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previously...

I Primordial perturbations from inflation:
I initial conditions from sub-Hubble scale vacuum

fluctuations
I gauge-invariant field+metric fluctuations from inflaton

field fluctuations
I slow-roll induces weak scale-dependence

- confirmed by observations

I gravitational waves (tensors) also predicted
- but not yet seen

I Observations can
I constrain model parameters
I discriminate between di↵erent kinds of inflation models
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Models of inflation: large-field inflation
I also known as chaotic or monomial inflation
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Models of inflation: large-field inflation

I also known as chaotic inflation
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nR � 1 ' �0.04 , r ' 0.16
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Models of inflation: large-field inflation

I also known as chaotic inflation
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Reheating: simplest case

I Coherent inflaton field oscillations are non-relativistic
inflaton particles

h⇢'it = mn' / a
�3

I Perturbative decay (� < m) to light (relativistic)
particles

Lint = ��i�'�2

i � �j' ̄j j

) � =
�2i �

2
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+
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(non-perturbative decay (preheating) can also be important)

I energy transfered from inflaton to radiation when H < �
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Reheating: temperature and e-folds

I decay followed by thermalisation to reheat temperature

⇢rh 
3H2

decay

8⇡G
=

3�2

8⇡G

) Trh  0.2

✓
100

grh

◆1/4

(�MP)
1/2

I duration of reheating (and e↵ective equation of state)
a↵ects expansion history after inflation and hence the
number of e-folds when present horizon scale exits
Hubble scale during inflation
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Models of inflation: small-field inflation

I also known as hill-top inflation: ' < µ < MP
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Models of inflation: small-field inflation

I also known as hill-top inflation: ' < µ < MP
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Models of inflation: small-field inflation

I initial conditions problem for small field inflation?

I require 'ini ⌧ µ for N � 1

I how likely is this?

I need a theory of initial conditions for inflation
- stochastic inflation
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Models of inflation: Natural inflation

I pseudo-Nambu Goldstone boson, weakly-broken U(1)
symmetry
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Models of inflation: Starobinsky’s R2 inflation

I f (R) gravity:

f (R) = R +
1

6M2
R
2

I conformal transformation to Einstein gravity
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Models of inflation: Starobinsky’s R2 inflation

I plateau inflation:
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Models of inflation: Higgs inflation

I symmetry-breaking potential:
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I predictions very similar to Starobinsky’s R2-inflation



Bayesian$Approach$
to$model$comparison$
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Jeffreys$scale$

•  Strong$evidence $ $ln$(Bij$)$>$5$

•  Moderate$evidence $ $ln$(Bij$)$>$2.5$

•  Weak$evidence$ $ $ln$(Bij$)$>$1$

•  Inconclusive $ $ $ln$(Bij$)$<$1$

Bayes$factor$=$ra:o$of$evidence$

$Bij = E (Mi ) / E (Mj )  
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inflationary 
phenomenology

Could inflation be very different 
from a simple single scalar field? 

and, if it was, how would we know?



single-field 
phenomenology



multi-field 
phenomenology























constraints on fNL
WMAP9 2-sigma constraints (Bennet et al 2012) 

local: -3 < fNL < 77 

equilateral:  -121 < fNL < 223 

orthogonal: -445 < fNL < -45 

Planck2015 1-sigma constraints (Ade et al 2015) 

local: fNL = 0.8 +/- 5.0 

equilateral: fNL = -4 +/- 43 

orthogonal: fNL = -26 +/- 21 

SDSS BOSS galaxy power spectrum (Giannantonio et al 2015) 

local: fNL = 5 +/- 21





future constraints 
on fNL?

CORE-M5 1� forecast bounds 

local: fNL = 2.1 

equilateral: fNL = 21 

orthogonal: fNL = 9.6 

SDSS BOSS galaxy bispectrum 1� forecast (Tellarini et al 2016) 

local: fNL = 1 

BOSS + Euclid satellite 1� forecast (Tellarini et al 2016) 

local: fNL = 0.4
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an inflationary landscape:

quantum fluctuations produce 
stochastic noise term for coarse-
grained fields on super-Hubble scales 

leads to probability distribution 
function for local field values

d�
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stochastic inflation for 
the practical cosmologist

stochastic probability distributions for initial field values 
in multiple field inflation: 

the stochastic spectator (Hardwick, Vennin, Byrnes, 
Torrado & Wands, arXiv:1701.06473) 

stochastic delta-N (Vennin & Starobinsky, arXiv:1506.04732): 

infinite inflation (divergent <N>) can lead to infinite 
perturbations 

regularise inflation at Planck scale to get finite 
primordial power spectrum (Vennin et al, arXiv:
1604.06017)



an inflationary 
cosmologist’s agenda:
1. prove inflation really happened (Monday) 

- search for a smoking gun 

2. show how inflation happened (Tuesday) 

- what is the correct inflation model? 

3. explore inflationary phenomenology (Wednesday - Thursday) 

- primordial perturbations, gravitational waves, black holes, etc 

- particle production and reheating after inflation 

4. understand the inflationary landscape (Friday) 

- multiverse, measure problem, anthropic arguments, alternatives



Theoretical

cosmology

David Wands

Appendix

References

References I

A. R. Liddle and D. H. Lyth,
Cosmological inflation and large-scale structure,
Cambridge University Press, 2000.

J. Ellis and D. Wands,
Inflation, Review of Particle Physics, Particle Data
Group,
2016.

S. Tsujikawa, B. A. Bassett and D. Wands,
Inflation dynamics and reheating,
astro-ph/0507632.

P. A. R. Ade, et al,
Planck 2015 results. XX. Constraints on inflation,
arXiv:1502.02114.




	Models of inflation
	Large-field inflation
	Small-field inflation
	Natural inflation
	Higgs inflation
	Starobinsky inflation

	Inflationary phenomenolgy
	Multi-field models and non-Gaussianity
	Stochastic inflation

	Appendix
	Appendix
	References



