Little Warm Inflation

Cold inflation/Warm inflation

Dissipative coefficient:

High T regime: Y(T)=C,T

Primordial spectrum: Chaotic models x¢*
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Primordial spectrum: ~adiabatic, ~scale-invariant, gaussian?, tensors?

Tenzor-to-scalar ratio (rooooz)
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Primordial spectrum: Pr=Pg(k,)(k/k,)™ " k,=0.002Mpc "

Tensor-to-scalar Ratio: r=P_ /P, P.=2.2x10""
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Running spectral index dn, /dlnk
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Primordial spectrum: P,=P(k,)(k/k,)

ns—1+laslnk/k0+~-~

2 k,=0.05Mpc™

adiabatic, gaussian, scale-invarian spectrum

No evidence for:
non-gaussianity, isocurvature modes or running of the spectral index
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Slow Roll Inflation

Scalar field rolling down its (flat) potential

negative tV(p)

P:CPZ/Z_V((P)N_V<(P) pressure

“Flat” The curvature and the slope smaller
potential than the (Hubble) expansion rate H

Kinetic energy << potential energy H? ~ VI3mP2 Hubble parameter (H=a/a)
(a=scale factor)

2 2
[} m 1

Slow-roll m=m: V1<t e(p:7p(vv) <l <
parameters

curvature slope
SIOW-_I‘OII ¢~—V'/3H
equation

) ) H2 H .2

Primordial Pr=(—) (2_) n=1+2n,—6¢, r=16¢,
spectrum P T
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Inflation Radiation Matter
i q O i q i q

Inflaton interacts with other particles

Reheating

Interactions with cosmic plasma induce dissipation

¢+(3H+ng;vcp:0

“Decay” into light dof= extra friction
"Warm?” inflation:

10° ‘ r ‘ ‘ T ‘

A (small) fraction of the vacuum energy
IS converted into radiation during inflation

Inflaton

. _ * 2
PrtA4HPR=Y®"  “source term”

log(p)

Radiation

f

| (BH+Y)§=-V,
B R Slow-roll: < 4HpR2ch2

o T~ Constant




Extra friction term: Q:Y/(gH) (Particle production versus Hubble friction)
» Q<<]1,T<<H ===y Standard Cold Inflation

» Q< 1, T>H === \Weak Dissipative Regime

Standard slow-roll

*» Q>1, T>H ==p Strong Dissipative Regime

Slow-roll : 3H(1+Q)p=—V (¢, T), pF%QCﬁZ

mcp|<(1+Q), E(p<(1+Q), BY<(1+Q), 5.<1 (Thermal czrrections)
By=ma(Y, V)/I(YV)  8:=TV,/V,

-
¢ Q varies during inflation

< ¢ Extra friction prolongs inflation mmsp Smaller ¢ values

¢ Dissipation induces thermal inflaton fluctuations
\.



Low T regime:

Interactions & Dissipative coefficient

1 5 5 gz ) light fermions
L= =2 Mo — ¢ +hypp+---

heavy m,=g¢ >H, T

BG, Berera, Ramos & Rosa 2012
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Interactions & Dissipative coefficient

Low T regime:

“@ X 1 55 & 2 » light fermions
L0 N L= =oMe@ =@ +hypp+--
P heavy m,=gp >H, T
*@‘ BG, Berera, Ramos & Rosa 2012
y~ 32 gzNX(m T)"?e™'T + 0.02h*N,N (T—s): C T
m hZNY X YT cp2 Cpcpz

Adiabatic approximation:

- Easy to fulfill for not too small values of h

‘ T>H - r

L x5 (—2) (D) (L)s1

: /" H 'm,/ T 'H
¢/, H<I,~h"m,/(8x) o ’
Macroscopic Microscopic - Thermal corrections under control (inflaton
coupled to heavy fields) + susy to control T=0

corrections
Getting 50-60 e-fold of inflation typically requires C(p~106

BG, Berera, & Kronberg 2015



Interactions & Dissipative coefficient

High T regime: 1 light scalar
2 2 — —
I—:'”_Emcp(p _gcpwxwx_hgwxwx'l"”
'@lp light mg=gp <H, T, g<<1
: ‘l X
¢ 3 2
------- ‘ fm= == - Y ~ 3 9 1 Linear T coefficient
3 N 1—0.34logh h?
\
Adiabatic approximation: - Small g coupling to keep fermions light q
E— T>H | - Not too small h because of adiabatic
T4 condition _
, ~_U _Rn4L : : :
¢/, H<FX— 512 h ( H ) - How to avoid thermal corrections to inflaton
\ _ Microscopic otential due to light fields?
acroscopic
5 2 2
. P 52
Thermal potential: A Vy=—Z-g, T*+3- L 124
ermal potentia T 90 Or 12

Berera, Gleiser &Ramos PRD'98; Yokoyama & Linde PRD '98



Little Higgs <smm Little inflaton

Naturalness problem in the SM (and inflation):

- Scalar field masses are not protected against quadratic radiative corrections by
any sym. : why mp =125 GeV ?  (why the inflaton is light my <H ?)

(A) Susy : no. fermions = no. bosons

25 M4 M2
AV _,~A°STTM +Z —1)°%(2s, +1)64ﬂ2InQ2+---
2

2
) AV ———gRT ZFB 12 T+... mmmp Thermal Higgs mass

(B) Little Higgs: Pseudo-Nambu Goldstone boson of a global symmetry
(mp, ~ soft breaking)

EX: SuU(5)-»0(5), SU(5)2[SU(N)xU(1) ], x[SU(N)xU(1)],
f~Al(4n)~O (few TeV)

Cancellation of quadratic divergences occurs from particles of the same spin

) A VT:—g—; g, T*+C T?+--- mm) No thermal Higgs mass
(high T)

[D. Kaplan & M. Schmaltz JHEP 0310; M. Schmaltz JHEP 0408]



Little warm inflation

¢ Consider a U(1) gauge theory spostaneously broken by two complex Higgs fields

(@) ={q,)=M/2

¢ One Nambu-Goldstone boson is “eaten” by the gauge field, and the other becomes
the physical scalar inflaton field

M M _
(plzﬁeqﬂ/M, (Pzzﬁe /M

¢ Couple the Higgses to charged and singlet Weyl fermions:
L:%(cpl"'cpz)qjll_lpm_i%((pl_%) W, W,g+hc
=gMcos (CP/M) P, P, —gM Sin(cP/ M) P, W,
With interchange symmetry:. o¢@,«— 1@, Y, g ¥, L
Fermion masses are bounded!!

¢ Light fermions: gM<T<M



Little warm inflation

High T regime:

Inflaton a PNGB of a broken U(1) symmetry + pair of fermions + exchange sym.

L=---—gMcos(qp/M)yp,p,—gMsin(¢e/M ), y, —h ozi:m (P + P ;) e

light : gM < T < M, g<<1

Thermal potential:

2pnn2 4 2

2 M ‘()M
AV.=—T q 749 M 12,9 (@ logt- —c¢
=55 % B 62 ( 9 )
Light dof '
No thermal mass for the inflaton
Total energy density:
1 - dAV 2

Effective no. of dof;
5 M? 15 M \? 4
Or (@, T)~gr— — (L) + (22) (3+cos(5X))




Inflaton self-energy

f. _
L:_Zi (mi"'giéCP"'EIé(Pz"'"')qji‘Pi

(a) (b)

2,(0)=3, (g7 +m/f,) - (0)=g”(—cos (2% +cos(2E)) I1(0)=0

Cancellations of quadratic divergences and thermal masses!!



Dissipation

Dissipation comes from non-local terms (diagram (a)) Q
No cancellation of dissipative terms:
_4 d p m; 3 g°
1+ng )= T
Z f * T o N (1+Ne) 1—0.34logh h?

Linear T coefficient

Decay rate Fi— 167 | | Fr(p/T,w,/T) [L=—ho X (Fie+ew)+ -]
T
& Additional Yukawa interactions
with a massless field
Masses m’~h*T?/8

Yokoyama & Linde '98; Moss & Xiong '06; BG, Berera & Ramos '10



Background dynamics

Quiartic potential: V()= A @

4
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Parameter space: g, h, M

I : :
Decay rate: Yy T _pt T >1 Light fermions: gM<T<M
H 514 H
h=1
10_2_ T T T T T T T ] T : T Ii T T T 1 ]
B l—‘w/H<l Q:1ﬂ'1 Ii 4
M/m, :' :
| ! Q=1! _
gM>T
I : | allowed
/V
-3 | | ] | | ] L 1 | | : | | : ] | I |
TS 107 10" N =60



Decay rate:

M/m,

Ly

Parameter space: g, h, M

~ ot g

H

514 H

Q=10

Light fermions:

gM<T<M

allowed



Parameter space: g, h, M

Decay rate: ~ h"—>1 Light fermions: gM<T<M

10

M/m,




Fluctuations & primordial spectrum: coupled system

Field EOM:
2

6¢f'+(3H+Y)6épf'+£p6YG'+(k—2+V )o@, ~(2Y T)*?g,
a

Gl

5Y® _10p, dT Coupled system
Y 4 06 T inflaton-radiation

Radiation (fluid stress energy-tensor): T, = (p 0+ pr)uM u'+p.g""

2

Sp ' +4Hdp ' =~ k—tp Y +2¢pY "

2

l1’?|+3 H ‘P?I ~—9 p?I/B — épY 0 CpGI Momentum density

H
(Gauge invariant perturbations: 0 cpf'=6 ¢——¢, ¢ :metric perturbation)

BG, Berera, Moss & Ramos, '14



Fluctuations & primordial spectrum: coupled system

Weak dissipative regime (Q=Y/H<<1) : field decoupled from radiation
2
6c'bf'+(3H+Y)6c'pf'+(§+vw)6cpf':(2YT)”ZEK

HT Q a
P, = L e e L B ]
"2 V1+47Q/3 2

. . H 2 : Pe,
Primordial spectrum: P.~(=) Ps. _

1/2

R Is constant after horizon crossing (freeze-out)

T 41Q 5
Pr=(Pglo_o(1+2N+ N,
==l R)Q—Q( S, H \/1+4nQ/3)

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

Ramos, da Silva, 1302.3544: BG, Berera, Moss & Ramos, 1401.1149



Fluctuations & primordial spectrum: coupled system
Strong dissipative regime (Q=Y/H>1) : coupled system

. . . k> N
S +(3 H+Y>6cpf'+cpaYG'+(¥+vw>6cpS':(2YT)“sz
Q=10

3

10—

Primordial spectrum:

PR:h_(pPR(p-I-_rPRr:PRr:PRw’ (hi=p;+p)
T

h

T

1/2
N

i Y|
=107 Growing mod_f..

12

12

112

1L —
R Is constant after horizon crossing

po~(H) (M) 142N+ L —27Q 1 GlQ],  Q=Y/(3H)

¢ 2n HV1+47Q/3

10




Primordial spectrum

PR:((PR)vac"'(PR)diss)G [Q]

10
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Chaotic model: V(¢)=A¢*/4, A=10""*, N_=50



Primordial spectrum

PR:((PR)vaC_I_(PR)diss)G [Q]

10

G[Q]=1+0.0190Q°°**+0.34Q"***

I

Circle: numerical

Dashed, dot-dashed: analytical
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Primordial spectrum: quartic chaotic model

V((p)Z%(pA" N,=50—60
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Primordial spectrum: quartic chaotic model

V(cp)I%cpA" N, =50—60
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e Q.=0.001,0.01,0.1,1,2,5 ]
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Primordial spectrum: Y =C/T

Light bosons decaying into light dof

PR:((PR)VaC-I-(PR)diSS)G [Q]
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Chaotic model: V(¢)=A¢'/4, A=10""*, N_=50



Summary

®Dissipative effects due to decaying fields can be relevant during inflation, and
modify the inflationary predictions

e“Low T” regime for dissipation (massive scalar x decaying into Iigrét dof): thermal
corrections under control, but required large number of fields N, ~10

e High T" regime for dissipation (light fermion v decaying into light dof): Y=C; T
Inflaton a PNGB of a broken U(1) symmetry + pair of fermions + exchange sym.

Light fermions: gM < T + thermal corrections under control + minimal matter content

[ Mp* compatible with data, Q*~ 0.01-1, r ~0.1-10 ]

®For a T dependent dissipative coefficient, the field and radiation perturbation EOM
form a coupled system: Field fluctuations are amplified before freeze-out (Q < 1)

Blue-tilted spectrum for Q >> 1

®Non-gaussianity compatible with observations for both weak and strong dissipative
regime, with a characteristic shape




Warm inflation &Non-gaussiantiy : T dependent diss. coefficient

® Bispectrum: B_(k, k, k;)=>

18 AB(k)

(Ry (k)R (Ky) R, (kg ))=Ag(k)B(ky ky k)
—

cyc
shape
Non-linear parameter

fNL

5 Pg(k)’

(PR)vac>(PR)diss E/V (PR)vac<(PR)diss

(Planck: f, <~O(10))

T £ 008 =27 +-58 (kg <<k, ~ k)
1o B =42 +- 75 (kg ~ Kk, ~ k)
1 fMAIM=S4=33

[BG, Berera, Moss, Ramos '14]



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29

