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Planck versus Inflation



  

Planck at a glance



  

Planck (2009-2013)

HFI
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Planck's view of the microwave sky 



  [WMAP 2012]



  

Cleaned map of CMB
temperature anisotropies



  

Planck (temperature) angular power 
spectrum

individual data points

binned data points

standard deviation
(noise + cosmic variance)



  

Parameters of the ΛCDM model

Six cosmological parameters:

plus another 14 “nuisance” parameters for Planck data, describing 

● perturbations from
● the cosmic infrared background (4)
● unresolved point sources (4)
● the Sunyaev-Zeldovich effect (3)

● beam shape uncertainties (1)

● relative calibration uncertainties (2)

Amplitude of
initial fluctuations 

Spectral index of
initial fluctuations 

Hubble parameter 

Baryon density

Cold dark matter
density

Optical depth
to reionisation



  

Predictions of the simplest models

single-field canonical slow-roll inflation

Spatial flatness

Ω
K
 ~ 10-5

Almost (but not exactly)
scale-invariant curvature

perturbations

Adiabatic initial conditions

Nearly Gaussian
initial fluctuations

f
NL

 < 1

Background of
gravitational waves

(tensor perturbations)



  

Probing the predictions of inflation

Spatial flatness

Ω
K
 ~ 10-5

Almost (but not exactly)
scale-invariant curvature

perturbations

Adiabatic initial conditions

Nearly Gaussian
initial fluctuations

f
NL

 < 1

Background of
gravitational waves

(tensor perturbations)

CMB temperature power spectrum 
(+ E-polarisation, large scale structure, ...)

CMB bispectrum
CMB B-polarisation

power spectrum



  

Spatial curvature

sum of energy
densities

curvature
parameter

Spatial flatness:  Ω
k
 = 0

critical
density

Friedmann equation



  

Spatial curvature constraints

Planck + WP Planck + WP + BAO

No evidence for non-zero spatial curvature

[Planck 2013]



  

Predictions of the simplest models

single-field canonical slow-roll inflation
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The scale-invariant (HZ-) spectrum
Planck + WP data

Scale-invariant spectrum (n
s
 = 1, “white noise”) is now ruled out

at more than 5σ from Planck + WP data alone

Even for extended models, still disfavoured at 3σ, when combined
with BAO data

→ strong argument for dynamical generation of primordial perturbation



  

Higher order terms in the power 
spectrum

running
of the spectral index

running of the running
of the spectral index



  

Predictions of the simplest models

single-field canonical slow-roll inflation

Spatial flatness

Ω
K
 ~ 10-5

Almost (but not exactly)
scale-invariant curvature

perturbations

Adiabatic initial conditions

Nearly Gaussian
initial fluctuations

f
NL

 < 1

Background of
gravitational waves

(tensor perturbations)



  

Non-Gaussianity:
CMB angular bispectrum

[Planck 2013]



  

Non-Gaussianity

Three-point correlation Bispectrumenforces triangular configurations

Three limiting cases

No evidence for non-Gaussianity
[Planck 2013]
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Adiabaticity: constraints on 
isocurvature perturbations

Neutrino velocity
Neutrino density
CDM density

Isocurvature fraction at ...

Large scales

Intermediate scales

Small scales

Types of isocurvature

[Planck 2013]

Planck data are perfectly compatible with adiabatic initial conditions



  

Status of inflation pre BICEP2

single-field canonical slow-roll inflation

Spatial flatness

Ω
K
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Almost (but not exactly)
scale-invariant curvature
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initial fluctuations
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Background of
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(tensor perturbations)



  

Constraints on a selection of
inflation models



  

Status of inflation pre BICEP2

single-field canonical slow-roll inflation

Spatial flatness
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K
 ~ 10-5

Almost (but not exactly)
scale-invariant curvature

perturbations

Adiabatic initial conditions

Nearly Gaussian
initial fluctuations
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NL

 < 1

Background of
gravitational waves

(tensor perturbations)

r < 0.11 (@95% c.l.)



  

BICEP2



  

BICEP2

BICEP2 is a microwave telescope at the south pole, 
and measured the CMB at a frequency of 150 GHz



  

BICEP2: survey area

[BICEP2 2014]



  

BICEP2: polarisation maps Q/U

[BICEP2 2014]



  

BICEP2: polarisation maps E/B

[BICEP2 2014]



  

BICEP2: angular power spectra

[BICEP2 2014]



  

BB angular power spectrum
measured by BICEP2

[BICEP2 2014]

Consistent with 
expected lensing

from E-polarisation



  

BB angular power spectrum
measured by BICEP2

[BICEP2 2014]

Excess signal
due to tensor modes (?!)



  

Is the signal real?

Experimental systematics?
– Pointing error

– Beam uncertainty

Passed consistency checks:
– jackknife tests

– no EB- and TB-signal

→ very unlikely to account
for excess signal



  

Is the signal of cosmological origin?

Astrophysical foregrounds
– Polarised point sources

– Synchrotron emission

– Polarised dust emission

negligible; contribution
corresponding to r ~ O(10-3)



  

Is the signal of cosmological origin?

Different foreground models

Astrophysical foregrounds
– Polarised point sources

– Synchrotron emission

– Polarised dust emission

Where is the 
uncertainty?!



  

Is the signal of cosmological origin?

Different foreground models

Polarised dust emission
● DDM1/2 models based on digitised, 

unpublished Planck data

● Other models assume (unrealistically?)  
low polarisation fraction f

p

● Foreground signal ~  f
p

2



  

Dusty foregrounds revisited

[Flauger, Hill, Spergel 2014]



  

Dusty foregrounds revisited

[Flauger, Hill, Spergel 2014]



  

Is the signal of cosmological origin?

Adding BICEP1 data to 
determine frequency-
dependence of the signal 

→ total signal consistent 
with CMB expectation
(but signal is dominated by 
lensing contribution!)



  

Is the signal of cosmological origin?

[Flauger, Hill, Spergel 2014]

lensing removed
lensing removed
+ foreground with
cosmic variance



  

Planck

Planck 353 Ghz
polarisation map

[Planck 2014]

● Planck has measured polarisation 
in 7 frequency bands 

● Data are currently being analysed, 
probable release this summer

● Planck data will allow accurate 
determination of polarised 
foreground emission

● Also: Planck measurement of BB- 
spectrum (but sensitivity to r will 
be lower than BICEP2's)



  

Is the signal really from inflationary 
tensor modes?

Alternative mechanisms:
– Topological defects

→ too much small scale power

– Primordial magnetic fields
→ possible, but simplest models

predict too much NG

→ inflation remains most likely origin

[Lizarraga et al. 2014]

[Bonvin et al. 2014]



  

Implications of BICEP2

DISCLAIMER:

In the following, I will assume this signal is real
and that it is caused by primordial tensor

perturbations from inflation



  

Status of inflation after BICEP2

single-field canonical slow-roll inflation

Spatial flatness

Ω
K
 ~ 10-5

Almost (but not exactly)
scale-invariant curvature

perturbations

Adiabatic initial conditions

Nearly Gaussian
initial fluctuations

f
NL

 < 1

Background of
gravitational waves

(tensor perturbations)



  

Implications of BICEP2 results

Energy scale of inflation:

[BICEP2 2014]

(This could in principle have been as low as O(10) MeV, we are incredibly lucky!)



  

Implications of BICEP2 results

● Lyth bound:
large r  →  large ε → large V'/V → large dϕ/dN 
For inflation to last sufficiently long, ϕ has to take on 
super-Planckian values 

● In effective field theory, Planck-mass suppressed higher 
order operators would mess up things...

[Lyth 1997]

e.g.,   ..., etc.



  

Inflation model constraints
(post BICEP2)



  

Inflation model constraints
(post BICEP2)

BICEP2 constraint on
tensor-to-scalar ratio



  

Inflation model constraints
(post BICEP2)



  

Tension with Planck temperature data?

Perhaps not much of a problem at all?
 

[Audren, Figueroa, Tram 2014]



  

Even in ΛCDM with r=0, there is a lack of power
at the largest scales

Adding a tensor contribution would exacerbate
the problem

Possible solutions:

● Suppress primordial scalar
power at large scales

● Suppress late integrated
Sachs-Wolfe effect (DE)

● Anticorrelated isocurvature
perturbations

● Anticorrelated tensor per-
turbations

● Extra radiation (e.g., ΔN
eff

 ≈ 1
sterile neutrinos)

 

[Contaldi, Peloso, Sorbo 2014]

[Zhang et al., Dvorkin et al. 2014]

Tension with Planck temperature data?

[Kawasaki et al. 2014]



  

Or maybe dust after all...?

[Mortonson & Hu 2014]



  

Conclusions

● Predictions of simplest inflationary models pass all 
challenges thrown at them by Planck data

● BICEP2 measurement of the CMB's BB angular power 
spectrum (if confirmed!) probably most spectacular result in 
cosmology in last 15 years

– Can be interpreted as gravitational wave signal from inflation

– Energy scale of inflation ~ GUT scale

– Inflation was large-field

– Possibly signs of further new physics

● These measurements do not prove inflation happened, but 
certainly make it look even more attractive than before!
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