation bath with m202/2 + \,a* /4!,

(me < T, A\ < 1):
T3

np ~ 8.9 x 107°)\, T3In?(0.064736),), 75 ~ 3.04 x 103 ok

MERSS/E

10
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inflaton: both dissipation and fluctuation (stochastic noise) as a result
of interactions

4

same for the radiation fluid (analogous to Landau's theory of random
fluids):

4

Random sources and dissipative stresses are introduced via a stress
term [, in the stress-energy tensor
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T(f)ab = (p(f) + p(f)) Ua(f)ub(f) + p(f) &gab T rIaba

2
My =— (nsviuj(f) +0sV,uiD) 4 (np — 3775)5ijvku(f)k> -1y,

fluctuations are generated by a Gaussian noise term ¥ ,,. The
correlation functions of the stochastic noise term ¥ ;; are assumed to be
local and determined by the fluctuation-dissipation relation,

<ZU(X7 t)zk/(xl7 tl)> -

2
2T (7755ik5j/ + nsdidjx + (N — 3775)5U5k/> 53 (x — x)o(t — t).
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Cosmological perturbations
Perturbed spacetime metric:

ds? = —(1+2a)dt? — 28,dt dx' + a® (6;(1 + 2¢) + 2;) dx'dx/,

x = a(B+ay),
k = 3Ha—3p— V3.

perturbed Einstein equations in gauge-ready form®!:
V2p+ Hk = —4nGép,
k+V2x = —127G(p+ p)dv,

X+Hx—a—p = 8nGHll,
i+ 2HK +V2a—3(p+p)a = 4xG(6p+36p).

11
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Fluid and scalar perturbations
(06 — ad)” +3H(3¢ — ad) — V26¢ + Q 4406 — K
+0T¢ + Téd — ag = (2T T)2¢(#)

6p\1) — aTs+3H(Ep) + 6p) — npk)
+(Ts — 3Hn)(V20v(H) — k) + 5469 = —6QP,

a=3{a%(Ts — 3Hn,)ov} + a(Ts — 3Hn,) + op'F)
—npk — ' V26V 4 x) = =64 4 (2 T)V/2e(F).

, 4
n :§775+77b'
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energy and momentum transfer terms:

Q) = —6T¢% —2T¢ (0p — ad) + (2T T) 26 ¢ + v . P,
§J9) = T¢dp+ V2V (P +4HP),

where P is a stochastic energy flux added to the stress energy tensor:

P=—Cp(2TT)2$v2vel®),

The two cases Cp = 0 and Cp = 1 govern whether the noise source
¢(®) appears in the energy flux or in the momentum flux.



Cold Inflation Warm Inflation CMB and Warm Inflation bulk and shear viscosities Cosmological fluctuations

Background equations:
¢+BH+T)p+Vy = 0,

) 9 .
bt 4H (pr _ 4H77b> _ T,

3H?> = 8nGp.

Prolonged inflation requires the slow-roll conditions |ex| < 1, where
ex = —dIn X /Hdt, and X is any of the background field quantities.
At leading order in the slow-roll approximation:
3H(1+ Q)¢ ~ —V,,
4p, ~ 3Q¢*+ 9Hnp,

3H? ~ 8nGV,
where Q = T/(3H).

dissipative parameter, with cubic dependence with the temperature,
B8] 5 o 5 o o
e=3, T = C¢%, and a quartic chaotic model with inflationary

potential V = \¢*/4
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Metric perturbations, choose a gauge (e.g. the zero-shear gauge,
x =0)

From the slow-roll equations, the gauge-invariant curvature
perturbation (Lukash variable) ®:

R
¢ = 1+QC

Q

_1+QC’

where

¢* = —p+Hp/,
¢" = @+ Hép,/4p:.

At late times, when z = k/(aH) — 0, we have ® = —(% = —(".
Power spectrum:

(('(k, ) (K, 1)) = PI(K, 1) (2m)*6@) (k + '),
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quantum noise term £, accounts for the inflaton thermal and quantum
vacuum fluctuations:

V1+2N,
V2

f(q) is a zero mean, unit variance Gaussian distribution
Cases considered:

H @)

« N, = 0 for a nonthermal (vacuum) inflaton fluctuation, or

« N = nge(k) = 1/(e*/(@T) — 1) for a thermal statistical state for
the inflaton

Cp = 0, field stochastic £(#) term in the energy flux
Cp = 1, no field stochastic £(%) term in the energy flux
+ with and without viscosities
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H2 \* [ T, 27 Q. (40)1~C¢

21, ﬁ*\/1+47TQ*/3

Pr = (PR, disstPR,vac) = +14+2M.1|,

hermal

no Noise in non thermal

no noise in
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. non thermal

mal

noise in 8p . non thermal

thermal

AN 208 Q.
2w —bex + —————————(2ex —Mx + Ox)+ —————
1+ Qx« 1+2Ns + Agy 1+2Nx + Agx

ns — 1~

(Tex — 4ns + 504)

Ags =~ 2mQ. = (40)1~CP
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Thermal inflaton:

black: no n

Mon thermal inflaton

black: no noise in
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— Q=100,n =0
— Q=100, nfq\m
—- Q=10.m,=0

—- Q=10,m,=n/10
--- Q=Lin =0

--. Q=Lm =10
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0.1 0.188
0.980 £ 0.001|1.008 £ 0.003|0.!
2.10 +0.01
6/1.73 £ 0.01
2.05 4+ 0.01

sity parameter 7, = 1, H/pr. (a) with radi

0, non-thermal inflaton fluctuations; (c¢) without the radiation noise

1), thermal inflaton fluctuations; 1, non-thermal inflaton fluctuations. These are for 1 50 and for a
pivot scale of ko = 1000H,.
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Conclusions

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

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

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

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

Warm inflation — dissipation mechanisms — radiation production
during inflation — backreaction effect on the power spectrum

Thermal radiation bath reconciles A\¢* model with observations
without the need of extra parameters

and completely in the
context of renormalizable interactions



Cold Inflation Warm Inflation CMB and Warm Inflation bulk and shear viscosities Cosmological fluctuations

12



Cold Inflation Warm Inflation CMB and Warm Inflation bulk and shear viscosities Cosmological fluctuations

Decay processes in the radiation bath — departures from thermal
equilibrium — non ideal radiation fluid = viscosities effects +
additional stochastic fluctuations (random cosmological fluids)

12
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Decay processes in the radiation bath — departures from thermal
equilibrium — non ideal radiation fluid = viscosities effects +
additional stochastic fluctuations (random cosmological fluids)
Viscosities (shear and bulk) in the radiation fluid can damp the
dangerous growth of curvature perturbations (larger effect expect
from shear viscosity)

12
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Decay processes in the radiation bath — departures from thermal
equilibrium — non ideal radiation fluid = viscosities effects +
additional stochastic fluctuations (random cosmological fluids)
Viscosities (shear and bulk) in the radiation fluid can damp the
dangerous growth of curvature perturbations (larger effect expect
from shear viscosity)

red spectrum heavily constrain dissipation (Q.<0.01) and the
magnitude for shear and bulk viscosities (7s(p). Hx/pr«S0.1)

12
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Decay processes in the radiation bath — departures from thermal
equilibrium — non ideal radiation fluid = viscosities effects +
additional stochastic fluctuations (random cosmological fluids)

« Viscosities (shear and bulk) in the radiation fluid can damp the

dangerous growth of curvature perturbations (larger effect expect
from shear viscosity)

red spectrum heavily constrain dissipation (Q.<0.01) and the
magnitude for shear and bulk viscosities (7s(p). Hx/pr«S0.1)

nongaussianities compatible with Planck
(Planck team result: fy*™ =4 + 33 at 68%CL)
is expected to further differentiate WI from Cl 12

12
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