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Planck's CMB temperature map
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Where do the anisotropies come from?



Inflation

potential A
V(9)
>
inflaton field
¢
Potential energy domination Reheating
(“slow-roll” inflation) « Potential energy is converted
Attractor solution to standard model particles
Scale factor grows exponentially
with time

Hubble parameter close to constant
Space is flattened



The origin of the primordial
perturbations: inflation

horizon scale
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and freeze in



Perturbations of the metric

* In General Relativity, need to take into account
perturbations of the whole metric, not just the
inflaton field

 Decompose metric perturbations into scalar,
vector and tensor perturbations

 |Inflation generates scalar (curvature) and
tensor perturbations (gravitational waves), but
no vector perturbations

* Properties of the perturbations depend on the
inflaton potential



Inflationary perturbations

Scalar (curvature) perturbations
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Inflationary perturbations

Scalar (curvature) perturbations
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Tensor perturbations (gravit\a{onal waves)
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Also, generically:
 nO significant non-trivial higher-order correlations (non-Gaussianities)
« if single field: adiabatic perturbations (i.e., no isocurvature modes)



Scalar and tensor part of the CMB
temperature spectrum
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Predictions of the simplest models

single-field canonical slow-roll inflation

Adiabatic initial conditions Spatial flatness
Nearly Gaussian Almost (but not exactly) Q,~10°
initial fluctuations scale-invariant curvature

fo< 1 v perturbations
NL

Background of
gravitational waves
(tensor perturbations)



Probing the predictions of inflation

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

Planck + WP Planck + WP + BAO
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No evidence for non-zero spatial curvature
[Planck 2013]



Constraints on scalar power
spectrum

Scale dependence
clearly required

No hints for anything
more complicated than
power-law

Planck + WP data
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Adiabaticity: constraints on
Isocurvature perturbations

Isocurvature fraction at ... Types of isocurvature
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Planck data are perfectly compatible with adiabatic initial conditions
[Planck 2013]



Non-Gaussianity:
CMB angular bispectrum
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Status of inflation pre BICEP2

single-field canonical slow-roll inflation

Adiabatic initial conditions Spatial flatness

v

Nearly Gaussian Almost (but not exactly) Q,~10°

initial fluctuations scale-invariant curvature
f, <1 + perturbations
Background of

«gravitational waves «
(tensor perturbations)
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CMB polarisation

 The CMB is weakly linearly polarised:

[WMAP 2006]



E- and B-modes

Polarisation pattern can be described in terms of
» Stokes parameters Q and U (easier to measure)

» Parity-even, curl-free E-mode and parity-odd, grad-free B-mode
(easier to handle theoretically)
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Polarisation spectra

10000§ T T T 17T T T T TTIT] T T ||||||.:/ TT
w:
o o o -
! i
10.00 |
< - TE
=
5
< 1.00F
o - EE
+ i
L % Lensing BB
Reionisation &t
bump ‘
0.01 | Lol Lol EEE1
1 10 100 1000 BB

Multipole moment (1)

[WMAP 2006]



CMB signals from primordial

perturbations
scalar tensor
Y \ /
T E B

B-polarisation is the ideal probe of tensor perturbations



BICEPZ2

BICEPZ2 is a microwave telescope at the south pole,
and measured the CMB at a frequency of 150 GHz




BICEPZ2: survey area

[BICEP2 2014]



ion maps
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FIG. 3.— Lefi: BICEP2 apodized E-mode and B-mode maps filtered to 50 < £ < 120. Right: The equivalent maps for the first of the lensed-ACDM-+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at £ =2 70). (Also

note that the E-mode and B-mode maps use different color/length scales.)



BICEPZ2: angular power spectra
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FI1G. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-ACDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-ACDM-+noise simulations. The
probability to exceed (PTE) the observed value of a simple 2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
Jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.

[BICEP2 2014]



BB angular power spectrum
measured by BICEP2
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BB angular power spectrum
measured by BICEP2
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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
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Is the signal of cosmological origin®

Astrophysical foregrounds

- Polarised point sources CEP  Boomoran e
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Is the signal of cosmological origin?

Astrophysical foregrounds

- Polarised point sources
- Synchrotron emission
- Polarised dust emission

— likely some contribution
of known foregrounds to
signal, not very likely to
account for all of it

Different foreground models
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F1G. 6.— Polarized dust foreground projections for our field using vari-
ous models available in the literature, and two new ones formulated using
publically available information from Planck. Dashed lines show autospec-
tra of the models, while solid lines show cross spectra between the models
and the BICEP2 maps. The cross spectra are consistent with zero, and the
DDM?2 auto spectrum (at least) is noise biased high (and is hence truncated
to £ < 200). The BIcEP2 auto spectrum from Figure 2 is also shown with the
lensed-ACDM+r = 0.2 spectrum.



Is the signal of cosmological origin?
What about unknown foregrounds?

[
0 1

E.g., magnetic dipole radiation from ferro- or ferrimagnetic

dust in galactic loops [Liu, Mertsch, Sarkar 2014]

(or simply diffuse emission...)
— subdominant as temperature foreground, but perhaps

not for polarisation?!



Is the signal of cosmological origin?

Component separation:

requires multi-frequency information

rms)

Antenna Temperature (uK

—_s
LI LA
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20 T 40 60 80 100 200
Frequency (GHz) [WMAP 2012]




Is the signal of cosmological origin?

Adding BICEP1 data to T MNa
determine frequency- oaf [ | |3 Pt
dependence of the signal § 0o
— total signal consistent > oaf '| E\
with CMB expectation oof &1 | |1\ &
(but signal is dominated by A AN —
lensing contribution) 4 2 0 2 4

Spectral index (B)

Fi1G. 8.— The constraint on the spectral index of the BB signal
based on joint consideration of the BICEP2 auto, BICEPI gy auto, and
B1ceEP2 x BICEP1 g cross spectra. The curve shows the marginalized likeli-

—> KeCk a rray |S ta kl n g d at a hood as a function of assumed spectral index. The vertical solid and dashed

lines indicate the maximum likelihood and the 4+ 1o interval. The blue verti-

at 1 OO a n d 1 50 G H Z cal lines indicate the equivalent spectral indices under these conventions for

the CMB, synchrotron, and dust. The observed signal is consistent with a
CMB spectrum, while synchrotron and dust are both disfavored by = 2o



Planck

Planck has measured polarisation
_ Planck 353 Ghz
In 7 frequency bands polarisation map

Data are currently being analysed,
probable release before autumn

Planck data will allow accurate
determination of polarised |
fo reground emission e T s

described in Sect. 2.3. The same mask as in Fig. 1 is applied. The full sky map of the unpolarized intensity I entering the calculation

Also: Planck measurement of BB- [Planck 2014]
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 ACET oo Jg‘: .ei_:}
[Lizarraga et al. 2014] G S _'_EQJ_L':‘Z"';‘
- Primordial magnetic fields u 10 +_;tjf;
— possible, but simplest models ="~ - .
predict too much NG o +++”T
[Bonvin etal. 2014] L BN

— inflation remains most likely origin




Implications of BICEP2

DISCLAIMER:

In the following, | will assume this signal is real
and that it is caused by primordial tensor
perturbations from inflation




Status of inflation after BICEPZ2

single-field canonical slow-roll inflation

Adiabatic initial conditions Spatial flatness

v

Nearly Gaussian Almost (but not exactly) Q,~10°

initial fluctuations scale-invariant curvature
f, <1 + perturbations
Background of

%ravitational waves «
(tensor perturbations)




Implications of BICEPZ2 results
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[BICEP2 2014]
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Tensor—to—scalar ratio r

Energy scale of inflation:

1/4
V4 99,1016 (02)/ GeV

inf

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



Tensor-to-Scalar Ratio (rg.002)
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Tension with Planck temperature data®

Perhaps not much of a problem at all?

“ ™ [Audren, Figueroa, Tram 2014]



Tension with Planck temperature data®
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Even in ACDM with r=0, there is a lack of power
at the largest scales

Adding a tensor contribution would exacerbate
the problem
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Possible solutions:

e Suppress primordial scalar
power at large scales

 Blue tensor spectral index?!

e Suppress late integrated
Sachs-Wolfe effect (DE)

: _;200  Anticorrelated isocurvature

1100 perturbations
10 [Kawasaki et al. 2014]

1 -100

| 00® Anticorrelated tensor per-
=o  turbations

[Contaldi, Peloso, Sorbo 2014]
- Extra radiation (AN .= 1, e.g.,

sterile neutrinos, ALPS,...)
[Zhang et al., Dvorkin et al. 2014]



Impact on dark matter density

Planck + WP + highL

Parameter Best fit 05% limits
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[Lewis 2013, 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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