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Introduction

A few words on the conventions and notations

4+ We shall work in units such that ¢ = 7 = 1, and define the Planck mass
to be M, = (87 G)~ /2.

4+ As is often done, particularly in the context of inflation, we shall assume
the background universe to be described by the spatially flat, Friedmann
line-element.

4+ We shall denote differentiation with respect to the cosmic and the confor-
mal times ¢ and » by an overdot and an overprime, respectively.

4 Moreover, N shall denote the number of e-folds.

4 Further, as usual, « and H = a/a shall denote the scale factor and the
Hubble parameter associated with the Friedmann universe.

4+ Lastly, note that M, ~ 2.4 x 10'® GeV.
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Anisotropies in the CMB, polarization, and the angular power spectra

Decoupling of matter and radiation’

Radiation ceases to interact with matter at a temperature of about
T ~ 3000° K, which corresponds to a red-shift of about z ~ 1000.

1 Image from W. H. Kinney, arXiv:astro-ph/0301448v2.
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Anisotropies in the CMB, polarization, and the angular power spectra

CMB anisotropies as seen by WMAP and Planck

Left: All-sky map of the anisotropies in the CMB created from nine years of Wilkinson
Microwave Anisotropy Probe (WMAP) data®.

Right: The CMB anisotropies as observed by the more recent Planck mission®. The
above images show temperature variations (as color differences) of the order of
200° uK. The angular resolution of WMAP was about 1°, while that of Planck was a
few arc minutes. These temperature fluctuations correspond to regions of slightly
different densities, and they represent the seeds of all the structure around us today.

2Image from http://wmap.gsfc.nasa.gov/media/121238/index.html.
Image from http://www.esa.int/Our_Activities/Space_Science/Planck/Planck_reveals_an_almost_perfect_Universe.
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Anisotropies in the CMB, polarization, and the angular power spectra

Polarization of the CMB*

The radiation in the CMB is expected to be polarized because of Compton
scattering (actually, Thomson scattering) at the time of decoupling.

Moreover, Compton scattering produces polarization only when the incident
field has a quadrupole moment. But, the tight coupling between the electrons
and the photons before decoupling leads to only a small quadrupole. This, in
turn, implies that the signal in the polarization is expected to be much smaller
than the anisotropies themselves.

It should be noted that Compton scattering leads to linear polarization.

Apart from Compton scattering at the epoch of decoupling, the CMB photons
are also polarized by weak gravitational lensing due to the intervening
clustered matter, as they propagate towards us.

4See, for instance, S. Dodelson, Modern Cosmology (Academic Press, San Diego, 2003), Sec. 10.4.
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Anisotropies in the CMB, polarization, and the angular power spectra

Polarization and the Stokes’ parameters®

Recall that, a propagating, plane and monochromatic electromagnetic wave
will, in general, be elliptically polarized.

Such a polarized wave is often described in terms of the so-called Stokes’
parameters Q, U and V, with the intensity, say, 7, of the radiation being given
by I* = Q>+ U* + V2.

In general, the radiation will be elliptically polarized, with V' characterizing the
circularity parameter that measures the ratio of the principal axes of the
ellipse. The wave is said to have left-or-right handed polarization, if V' is
positive or negative, with a vanishing 1 corresponding to linear polarization.

The parameters () or U determine the orientation of the ellipse.

5See, for instance, G. B. Rybicki and A. P. Lightman, Radiative Processes in Astrophysics
(Wiley-Interscience, New York, 1979), Sec. 2.4.
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Anisotropies in the CMB, polarization, and the angular power spectra

The andthe modes of polarization®

In the case of linear polarization, we require only the parameters Q and U to
characterize the electromagnetic wave.

These two parameters can be thought of as the components of a symmetric
and trace-free, second rank tensor, and expressed in terms of two new
quantities, say, E and B, as follows:

1

Essentially, the two-dimensional vector describing the linearly polarized
electromagnetic wave has been decomposed, using the conventional
Helmholtz theorem, into a part involving the gradient of a scalar (viz. E') and
a divergence free part, involving the curl (viz. B)

Evidently, while £ is a scalar, B is a pseudo-scalar.

8See, for instance, A. Challinor, arXiv:1210.6008 [astro-ph.CO].
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Anisotropies in the CMB, polarization, and the angular power spectra

lllustration of the andthe modes’

An illustration of the £ (on the left) and B (on the right) types of polarization.

7Images from, R. Durrer, The Cosmic Microwave Background (Cambridge University Press,
Cambridge, England, 2008), p. 196.
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Anisotropies in the CMB, polarization, and the angular power spectra

The definition of the CMB angular power spectrum?®

The deviation from the mean value of the CMB temperature in a given
direction of the sky, say n, can be expanded in terms of the spherical
harmonics as follows:

N oo m=~
AL S 3w i ().

(=2 m=—/4

The correlation function of the deviations is defined as
C(0) = (AT (7)) AT (7)) /T?),
where cos§ = n; - ny and the average is taken across all the pairs of points
in the sky.
As there is no preferred direction, we have (a;,, @) = Cr 0per S SO that

oo

Cc(9) = iﬂ > (2£41) Cy Py (cosb),

=2

where P, (cos 0) are the Legendre polynomials and C, are the observed
quantities known as the multipole moments.

8See, for example, S. Weinberg, Cosmology (Oxford University Press, Oxford, England, 2008), Sec. 2.6.
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Perturbations in the early universe and imprints on the CMB

The character of the perturbations

In a Friedmann universe, the perturbations in the metric and the matter can
be classified according to their behavior with respect to local rotations of the
spatial coordinates on hypersurfaces of constant time as follows®:

4 Scalar perturbations — Density and pressure perturbations

4+ Vector perturbations — Rotational velocity fields

4+ Tensor perturbations — Gravitational waves
The metric perturbations are related to the matter perturbations through the
first order Einstein’s equations.

The scalar perturbations leave the largest imprints on the CMB, and are
primarily responsible for the inhomogeneities in the distribution of matter in
the universe.

In the absence of sources, vector perturbations decay rapidly in an
expanding universe.

Whereas, the tensor perturbations, i.e. the gravitational waves, can be
generated even in the absence of sources.

9See, for instance, L. Sriramkumar, Curr. Sci. 97, 868 (2009).
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Perturbations in the early universe and imprints on the CMB

The primordial perturbation spectra'®

When comparing with the observations, for simplicity, one often uses the
following power law, template scalar and tensor spectra:

k nsfl k nog
P. (k) = A, T and P.(k) = A, T ,

where A, and A.. denote the scalar and tensor amplitudes, k. represents
the so-called pivot scale at which the amplitudes are quoted, while the
spectral indices n, and n., are assumed to be constant.

The tensor-to-scalar ratio r is defined as

and, often, the dependence of » on the wavenumber of & is assumed to be
very weak.

10g¢e, for instance, L. Sriramkumar, Curr. Sci. 97, 868 (2009).
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Perturbations in the early universe and imprints on the CMB

Theoretical angular power spectra’’
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The different theoretically computed, CMB angular power and cross-correlation
spectra — temperature (7, in black), F (in green), B (in blue), and T-F (in red) —
arising due to scalars (on the left) and tensors (on the right) corresponding to a
tensor-to-scalar ratio of » = 0.24. The B-mode spectrum induced by weak
gravitational lensing has also been shown (in blue) in the panel on the left.

" Figure from, A. Challinor, arXiv:1210.6008 [astro-ph.CO.
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Perturbations in the early universe and imprints on the CMB

angular power spectrum from the Planck data'?
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The CMB TT angular power spectrum from the Planck data (the red dots with

error bars) and the best fit ACDM model with a power law primordial

spectrum (the solid green curve).

12p A R. Ade et al., arXiv:1303.5075 [astro-ph.CO].
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Perturbations in the early universe and imprints on the CMB

The observed polarization angular power spectra'®
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and cross-correlation spectra by different CMB missions, prior to BICEP2.

13Figure from, A. Challinor, arXiv:1210.6008 [astro-ph.CO.
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The results from BICEP2

The BICEP2 instrument at the south pole

The BICEP2'* instrument that had operated at the south pole from Januar
2010 through December 2012.

14Image from http://www.cfa.harvard.edu/CMB/bicep2/.
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The observing fields of BICEP21®

BICEP2 observes the CMB at the frequency of 150 GHz mostly in a field of
about 1000 deg” (i.e. about 2.4% of the sky) in the so-called ‘southern hole’.
The southern hole lies away from the galactic plane, where polarized
foregrounds (as shown above) are expected to be especially low.

15p A R. Ade et al., arXiv:1403.4302 [astro-ph.CO].
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The results from BICEP2

The detection of the -mode polarization by BICEP2
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The detection of the angular power spectrum of the B-mode polarization of

the CMB by BICEP2 as well as the limits that have been arrived at by the
earlier efforts'®. The BICEP2 observations, viz. the black dots with error
bars, seem to be consistent with a tensor-to-scalar ratio of » ~ 0.2.

18p A R. Ade et al., arXiv:1403.3985 [astro-ph.CO].
L. Sriramkumar (IIT Madras, Chennai) BICEP2 results and implications for early universe May 13, 2014 18/42




The results from BICEP2

The constraints on the tensor-to-scalar ratio
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Left: The theoretical CMB B-mode angular power spectrum and the BICEP2 data on
large scales that are not influenced considerably by weak gravitational lensing.
Middle: The constraint on the tensor-to-scalar ratio r arrived at from the BICEP2
data'”. The maximum likelihood value and the +1 o interval is » = 0.2070-07, as
indicated by the vertical lines. A vanishing r is ruled out at 7-o.

Right: Histograms of the maximum likelihood values of » derived from
lensed-ACDM+noise simulations with » = 0 (in blue) and adding » = 0.2 (in red). Th
maximum likelihood value of r for the real data is shown by the vertical line.

17p, A. R. Ade et al., arXiv:1403.3985 [astro-ph.CO].
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The energy scale of inflation

The inflationary perturbation spectra

The curvature and the tensor perturbations, say, R, and U, satisfy the
differential equations

RI4+2(Z/)2) R+ k>R, =0 and U/ +2HU, +k> U, =0,
k k k k

where z = a ¢’ /H, with ¢ denoting the background, canonical, inflaton, and
H = da’ /a is the conformal Hubble parameter'®.

The inflationary scalar and tensor power spectra, viz. P, (k) and P, (k), are
defined as

k3 9 k3 9
Pe(k) = 92 Ri|” and P.(k) = 4@ U |7,

with the amplitudes R, and U4}, evaluated, in general, in the super-Hubble
limit.
As we have already seen, the tensor-to-scalar ratio r is given by

_ Pe(k)

18gg¢, for instance, B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006).
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The energy scale of inflation

Behavior of modes during inflation

H = (d/a) = (a'/a®)
)
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A schematic diagram illustrating the behavior of the physical wavelength
A, o a (the green lines) and the Hubble radius d;; = H~! (the blue line)
during inflation and the radiation dominated epochs’®.

19See, for example, E. W. Kolb and M. S. Turner, The Early Universe (Addison-Wesley Publishing
Company, New York, 1990), Fig. 8.4.
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The energy scale of inflation

The spectral indices and their running

The scalar spectral index and its running are defined as®®

dlnP dn
=1 s d S,
s =4 mE Y % = qme

Whereas, the tensor spectral index and its running are given by

dInP,
n. =

_ dn,
T m and o, =

T dnk’

205ee B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006).
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The energy scale of inflation

The slow roll approximation

Given a potential V(¢), the slow roll approximation requires that the following
potential slow roll parameters be small when compared to unity?':

M2 V2 v, Vy V.,
Eyv ZTH <V¢> y Ty :Mlz’l ({Q/S'(ﬁ) and 52 :Mil < ¢V§¢¢> 5

where V, = dV/de, Vi, = d?V/d¢? and Ve, = d*V/dé®. Note that the
smallness of the parameters ¢,, and 1, is a sufficient condition for inflation to
occur, and inflation ends when ¢, ~ 1.

Nowadays, it is more common to use the following hierarchy of Hubble flow
functions??:
dln e

dN

6G=—— and ¢4 =

72 for 1> 1.

213ee, for instance, A. R. Liddle, P. Parsons and J. D. Barrow, Phys. Rev. D 50, 7222 (1994).
22p 4. Schwarz, C. A. Terrero-Escalante, A. A. Garcia, Phys. Lett. B 517, 243 (2001);

S. M. Leach, A. R. Liddle, J. Martin and D. J. Schwarz, Phys. Rev. D 66, 023515 (2002).
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The energy scale of inflation

The slow roll scalar amplitude, index and running??

At the leading order in the slow roll approximation, the spectral amplitude of
the curvature perturbation can be expressed in terms of the potential V' (¢)

as follows:
1 \%&:
Pok)~ ——rn | — ,
s 1272 Mgl (Vf)k_GH

with the subscript on the right hand side indicating that the quantity has to be
evaluated when the modes leave the Hubble radius.

At the same order of the approximation, the scalar spectral index is given by
dl
nszl—|—< HPS) =1—-2¢ — €9,
k=a H

while the running of the scalar spectral index can be evaluated to be

dng
= = — (2 .
%s (dlnk)kaH Zeaetec)

233ge, for instance, B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006).
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The energy scale of inflation

The tensor amplitude, spectral index and running

At the leading order in the slow roll approximation, the tensor amplitude is

given by
2 \%4
Po(k) =~ 5o (M;)MH ,

while the spectral index and the running can be estimated to be®*

dInP, dn
= = -2 = T = -2 .
i ( dink )kaH @ (dlnk)kaH ne

The tensor-to-scalar ratio is then given by

with the last equality often referred to as the consistency relation?®.

2435ge, B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006).
25).E. Lidsey, A. R. Liddle, E. W. Kolb and E. J. Copeland, Rev. Mod. Phys. 69, 373 (1997).
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The energy scale of inflation

Amazing prescience!

VOLUME 78, NUMBER 10 PHYSICAL REVIEW LETTERS 10 MagrcH 1997

What Would We Learn by Detecting a Gravitational Wave Signal
in the Cosmic Microwave Background Anisotropy?

David H. Lyth

School of Physics and Chemistry, Lancaster University, Lancaster LAT 4YB, United Kingdom
(Received 20 June 1996)

Inflation generates gravitational waves, which may be observable in the low multipoles of the cosmic
microwave background anisotropy but only if the inflaton field variation is at least of order the Planck
scale. Such a large variation would imply that the model of inflation cannot be part of an ordinary
extension of the standard model, and combined with the detection of the waves it would also suggest
that the inflaton field cannot be one of the superstring moduli. Another implication of observable
gravitational waves would be a potential V' = 2 10 4 X 10" GeV , which is orders of magnitude
bigger than the prediction of most models.  [S0031-9007(97)02506-4]

PACS numbers: 98.80.Cq, 04.30.Db, 98.70.Vc

A paper by David Lyth from 1997 with a title that seems amazingly apt in the
light of BICEP2 observations.
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The scale of inflation

During slow roll, if we ignore the weak scale dependence, we can write
2V 1

T 3mIME AL
where, recall that, A, denotes the amplitude of the scalar perturbations.
The amplitude of the primordial scalar perturbations is usually quoted at the
pivot scales of either 0.05 or 0.02 Mpc~!, which correspond to multipoles that
lie in the Sachs-Wolfe plateau. This value for the scalar amplitude is often
referred to as COBE normalization?®.
According to COBE normalization, A, ~ 2.14 x 10~?, which implies that we
can write
V4~ 3.2 x 10" 7174 GeV ~ 2.1 x 10'6 GeV,

with the final value being for the case wherein r ~ 0.2.
Note that, if H, represents the Hubble scale during the inflationary epoch, as
H? ~V/(3M2 ) during slow roll, the above relation also leads to

B 46105

MPI

26E. F. Bunn, A. R. Liddle and M. J. White, Phys. Rev. D 54, R5917 (1996).
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The Lyth bound

Gravitational waves are expected to decay once they enter the Hubble radius
during the radiation or the matter dominated epochs.

As a result, the contributions of the primordial gravitational waves to the
B-mode of the CMB polarization angular power spectrum drops sharply after
multipoles of ¢ ~ 100, roughly around the same multipoles where the 7T
angular power spectrum exhibits its first peak.

The CMB quadrupole, i.e. ¢ = 2, corresponds to the largest cosmological
scale of interest, viz. the Hubble radius H, ' today. Hence, we can relate the
wavenumbers to the multipoles as k ~ H, ¢/2. Therefore, a Al corresponds
to the width Ak ~ Hy Al/2 in terms of wavenumbers.

As a eV, the modes over a domain Ak corresponding to Al ~ 100 will leave
the Hubble radius during inflation over the time period AN ~ log 10 ~ 3.9.

During slow roll, we have H* = V/(3 M? ) and 3 H ¢ ~ V,,, so that®’
A~ (r/8)2 AN M,, ~ 0.6 M,,,,

with the final value corresponding to » ~ 0.2.

27D, H. Lyth, Phys. Rev. Letts. 78, 1861 (1997).
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Constraints on inflationary dynamics

Classification of inflation models in the

hybrid

small
field

s by oy by oy by
B8 08 09 0.95

1 105 11

The potential V' (¢) x ¢ separates the small field (n,, < 0) and large field
models (0 < n, < 2¢,), while the exponential potential

V(p) ox exp —[v/2/a (¢/M,,)] divides the large field models from the hybrid
ones (n, > 2¢,).

28Figure from W. H. Kinney, A. Melchiorri and A. Riotto, Phys. Rev. D 63, 023505 (2001).
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Constraints on inflationary dynamics

Constraints from Planck?®
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The corresponding constraints from the Planck data for various models.
29p A. R. Ade et al., arXiv:1303.5082 [astro-ph.CO].
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Constraints on inflationary dynamics

Constraints from the BICEP2 data®°

Planck+WP+highL

04 | 1
Planck-+WP+highL+BICEP2

10.002

0.94 0.96 0.98 1.00
ng

Joint constraints from the BICEP2 observations, the Planck data, the
polarization data from WMAP as well as data for the high multipoles from
SPT and ACT, on the inflationary parameters n, and r.

30p A. R. Ade et al., arXiv:1403.3985 [astro-ph.CO].
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Constraints on inflationary dynamics

Is there tension between Planck and BICEP2 data?

Planck

0 005 0.1 015 02 025 03 035
rﬂ.OS S

Left: The one-dimensional marginalized likelihood corresponding to the
Planck data (in black), and when the BICEP2 data is included (in red).
Right: Joint constraints in the n.-r plane3!.

81H. Li, J-Q. Xia and X. Zhang, arXiv:1404.0238 [astro-ph.CO].
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Constraints on inflationary dynamics

Alleviating the tension with running

T T T

Planck+WP+highL

04 :
Planck-+WP+highL+BICEP2

10.002

|

0.94 0.96 0.98 1.00

The ‘tension’ is alleviated when the scalar spectral index is allowed to run®2.

32p A. R. Ade et al., arXiv:1403.3985 [astro-ph.CO].
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Constraints on inflationary dynamics

Do the inflationary spectra contain features?

5
Inflation model for p=2, ¢=3 1e-08 | ) Power law PPS
Inflation model for p=2, g=4 lnﬂm!on model forp=2,¢=3
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It seems, when the BICEP2 data is combined with the Planck data, the
power law primordial spectrum is ruled out at 3-033. A class of potentials
(illustrated on the left), which lead to a drop in scalar power at large scales
(as shown on the right), while at the same time result in a tensor-to-scalar
ratio as suggested by BICEP234,

33D, K. Hazra, A. Shafieloo, G. F. Smoot and A. A. Starobinsky, arXiv:1403.7786 [astro-ph.CO].
34D, K. Hazra, A. Shafieloo and G. F. Smoot, arXiv:1404.0360 [astro-ph.CO].
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Constraints on inflationary dynamics

The corresponding CMB angular power spectra
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The CMB temperature (on the left) and the B-mode (on the right) angular
power spectra arising in the ‘whipped inflation” models discussed in the
previous slide®. It should be added that calculations using the Bl-spectrum
and Non-Gaussianity Operator (BINGO) code®® suggests that the f,,
generated in these classes of models is at the acceptable level of 0.1-0.2.

35D, K. Hazra, A. Shafieloo and G. F. Smoot, arXiv:1404.0360 [astro-ph.CO].
36D, K. Hazra, L. Sriramkumar and J. Martin, JCAP 1305, 026 (2013).
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Constraints on inflationary dynamics

Do the results point to non-vacuum initial states?

It is well-known that there exists a degeneracy between inflationary dynamics
and non-vacuum initial states®’, in the sense that they provide alternative
means of producing similar features in the scalar and tensor perturbation
spectra.

One can envisage situations involving squeezed initial states above the
conventional Bunch-Davies vacuum that lead to small deviations from scale
invariance that are required to improve the fit to the Planck data, while at the
same time ensuring that the tensor-to-scalar ratio is sufficiently high (say, by
working with the popular quadratic potential) as suggested by the BICEP2
data®.

37\, Sriramkumar and T. Padmanabhan, Phys. Rev. D 71, 103512 (2005).
38 . Ashoorioon, K. Dimopoulos, M. M. Sheikh-Jabbari and G. Shiu, arXiv:1403.6099 [hep-th].
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Constraints on inflationary dynamics

Higgs inflation: Is it alive or dead?

Higgs inflation still alive

Yute Hamda$ Hikeru Kawail Kin-ya Oda} and Seong Chan Park}

*t Department of Physics, Kyoto University, Kyoto 606-8502, Japon
¥ Department of Physics, Oseka University, Osake 560-0045, Jopan
§ Department of Physics, Sunghyenkwaen University, Swaon 440-746, Korea

March 21, 2014

Abst ract

The oteerved value of the Higgs mass ndicates that the Higgs potential becomes
small and flat 2t the scale around 10%7 GeV. Having this fact in mind, we re-
consider the Higes inflation scenario propesed by Bezrukov and Shaposhnikov, It
furns out that the nen-minimal coupling £ of the Higgs-squared to the Ricci scalar

Ts Higgs Inflation Dead?

Jessica L. Cook,! Lawrence M. Krauss, "> ¢ Andrew 1. Long-T and Subir Sabharwal®
! Deparrtment of Physics andl School of Eeti andl Space Explortion
Aricara State University, Tompe, AZ 838271404
Resetrch School of Adtronomy il Astrophysics, M. Stomlo Obseruatory,
Aactalian Mational, University, Canberms, Australia 2511
(Datedt: March 21, 2014)

We consider the status of Higgs Infiation in B

izatian of the costnic microwave bac kground rati tion by the BICEP? collaboration. Tn order £or the pritrordial
‘B-mxte signal 10 be observabls by BICEP?, the energy seals of imflaion wm st be high, Viue 4 2 10°% GV,
Hiiggs Inflation penerally predicts a smal amplifuc Of tensor perturbations, and therefore it s natural 10 askc
if Eiggs Tnfiation right acanmmodate this new measuremnt. We find the answer is essentialy no, unless one
cansiders either extreme fine mning, o possibly adding new beyond the standard TOdel fields, which remove
some of the mcre W dl enplars of afactor that
has not pre viously been explicitly incorparated, namely the gauge dependence of the effective potential used in
calulamgifstouy obwrtabies, .5, s @l 70 o s gt rovide atdionl wiggle roum, Suck
gange effects are camparable 1o effects

can be smaller than ten. For example, £ = 7 corresponds to the tensor-to-scalar the analysis, and thsrefire taey
xatio r = 0.2, which is consistent with the recent observation by BICEP2. the appatemt between the BI

models, But, ey e
and the predictions of Efi ggs Tnfition.

The Higgs potential V(@) = A (@' @), with A ~ O(1) and ® denoting the Higgs
doublet, is found to be inconsistent with the CMB data, unless it is non-minimally
coupled to gravity®®. The issue that requires to be addressed seems to be range for
the value of the dimensionless, non-minimal coupling parameter ¢ that can be allowed
by the theory*

393ee, P. A. R. Ade et al., arXiv:1303.5082 [astro-ph.CO].
40y, L. Cook, L. M. Krauss, A. J. Long and S. Sabharwal,arXiv:1403.4971 [astro-ph.COJ;
Y. Hamda, H. Kawai, K.-Y. Oda and S. C. Park, arXiv:1403.5043 [hep-ph].
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Other possibilities

How do alternatives to inflation perform?
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power spectra in bouncing models, with a matter dominated contracting
phase, followed by a bounce and an epoch of inflation. Such a scenario
seems to lead to a step-like feature in the scalar and tensor power spectra*'.
The spectra in bouncing-inflation models lead to an improved fit to the Planck
and BICEP2 data than the conventional, nearly scale invariant spectra.

41J.-Q. Xia, Y-F. Cai, H. Li and X. Zhang, arXiv:1403.7623 [astro-ph.CO.
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Other possibilities

Contributions due to topological defects
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|
Left: The contributions to the CMB temperature and B-mode angular power spectra

from inflationary scalar (black solid) and tensor (black dashed) modes with » = 0.2, as

well as cosmic strings (blue dot-dashed) with the string contribution f1o = 0.03.
Right: A contribution from strings (blue dashed) corresponding to f1op = 0.04 upon
adding to the prediction from » = 0.15 plus scalar lensing (solid black) to yield the
total CMB B-mode angular power spectrum (in grey), leads to a marginal
improvement in the fit to the BICEP2 data*.

42 Lizarraga, J. Urrestilla, D. Daverio, M. Hindmarsh, M. Kunz and A. R. Liddle, Phys. Rev. Lett. 112,

171301 (2014).
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Other possibilities

Contributions from primordial magnetic fields
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Left: The contributions to the CMB temperature angular power spectrum from
inflation (in red) and from three different types of magnetic modes (in green, blue and
magenta). The data points are from Planck®.
Right: The corresponding CMB B-mode angular power spectrum arising as a result
of the contributions due to weak lensing and the inflationary tensor mode with
r = 0.2, and the contributions due to the magnetic modes. Note that the data points
are from BICEP2 (circles) and POLARBEAR (squares).

430, Bonvin, R. Durrer and R. Maartens, arXiv:1403.6768 [astro-ph.CQO].
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Summary
Summary

@ BICEP2 has detected the B-mode polarization of the CMB angular power
spectrum at large angular scales corresponding to the multipoles of 30 <
¢ < 150.

@ These multipoles correspond to cosmological scales and, hence, the ob-
servations are signatures of primordial gravitational waves.

@ The observations of BICEP2 correspond to a rather high tensor-to-scalar
ratio of » ~ 0.2. Importantly, the BICEP2 team concludes that a vanishing
tensor-to-scalar ratio is ruled out at 7-0.

@ If inflation is indeed the mechanism that had generated these primordial
gravitational waves, it implies that inflation had occurred at an energy
scale of V1/* ~ 2.1 x 10'6 GeV. Also, the inflaton would have rolled over
A¢ ~ 0.6 M, in order to generate the observed amplitude of the tensor
modes.

@ However, there seems to exist some tension between the BICEP2 obser-
vations and the Planck data, which may require to be resolved (say, by
BICEP3), before the last word can possibly be said.
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