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InflaYon:	
  a	
  window	
  into	
  high	
  energies	
  

CMB	
  anisotropies	
  require	
  inflaYon	
  to	
  occur	
  at	
  high	
  energies:	
  

Can	
  the	
  inflaton	
  be	
  embedded	
  into	
  a	
  fundamental	
  theory?	
  

We	
  need	
  to	
  know	
  how	
  it	
  interacts	
  with	
  other	
  fields!	
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Warm	
  inflaYon	
  

InteracYons	
  with	
  cosmic	
  plasma	
  induce	
  dissipaYon:	
  

This	
  damps	
  inflaton’s	
  moYon	
  and	
  sources	
  radiaYon:	
  

In	
  slow-­‐roll	
  regime:	
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φ̈+ 3Hφ̇+Υφ̇+ V
�(φ) = 0

ρ̇R + 4HρR = Υφ̇2

φ̇ � − V
�(φ)

3H(1 +Q)
ρR � 3

4
Qφ̇2

Q = Υ/3H �φ, |ηφ| � 1 +Q

[Berera	
  1995]	
  



Warm	
  inflaYon	
  

DissipaYve	
  effects	
  can	
  sustain	
  a	
  warm	
  thermal	
  bath:	
  

The	
  inflaYonary	
  Universe	
  need	
  not	
  be	
  empty	
  and	
  cold!	
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Why	
  should	
  inflaYon	
  be	
  warm?	
  

•  Extra	
  fricYon	
  prolongs	
  inflaYon	
  

•  RadiaYon	
  sub-­‐dominant	
  but	
  can	
  smoothly	
  take	
  over	
  

•  DissipaYon	
  induces	
  thermal	
  inflaton	
  fluctuaYons	
  and	
  
changes	
  observaYonal	
  predicYons	
  

•  	
  Stable	
  Higgs	
  vacuum	
  during	
  inflaYon	
  

•  	
  Baryogenesis	
  during	
  inflaYon	
  (testable	
  with	
  CMB)	
  

(…)	
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[Fairbairn	
  &	
  Hogan,	
  2014]	
  

[Bastero-­‐Gil,	
  Berera,	
  Ramos	
  &	
  JGR,	
  2012]	
  



Warm	
  inflaYon	
  

Challenges:	
  

•  Coupling	
  the	
  inflaton	
  to	
  light	
  parYcles	
  is	
  hard:	
  

•  Light	
  parYcles	
  induce	
  large	
  thermal	
  mass	
  correcYons:	
  

•  Small	
  couplings	
  yield	
  li(le	
  dissipaYon…	
  

Can	
  couple	
  indirectly	
  through	
  heavy	
  mediators,	
  but	
  one	
  needs	
  
a	
  large	
  number	
  of	
  mediators	
  to	
  sustain	
  the	
  thermal	
  bath!	
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L = −gφψ̄ψ ⇒ mψ = gφ � T

∆m
2
φ ∼ g

2
T

2 � H
2

[Berera,	
  Gleiser	
  &	
  Ramos;	
  Yokoyama	
  &	
  Linde	
  (1998)]	
  

[Berera	
  &	
  Ramos	
  (2003);	
  Moss	
  &	
  Xiong	
  (2006);Bastero-­‐Gil,	
  Berera,	
  Ramos	
  +	
  JGR	
  (2011-­‐15)]	
  



Warm	
  Li(le	
  Inflaton	
  

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

One	
  Nambu-­‐Goldstone	
  boson	
  is	
  “eaten”	
  by	
  
the	
  gauge	
  field,	
  while	
  the	
  other	
  becomes	
  
the	
  physical	
  singlet	
  scalar	
  inflaton:	
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“Li(le	
  Higgs”	
  

�φ1� = �φ2� ≡ M/
√
2

[Arkani-­‐Hamed,	
  Cohen	
  
	
  &	
  Georgi	
  (2001)]	
  

φ1 =
M√
2
eiφ/M , φ2 =

M√
2
e−iφ/M



Warm	
  Li(le	
  Inflaton	
  

Couple	
  the	
  inflaton	
  to	
  charged	
  and	
  singlet	
  Weyl	
  fermions:	
  

with	
  interchange	
  symmetry:	
  

Fermion	
  masses	
  are	
  bounded	
  and	
  can	
  be	
  light!	
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φ1 ↔ iφ2, ψ1L,R ↔ ψ2L,R

−Lφψ =
g√
2
(φ1 + φ2)ψ̄1Lψ1R − i

g√
2
(φ1 − φ2)ψ̄2Lψ2R + h.c.

= gM cos(φ/M)ψ̄1ψ1 + gM sin(φ/M)ψ̄2ψ2 .

gM � T � M



Warm	
  Li(le	
  Inflaton	
  

EffecYve	
  potenYal	
  at	
  high	
  temperature:	
  

No	
  thermal	
  inflaton	
  masses!	
  

AlternaYvely,	
  expand	
  Lagrangian	
  to	
  quadraYc	
  order:	
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Warm	
  Li(le	
  Inflaton	
  

Inflaton	
  self-­‐energy:	
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CancellaYon	
  of	
  quadraYc	
  divergences	
  and	
  thermal	
  masses!	
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(a) (b)

Σφ(0) =
��
g21 +m1f1

�
+
�
g22 +m2f2

��
IT

= g2 [− cos(2φ/M) + cos(2φ/M)] IT = 0 ,

IT � −(Λ2/2π2) + (T 2/6)



Warm	
  Li(le	
  InflaYon	
  

DissipaYon	
  comes	
  from	
  non-­‐local	
  terms	
  in	
  the	
  effecYve	
  acYon,	
  
which	
  come	
  only	
  from	
  diagram	
  (a):	
  

No	
  cancellaYon	
  of	
  dissipaYve	
  terms!	
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i [Bastero-­‐Gil,	
  Berera	
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  Ramos	
  (2001)]	
  



Li(le	
  Warm	
  inflaYon	
  

Fermion	
  decay	
  from	
  addiYonal	
  Yukawa	
  interacYons:	
  

DissipaYon	
  coefficient	
  proporYonal	
  to	
  the	
  temperature:	
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Lψσ = −hσ
�

i=1,2

�
ψ̄iLψσR + ψ̄σLψiR

�

Υ � α(h)
g2

h2
T , α(h) � 3

1− 0.34 log(h)

m2
i � ∆m2

T � h2T 2/8 [c.f.	
  Yokoyama	
  &	
  Linde	
  (1998)]	
  



Warm	
  inflaYon	
  dynamics	
  

Dynamics	
  in	
  the	
  slow-­‐roll	
  regime:	
  

Field	
  fluctuaYons	
  saYsfy	
  Langevin	
  equaYon:	
  

Which	
  follows	
  from	
  the	
  FluctuaYon-­‐DissipaYon	
  theorem.	
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ObservaYonal	
  predicYons	
  

Curvature	
  power	
  spectrum:	
  

For	
  weak	
  dissipaYon	
  and	
  thermal	
  pertb.	
  at	
  horizon	
  crossing:	
  

Tensor	
  pert.	
  are	
  not	
  affected	
  by	
  dissipaYve/thermal	
  effects	
  

Generically	
  lower	
  tensor-­‐to-­‐scalar	
  raYo	
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ObservaYonal	
  predicYons	
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Dynamical	
  example	
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  g = 0.08, h = 2, M = 1015 GeV

ns � 0.964 , r � 8× 10−4

ns � 0.964 , r � 8× 10−4

V (φ) = λφ4



Summary	
  

• 	
  Li(le	
  inflaton	
  is	
  a	
  pseudo-­‐scalar	
  gauge	
  singlet	
  

• 	
  Fields	
  remain	
  light	
  throughout	
  inflaYon	
  

• 	
  No	
  thermal	
  masses	
  and	
  significant	
  dissipaYve	
  effects	
  

• 	
  ObservaYonally	
  consistent	
  chaoYc	
  inflaYon	
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Warm	
  inflaYon	
  is	
  possible	
  	
  
and	
  realizable	
  within	
  a	
  simple	
  model	
  


