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Inflation: a window into high energies

Inflation: Early phase of accelerated expansion dominated by vacuum
energy V(¢) (¢ = scalar field — the inflaton) 2> 0, p < —p/3
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Inflation: a window into high energies

Inflation: Early phase of accelerated expansion dominated by vacuum
energy V(¢) (¢ = scalar field — the inflaton) 2> 0, p < —p/3

CMB anisotropies require inflation to occur at high energies:
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r = tensor-to-scalar curvature perturbation ratio.
Planck TT+BKP 2015: r<0.08.
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Inflation: a window into high energies

Inflation: Early phase of accelerated expansion dominated by vacuum
energy V(¢) (¢ = scalar field — the inflaton) 2> 0, p < —p/3

CMB anisotropies require inflation to occur at high energies:
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r = tensor-to-scalar curvature perturbation ratio.
Planck TT+BKP 2015: r<0.08.

= Can the inflaton be embedded into a fundamental theory ?
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Inflation: a window into high energies

Inflation: Early phase of accelerated expansion dominated by vacuum
energy V(¢) (¢ = scalar field — the inflaton) 2> 0, p < —p/3

CMB anisotropies require inflation to occur at high energies:

Vi/4 L 1016 (ODM GeV

r = tensor-to-scalar curvature perturbation ratio.
Planck TT+BKP 2015: r<0.08.

= Can the inflaton be embedded into a fundamental theory ?

= We need to know how it interacts with other fields !
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Cold Inflation

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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Cold Inflation

Inflation Reheating
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Cold Inflation

Inflaton = Radiation (p)reheating = Matter
6 — X,y — SM dof

for example : L) = —V(¢) — fgxqbz)f — gw¢¢x¢x + Li[x, ¥y, SM]
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If the universe did not supercool, then...

can reduce the need for very small couplings

more opportunities for particle phenomenology
make structure from thermal fluctuations

can produce observable amounts of non-gaussianity

exit nicely
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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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V) Inflation + continuous
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Warm Inflation

The production of radiation is associated with a friction term in
the inflaton equation, _
¢+3Hp+Vy 1o =

(friction term) describes how inflaton's interactions with other

fields backreact on the inflaton dynamics.
describes quantum and thermal stochastic fluctuations.

Dynamics for the inflaton is similar to a Langevin equation with
quantum and thermal noise terms (stochastic process w/ Gaussian
noises)?
Effectiveness of warm inflation measured by Q = 3lH
Cold or warm inflation: T<H or T>H

amplitude §¢? ~ H? + HT +7TT, (Wl T > H), curvature
perturbations ¢ = Hdi¢/¢.
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Warm Inflation Model Building

Challenges:

Coupling the inflaton to light particles is hard

Ling = —goYY = my=go2T
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Warm Inflation Model Building

Challenges:

Coupling the inflaton to light particles is hard

Ling = —goYY = my=go2T

Light particles induce large thermal mass corrections:

Amé ~g2T? > H?
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Warm Inflation Model Building

Challenges:

Coupling the inflaton to light particles is hard

Ling = —goYY = my=go2T

Light particles induce large thermal mass corrections:

Amé ~g2T? > H?

Need very small couplings = results in very little dissipation ...
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Is warm inflation possible?

Department of Physi

and Yukawa Institute fo

Department of Physics, Stanford Univ
(Received 25 August 1998: published 24 September 1999)

We show that it is extremely difficult and perhaps even impossible to have inflation supported by thermal
effects. [S05 821(99)00916-9]

Summar
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PHYSICAL REVIEW D, VOLUME 60, 083509

Is warm inflation possible?

Jun’ichi Yokoyama®
Department of Physics, Stanford University, Stanford, California 94305-4060
and Yukawa Institute for Theoretical Physics, Kyoto University, Kyoro 606-8502, Japan

Andrei Linde
Department of Physics, Stanford University, Stanford, California 94305-4060
(Received 25 August 1998; published 24 September 1999)
We show that it is extremely difficult and perhaps even impossible to have inflation supported by thermal

effects. [S0556-2821(99)00916-9]

VOLUME 83, NUMBER 2 PHYSICAL REVIEW LETTERS 12 JuLy 1999

A First Principles Warm Inflation Model that Solves the Cosmological Horizon
and Flatness Problems

Arjun Berera," Marcelo Gleiser,” and Rudnei O. Ramos®
! Department of Physics and Astronomy, Vanderbili University, Nashville, Tennessee 37235
2Department of Physics and Astronomy, Dartmouth College, Hanover, New Hampshire 03755
3Universidade do Estado do Rio de Janeiro, Instituto de Fisica, Departamento de Fisica Tedrica,
20550-013 Rio de Janeiro, RJ. Brazil
(Received 30 September 1998; revised manuscript received 2 November 1998)

A quantum field theory warm inflation model is presented that solves the horizon and flatness prob-
lems. The model obtains, from the elementary dynamics of particle physics, cosmological scale factor
trajectories that begin in a radiation dominated regime, enter an inflationary regime, and then smoothly
exit back into a radiation dominated regime, with non-negligible radiation throughout the evolution.
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Is warm inflation possible ? YES !

The inflaton does not need to be coupled directly to the radiation
fields: It can couple indirectly through heavy mediator fields

Working model: the two-stage decay model:

¢ — X wx — ?ﬁm o
inflaton heavy field light fermions or scalars
(mx > T) (my <K T)

A 1 - -
for example : L) = —Z(b“—§g§¢2x2—g¢¢wxwx—hUMXJ2—h1/)X1/)Uz/)U
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Working model: the two-stage decay model:

¢ — X wx — woa g
inflaton heavy field light fermions or scalars
(mx>T) (my < T)

A 1 o -
for example : £; = —2-68* > g76°X* ~gy oty —hoe Mx0* —hy XU ts
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Working model: the two-stage decay model:

¢ — X w)( — wav g
inflaton heavy field light fermions or scalars
(mX > T) (my < T)

A 1 - -
for example : £; = =7 6"~ g26° X~ gy dtnth—heMx0?—hyxtotis

+ 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. This
gives a stochastic (Langevin-like) system3,

(x, )+3H(x, )+ / AT R, X))+ \4¢—%V2qﬁ(x, £) = £(x, £).

The kernel:
DA\ 2 2
Ze() = -i(%) @200 - ). O
=1
2

TE0(t — Yor { ([ W (), B O O}

is connected to the two-point correlation function of the noise term
&(x, t): generalized fluctuation-dissipation relation
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The self-energy contribution is a dissipative term* (in the adiabatic
approximation, ¢/¢, H, T/T < T, ~ h*m,/(87)),

/d4x'ZR(X,X’)¢(X’) ~ To(x, t)

2\ 2 4
T = 2(8) 2 [ 50 raloosp) nem) -+ (ool
g [ dp, 2 1
ﬁ (27T)4 I [pr(Pm p) ] nF(PO)[ - nF(pO)] )

_|_

where p, and py, are the spectral functions for the intermediate fields
x and v,

The dissipation coefficient T can be explicitly computed in QFT once
the interactions are given.
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Going back to the old WI model

New Motivation: Little Higgs model®. The Higgs is a PNGB of some
spontaneously broken global symmetry: G — H, with a property of
collective symmetry breaking. Global symmetry is explicitly broken by
two sets of interactions, with each preserving a subset of the symmetry:

L=Ly+ML1+ Lo

Lo symmetric part, L1 are explicit symm. breaking terms.

generators of (
identified as the
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The Warm Little Inflaton

Consider a U(1) gauge theory spontaneously broken by two complex
scalar fields:

(¢1) = (1) = M/V2
Only one Nambu-Goldstone boson is “eaten” by the gauge field, while

the other remains as a physical singlet scalar (inflaton):

7 M _.
_ io/M . —ip/M
= —e , — —e
¢1 \/i ¢2 \/§
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The Warm Little Inflaton

Couple the inflaton to charged and singlet Weyl fermions:

—Loy = %((/51 + ¢2)h1 1R — i%(% — ¢2)thap 2R + hoc.
= gM cos(¢/M )1 + gM sin(¢/M )t .
with interchange symmetry:

D1 > i, ViL,R < V2L.R

Fermion masses are bounded and can be light!

gM<T<M
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The Warm Little Inflaton

Effective potential at high temperature:

T2 m2T? m? w?
~ . T4 7 7 1 ” oy
Vi) [ 180 ' 12 ' 16x2 (Og (T2> Cf)]

No thermal inflaton masses!

Alternatively, expand Lagrangian to quadratic order:

fi

Loy =— Z lmz + gidd + 5(5@52 +.. ] Pith;

z
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The Warm Little Inflaton

Inflaton self-energy:

(a) (b

O Q)

Ys(0) = [(g% +m1f1) + (g% —f-mzfz)} I
g° [~ cos(2¢/M) + cos(2¢/M)] I+ = 0,

where I ~ —(A?/27%) + (T?/6).

Cancellation of quadratic divergences and thermal masses!
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The Warm Little Inflaton

Dissipation comes from non-local terms in the effective action,
which come only from diagram (a):

No cancellation of dissipative terms!

T = /d4:c'ER(3:, ') (t' —t)

2

_ Z gl/ GZIUSFZz nr(wy) [1 —np(w,)]

A/ ‘p‘ 2 + m? . [Bastero-Gil, Berera & Ramos (2001)]

where w, =
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The Warm Little Inflaton

Fermion decay from additional Yukawa interactions:

Lyo =—ho Y (Pirter + boLtin)

i=1,2

Dissipation coefficient proportional to the temperature:

g 3

M) = T 32 Toa )

with mf ~ Am% ~ h2T2/8 . [c.f. Yokoyama & Linde (1998)]
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The Warm Little Inflaton
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Fluctuations & primordial spectrum: coupled system

2
Field EOM: S +(BH+Y )04 +60 Y+ (XK wv, ) 508=(2 Y T)"%E,
p a fluctuation force &
sY® _10p. 8T R Coupled system (light d. of f.)
—_— =2 prr = inflaton-radiation
10" T 102
b Q=Y/(3H)=0.01 Q=10
P’ N~
| X e \/&
o \ o107 E
_— —r Growing mode!
10% 5 10 10% 5 10
% Ris constant after horizon crossing (freeze-out) Ne
HZ H > T 4nQ «
Pe=(+) (5—) (1+2N+-~ ——=__)xG[Q], Q=Y/(3H
=) (Gh) (1e2n+ A8 )xala) (3H)

Dissipative processes may maintain a non-trivial distribution of inflaton particles:

N:nBE:(ek/aT_1)—1
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Primordial spectrum

Pr=((Pr)vac+(Pr)ass) G[Q]

G[Q]=1+0.019Q**"*+0.34Q"***

Circle: numerical

|

Dotted, dot-dashed: analytical

~
sl Sl

10° 10" 10°
Q

10" 10°

Chaotic model: V(¢)=a¢*/4, A=10"", N,=50
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Spectral tilt ng x Tensor-to-Scalar ratio r

s I 1.”'Y”Tcubm:C(Aqs_”Y”'I
Q=T/(3H) [

0100; <.'" <_— . ) 0.06
‘ A u . _UOTO% /0085 0.006 )
Vqll-'irtic(@) = ZC’ 0.001 g ‘ 033
107 E‘
10}
vsext.ic((.b) == f“ mt '
09t oss

AM?

Vhillmp(‘é) — 2

AvO
V])lz\tozm(o) = W
P
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Breaking Degeneracies

WARM INFLATION DISSIPATIVE EFFECTS: ... PHYSICAL REVIEW D 95, 023517 (2017)
TABLEIL The values of pation ratio Q, and T, /H,, vz 3 E: J., and the Ay? with respect to the minimal
ACDM model fixed at the value n, ) {

o s Bs

1.697 x 1073 36 x 10 —9.840 x 1074 % 1073
0.187 41. 5 1073 540 x 1073 1.972 x 10~
0.186 41.656 741 x 1074 —9.997 x 107* 3.101 x 1078

1417 214.829 2317 % 1076 —1.857 x 1074 —4.333 x 1076
ateau sextic 5.645 x 107 10.766 085 % 1077 —4.692 x 107 3.369 x 1073

Quartic 25¢ 273.472 6% 1074 —3.019 x 1074 4.156 x 106
Sextic 5 T : 1075 )3 8.381 x 10~
0.028 5 I 10— > . —1.028 x 1075
0.020 2 2947 x 107* > -1 x 1073
0.810 ) 4.44 652, 708 x 10~
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Non-Gaussianities

((kp) (ko) (k3)) = (27)363 (kg + ko + k3)Bo (ki ko, k3)

® = (3/5)¢, ¢ = comoving curvature perturbation

Nonlinearity parameter f; :

Bo(k1, ko, k3) = fyi F(ki, ko, k3)

function F(ki, ko, k3) depends on the shape (type of triangle)
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Warm Inflation and Non-Gaussianity®

18 B(k,k,K)

L relative to the equilateral shape: fy = ?%

Planck constraints: '
A =27458, " = 4275, fipm = 4433
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warm By,
warm Bz
equilateral
orthogonal

correlation

Q

(a)The correlation between the numerical bispectrum
and the template shapes plotted as a function of the
dissipation strength parameter Q.
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Summary

Dissipative and stochastic effects due to interactions can be
relevant and modify the inflationary predictions (r, ns, fyy, etc).

« Warm inflation has been previously successfully constructed in the
low-T regime for dissipation (inflaton+mediator fields+radiation
fields), N, ~ 10°).

« Warm inflation in the high-T regime for dissipation has been
considered "impossible”.

Little Higgs like model for the inflaton (PNGB of a broken U(1)
symmetry + exchange symmetry) demonstrates for the first time
that this is not true.

Cancellation of thermal masses and quadratic divergences but not
of dissipative effects: a warm inflation model with minimal matter
content (only two light fermions !).

Both low-T and high-T particle physics models for WI lead to
consistent dynamics with observables well within the Planck
values.
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