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Friedman world models with A=0
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Event time t  redshift z temperature T’
Inflation 10734 5 (?) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 10%° 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling 1s 6 x 10° 1 MeV
Electron-positron annihilation 6s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV
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Figure 1.6.5: CMB temperature power spectrum. It is noticeable the effect of cosmic variance at
low [ and the acoustic peaks. Credit to Planck 2015.

spectrum with a set of coefficient C; defined as
<a'lm' a?m) = C’l(sll’émm’

The observed power spectrum would be of the form

l
1
Cl = m Z almafm

m=—I

The CMB temperature power spectrum is shown in Fig. 1.6.5. Quantum fluctuation
from the early epoch generated gradients in density of matter. While the gravity
contracts the high density regions, the pressure due to radiation counteracts the
compression, resulting in an oscillating region which takes the name of acoustic
oscillation. Compressed regions are hotter compared to low density regions. The
acoustic oscillation frozen during recombination producing peaks on the temperature
power spectrum. These are called acoustic peaks. The main features we observe on

the temperature power spectrum are the following:

e Value of [ = 1 corresponds to a dipole pattern in the sky. This is not related
to intrinsic CMB properties but rather on the Earth motion relative to it. The
dipole is used to infer some parameter like the sun motion around the galaxy

and the sun velocity. Therefore, the temperature power spectrum is usually
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Figure 1.6.6: Effect of Thomson scattering in a quadrupole distribution. Polarization along the
radial direction decreases in intensity and the photon flux along the line of sight appears linearly
polarized.
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Figure 1.6.7: Scalar perturbation (left) and tensor perturbation (right). Source: [32]

1.6.7. Linear polarization on the sky can be decomposed into two components called
E-modes and B-modes depending on the parity?. E mode signature is invariant
under parity transformation while B mode is not. The effect of parity is shown in

Fig. 1.6.8. It is remarkable that:
e Scalar perturbations can only generate E-modes on the sky.

e Tensor perturbations can generate both E-modes and B-modes.

CMB polarization was firstly detected by DASI [30] in 2002. Beside cosmological
parameters, polarization is of great interest since gives information about the infla-
tion epoch. In particular, B-modes can be originated only from primordial tensor
perturbation. Therefore, the detection of such a polarization pattern will give us the

signature on the CMB of primordial gravitational waves.

3E modes and B modes are analogous to E and B fields in electromagnetism.
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Figure 1.6.8: Polarization patterns of E-modes and B-modes. It is shown their opposite behavior
under parity. Source: [32]

1.6.4 Observational challenges for CMB polarimetry
Sensitivity

We can observe four spectra, TT, TE, EE and BB. These are calculated as the
temperature difference of unpolarized CMB (T), E-modes (E) and B-modes (B) on
two different locations of the sky. The TT curve is the CMB temperature power
spectrum discussed in the previous section. Fig. 1.6.9 shows recent measurements of
some spectra with data from different experiments, which involves space telescopes,
ground based telescopes and balloons. B-modes are still undetected and currently we
only have measured an upper limit. Inflation models predict B-modes to be fainter
than E-modes of at least one order of magnitude. It is a convention in cosmology to
use the tensor-to-scalar ratio r defined as
AT

r = —
2
AS

where A% and A?g are the power spectra of tensor and scalar perturbations respec-
tively. We don’t know the exact value of r, from current available measures we
obtain an upper limit of » < 0.07 with 95% confidence. Some theories predict the
factor 7 to be of the order of 10~ 3or smaller. This value is small enough to set a
technological challenge in terms of detection sensitivity. Detectors already reach the
fundamental limit given by photon noise, thus, next generation telescopes dedicated
to CMB polarimetry require more detectors on focal plane. The community often
indicates the current instrumentation development as CMB stage-3 with focal planes

having ~ 10* detectors. As shown in Fig. 1.6.10, during the next few years CMB
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Figure 1.6.9: TE, EE and BB power spectra obtained form several telescope data. Source: [33]

Figure 1.6.10: Evolution in terms of number of detector on focal plane dedicated to CMB observa-
tion. Source: CMB-S4 Science Book [34].



