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”Breaking news” three months ago:
discovery of a specific form of polar-
ization of the Cosmic Microwave Back-
ground Radiation, which may be an
imprint of very long gravitational waves
and a proof of cosmological inflation.
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”BICEP2: DETECTION OF B-mode
POLARIZATION AT DEGREE AN-
GULAR SCALES”
Revised June, 23: astro-ph 1403.3985,
BICEP=Background Imaging of Cos-
mic Extragalactic Polarization.
Indirectly criticized by Planck now.
”Accounting for the contribution of
foreground dust will shift this value
downward by an amount which will
be better constrained with upcoming
data sets.” - revised abstract.

3



Cosmic Microwave Background (Ra-
diation) or CMB(R) = e.m. radia-
tion with λ ∼ 0.1 cm, with the Planck
(Bose-Einstein) spectrum:

fγ =
1

eω/T − 1

Chemical potential µ/T < 10−4; the
same for y-distortion.
Temperature T = 2.725± 0.002K all
over the sky with angular tempera-
ture fluctuations δT/T below 10−4,
but nonzero!
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Combined data of the temperature
fluctuations before Planck. Cl is the
amlitude of the l-th multipole in the
angular power spectrum.
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Spectrum of the angular fluctuations
of CMB by Planck. Green area is the
cosmic variance l is the number of the
Legendre polynomial, δθ ∼ π/l.
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Angular inhomogeneities of the CMB
temperature present a snapshot of the
universe after hydrogen recombination,
when the universe was about 300,000
years old at redshift zrec = 1100.
The spectrum depends upon the cos-
mological parameters. An analysis of
δT is one of the most precise ”tools” to
measure: H, Ωtot, ΩDM , ΩDE,ΩB, n...
and even to detect primordial GWs.
δT/T presents a proof for inflation,
even without GWs: Ω = 1 and n ≈ 1.
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Inflation: is probably the greatest achieve-
ment in cosmology at the last quarter
of the XX century. It explains:
1. The origin of the cosmological ex-
pansion (primordial antigravity).
2. Isotropy: in the Friedmann cos-
mology two points separated by more
than 1o never knew about each other.
3. Homogeneity at large scales.
4. Predicted flatness with 10−4 pre-
cision; observed a few×10−2 .
5. Density perturbations with almost
flat, HZ-spectrum.
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More about inflation: exponential uni-
verse expansion before big bang:

a(t) ∼ eHIt, HI ≈ const.
Needed HI∆t > 70. It can be in-
duced by nearly constant scalar field,
φ= inflaton, which has P = −ρ.

ä/a ∼ −(ρ+ 3P ) > 0,

antigravity in the early universe (and
today due to DE). End of inflation -
particle production by φ = big bang.
Explosion of dark emptiness (”let there
be light”).
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Inflation creates primordial density per-
turbations and predicts their spectrum
in good agreement with the data, al-
most Harrison-Zel’dovich flat spectrum.
Spectrum is parametrized as a power
low one:

h2
k ∼ k

−3+(n−1),

hk is the Fourier transform of the cor-
relator of the scalar metric perturba-
tion G(x− y) = 〈h(x)h(y)〉.
HZ spectrum if n = 1 and h2

k ∼ 1/k3,
dimensionless correlator.
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Density perturbations:

(δρ/ρ)2
k ∼ k

4h2
k ∼ k

n.

Inflation predicted n slightly smaller
than unity. Observed: n = 0.96. The
result is model dependent, well fitsR2

inflation (Starobinsky).
Is inflation already ”experimental” fact?
I think YES, but some think that the
final proof would be an observation
of very long GWs produced at infla-
tionary stage. However, the inten-
sity of these GWs depends upon the
mechanism of inflation and cosmolog-
ical models and may be low.
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Observations of GWs would prove in-
flation without any doubts, however
their absence would not disprove in-
flation.
If existence of inflation is established:
baryons are non-conserved (AD);
multi-universes with very different
physics must exist (Linde, immedi-
ately after release of BICIP2 data ).
Could it be tested?
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GWs were predicted by Einstein, but
he himself had long alternating doubts
about their existence
Metric perturbations can propagate
with the speed of light and carry en-
ergy. Wave equation:

(∂2
t −∆)ψij = 16πGNT

i
j .

The source, T ij , is the quadrupole com-

ponent of energy-momentum tensor

of matter; ψij = h
j
i − δ

j
ih/2. In con-

temporary universe GWs can be pro-
duced in catastrophic stellar processes,
by compact star binaries, and more...
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Cosmological gravitational waves:
Parker theorem forbids production of
massless particles in Friedmann cos-
mology due to conformal invariance.
It was found by Grischuk (1975) that
gravitons are not conformally invari-
ant and time dependent cosmological
field could produce GWs.
Starobinsky (1979) calculated GW pro-
duction in De Sitter (inflationary) met-
ric; also Rubakov, Sazhin, Veryaskin.
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GWs are not yet observed anywhere
but indirect evidence to GW emission
is very strong.
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Figure 1: Decrease of a double pulsar orbital period.
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log [h2
0ΩGW (f)] vs. log (f [Hz]) for dif-

ferent models of production of stochas-
tic background of GWs as given by
Abbot et al (LIGO and VIRGO Coll.)
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LIGO - Laser Interferometer Gravita-
tional Wave Observatory
LISA - Laser Interferometer Space An-
tenna (project). May be sensitive to
inflationary GWs; resolution of 20 pi-
cometers over 5 million kilometers,
strain sensitivity better than 1 part
in 1020.
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An estimate of intensity of inflation-
ary GWs. At the end of inflation:

Ω
(infl)
GW ∼

H2
I

m2
Pl

≈
m2
φφ

2

m4
Pl

∼
m2
φ

m2
Pl

.

For mφ/mPl ∼ 10−5

Ω
(infl)
GW ∼ 10−10. [mPl = 1019 GeV.]

After transition to MD-stage ΩGW drops
by 4 orders of magnitude down to 10−14,
for wave length shorter than horizon
at the equlibrium epoch.
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Impact of GWs on CMB polarization.

Unpolarized photons scattered on elec-
trons become polarized.
Two types of polarization: scalar (E-
mode) and pseudoscalar (B-mode).
Without GWs only E-mode is induced.
GWs, as well as intergalactic magnetic
fields, CMB lensing, scalar perturba-
tions in the second order, and rotat-
ing dust can induce B-mode.

20



Description of photon polarization.
Polarization density matrix:

ρij = 〈EiE∗j 〉

ρij is 2nd rank tensor in 2D (x, y)-
space if photon propagates along z.

INVARIANTS of ρ:
1. Trace = intensity of radiation:

T = δijρij = |Ex|2 + |Ey|2.
2. Helicity: V = εijρij.
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Kinematics of polarization.

Stokes parameters:

ρij = T (I/2 + ξkσk) ,

I =unit matrix,
σk=Pauli matrices, k = 1,2,3.
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For harmonic photons:

Ex,y = E0 ex,y exp [−iωt+ iβx,y],

where |ex|2+ |ey|2 = 1 and the Stokes
parameters are:

ξ2 = exe
∗
y sin (βx− βy).

ξ2 is invariant and describes circular
polarization (helicity): λ = sk/ω.
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ξ1 and ξ3 describe linear polarization:

ξ3 = (|ex|2− |ey|2)/2,

ξ1 = exe
∗
y cos (βx− βy).

They transform under coordinate ro-
tation in (x, y)-plane by angle φ as:

ξ′1 = ξ1 cos 2φ− ξ3 sin 2φ;

ξ′3 = ξ1 sin 2φ+ ξ3 cos 2φ.

Eigen-functions of rotation:

ξ3± iξ1→ exp [± 2iφ](ξ3± iξ1).

One can eliminate e.g. ξ1 by rotation.
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γ polarization by Thomson scatter-
ing, because interaction strength de-
pends upon polarization.

Unpolarized photons on non-relativistic
electrons produce polarized photons
through γ + e→ γ′+ e′. It is the stan-
dard mechanism of polarization, ob-
served in agreement with the theory.
The reaction amplitude is A = e′iAi
and so ρij ∼ AiA∗j . If z is in γ′ direc-

tion, x is in the reaction plane, and θ
is the scattering angle:

ξ3 = sin2 θ
ω/ω′+ω′/ω−sin2 θ

≈ sin2 θ
1+cos2 θ
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The Thomson cross-section:

dσ

dΩ
=

3

16π

8πα2

3m2
e

(1 + cos2θ)

is angle dependent.
The only non-vanishing scalar combi-
nation in the amplitude: ~e′~k ∼ sin θ.
Hence, ξ3 ∼ sin2θ. By the choice of
the coordinate direction: ξ1 = 0.
Due to PARITY CONSERVATION:

ξ2 = 0.
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Polarization of CMBR.
Evidently the polarization vanishes in
homogeneous and isotropic world.
Assume ξ2 = 0 due to parity con-
servation. So the polarization is de-
scribed by two functions, Q and U :

ρ̄ =

[
Q U
U −Q

]
Total polarization due to Thomson scat-
tering should be obtained by integra-
tion over angles with rotation around
z to common coordinate system:

Q− iU = σT
σN

∫
dω sin2 θ exp[2iφ]T ′ (θ, φ)

where σN is a normalization area.
The polarization is proportional to the
quadrupole moment of radiation.
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General properties of polarization.
Two more (differential) invariants:
1. Scalar: S = ∂i∂jρij; (E-mode).
2. PS: P = εik∂i∂jρjk; (B-mode).
For purely scalar density perturbations:

ρij =
(
2∂i∂j − δij∂2

)
Ψ,

correspondingly P=0.
Non-zero P is an indication for some-
thing new beyond scalar perturbations
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Apart from scalars there could be:
1. Vector perturbations, e.g. (inter-
galactic) magnetic fields,

ρij = ∂iVj − ∂jVi, P = εij∂
2∂iVj

(scattering in magnetized medium).
2. Tensor perturbations, e.g. GWs,

ρij ∼ ∂ih3j − ∂jh3i.

3. Second order scalar perturbations,

ρij ∼ ∂iΨ1∂jΨ2− ∂iΨ2 ∂jΨ1

(e.g. Ψ2 = ∂tΨ1).
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Usually the “direction” of polariza-
tion is characterized by the “vector”

v = (Q,U).

NB: v is not a vector but a mixture of
2nd rank tensor components. Polar-
ization map changes under rotation.
Singular points of v: usual saddles,
foci, knots.
Different singular points transform into
each other under rotation!
Direction of E-”vector” and the gra-
dient of B-”vector” differs by 45o.
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Real vectors indicating direction of po-
larization field are eigenvectors of ρij,
invariant description with respect to
the choice of coordinates. Non-analytic
at zero polarization points - new types
of singularities
(AD, Doroshkevich, 2-Novikovs, 1997).
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Flux lines for three different types
of singular points: saddle, beak, and
comet. Dashed lines show peculiar so-
lutions (separatrix).
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The map in terms of ”vector” [Q,U ]
depends upon the coordinate choice.
Next page: transformation of the flux
lines of ”vector” ~V due to rotation
of coordinates near the saddle type
singularity of an eigenvector. The set
of maps from left to right and from
the top to the bottom corresponds to
rotations with respect to the first one
by the angles:
φ = 5◦,10◦,15◦,20◦,22.5◦,25.6◦,30◦,
34◦,49◦,57◦, and 70◦.
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BICEP2 is specifically designed to search
for the signal of inflationary gravita-
tional waves in the B-mode power spec-
trum with frequency 150 GHz about
l ∼ (80± 50), corresponding to wave-
length in hundred Megaparsec scale.
In this range the inflationary gravi-
tational wave B-mode is predicted to
peak. It allows to suppress the fore-
ground from gravitational lensing, which
creates B-mode out of E-mode.
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Foregound: Gravitational lensing of
the CMBs light by large scale struc-
tures converts a small portion of E-
mode power into B-modes. The lens-
ing B-mode spectrum is similar to a
smoothed version of the E-mode spec-
trum but a factor∼ 100 lower in power,
and peaks around l = 1000.
Other foregrounds: large scale mag-
netic fields, second order scalars, dust,...
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The telescope comprised a 26 cm aper-
ture all-cold refracting optical system
equipped with a focal plane of 512
antenna coupled transition edge sen-
sor (TES) 150 GHz bolometers BI-
CEP2 observed from the South Pole
for three seasons from 2010 to 2012.
A low-foreground region of sky with
an effective area of 380 square degrees
was observed to depth of 87 nK-degrees
in Stokes parameters Q and U.
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An excess of B-mode power over the
ΛCDM expectation in the range
30 < l < 150, inconsistent with the null
hypothesis at σ > 5 is found.
Through jackknife - random samples
of observational data tests and simu-
lations based on detailed calibration
measurements it is shown that sys-
tematic contamination is much smaller
than the observed excess.
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Best fit: ΛCDM + tensor theoretical
model with tensor/scalar ratio

r = 0.20+0.07
−0.05.

r = 0 is disfavored at 7.0σ.
Subtracting the best available estimate
for foreground dust modifies the like-
lihood slightly so that r = 0 is dis-
favored at 5.9σ. Planck estimate of
dust is much higher.
Some tension between BICEP2 and
Planck, whose data can be interpreted
as r < 0.11.
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B-modes and inflation 

Credit: J Stolan, 2012 
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BICEP2: E signal
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BICEP2: B signal
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Left: BICEP2 apodized E-mode and
B-mode maps filtered to 50 < l <
120 Right: The equivalent maps for
the first of the lensed-ΛCDM+noise
simulations. The color scale displays
the E-mode scalar and B-mode pseu-
doscalar patterns while the lines dis-
play the equivalent magnitude and ori-
entation of linear polarization.
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B-modes and inflation 
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Comparison to Planck according to
BICEP:

r = 0.2+0.07
−0.05

Foreground subtraction using 353 Ghz
Planck data

r = 0.16+0.06
−0.05
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Parameters of slow roll inflation:

ε =
m2
Pl

2
(V ′/V )2, η = m2

Pl(V
′′/V ).

nS − 1 = 2η− 6ε, nT = −2ε.

r = PT/Ps = 16ε.
Spectrum GWs: PT ∼ knT .
Consistency r = −8nT .
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WP = WMAP Polarization data, low l.
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CONCLUSION.
Intriguing and may be even right. But
analysis of other foregrounds is in or-
der and independent confirmations are
necessary.
Measurement at different frequency
band (Planck critics).
Description of the polarization field in
invariant eigenvectors of the polariza-
tion matrix can be helpful.
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THE END

51



apodize - to remove or smooth a sharp
discontinuity in a mathematical func-
tion;
an example of apodization is the use
of the Hann window in the Fast Fourier
transform analyzer to smooth the dis-
continuities at the beginning and end
of the sampled time record.

strain - the magnitude of a deforma-
tion, equal to the change in the di-
mension of a deformed object divided
by its original dimension.
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The top row shows the E-mode (which look the same when reflected in a

mirror and can be produced by either scalar or tensor modes) and the

bottom shows the B-mode (which have a definite handedness that

changes when mirror-reflected and which can’t be generated by scalar

modes because they can’t have odd parity).

The B-mode is therefore (at least in principle)  a clean diagnostic of the

presence of gravitational waves in the early Universe. Unfortunately,

however, the B-mode is predicted to be very small, about 100 times

smaller than the E-mode, and foreground contamination is likely to be a

very serious issue for any experiment trying to detect it. To be convinced

that what is being measured is cosmological rather than some sort of

contaminant one would have to see the signal repeated across a range of

different wavelengths.

Moreover, primordial gravitational waves are not the only way that a

cosmological B-mode signal could be generated. Less than a year ago, a

paper appeared on the arXiv by Hanson et al. from SPTpol, an experiment

which aims to measure the polarization of the cosmic microwave

background using the South Pole Telescope. The principal result of this

paper was to demonstrate a convincing detection of the so-called “B-

mode” of polarization from gravitational lensing of the microwave

background photons as they pass through the gravitational field

generated by the matter distributed through the Universe. Gravitational

lensing can produce the same kind of shearing effect that gravitational

waves generate, so it’s important to separate this “line-of-sight” effect

from truly primordial signals.

So we wait with bated breath to see exactly what is announced on
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p.13: expression for spectral indices
and r through the inflaton parameters
(for slow roll)

p. 15 -graph of search for relic GWs
p.20 example of E and B polariza-

tion map; Dorr: ”vectos (grad?) E
and grad B are at 45 or 90 degrees

21 and 22 - a picture of creation of
polarization form scalars and tensors

p. 29 BICEP result
p. 30: comparison to Planck;
p.31: future role of Planck
p.33 fig BICEP2 data and other group
p. 40: energy scale of inflation about

1016 GeV
p.41, 42: excluded models; m2φ2 is

OK
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