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We introduce birefringence effects within the propagation history of CMB, considering the two
cases of a constant and of a linearly incrasing rotation angle. Both cases result into a mixing of
E and B modes before lensing effects take place, thus leading to the fact that lensing is acting on
spectra that are already mixed because of birefringence. After a discussion on the constraints on
this effect achieved by state of the art CMB data and the bounds which can be obtained observing
also parity violating modes, we focus on degeneracies between polarization rotation and gravita-
tional lensing of CMB photons, which can possibly lead to false detection of non standard lensing
effects if birefringence effects are neglected.
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1. Introduction

Recent Cosmic Microwave Background (CMB) observations brought to more and more pre-
cise measurements of temperature anisotropies reaching the almost cosmic variance-limited sensi-
tivity of Planck [1, 2]. Together with the increased sensitivity in temperature anisotropies, other
CMB experiment were designed in order to measure the CMB photons polarization properties, such
as WMAP [3], QUIET [4] and BICEP[5, 6, 7]. Upcoming surveys are now designed to achieve
even more precise measurements of E-modes and to finally detect the parity-odd modes (B modes)
of CMB polarization (see e.g. ACTpol[8], SPTpol[9], PolarBear[10] and EBEX[11]).

These observations are crucial to detect signatures of the current standard cosmological model such
as the B modes induced by primordial gravitational waves and the leakage of power between E and
B modes due to weak gravitational lensing of CMB photons.

Moreover, the precise measurement of CMB polarization allows also tests of new physics, such
as the search for CPT and Lorentz violations in the photons sector of particle physics [12]. In
the last few years, this increased polarization sensitivity has allowed to search for signals of bire-
fringence, i.e. rotation of the photons polarization direction during in vacuo propagation (see e.g.
[6, 13,14, 15,16, 17,18, 19,20, 21, 22, 23, 24, 25] and references therein), which leads to a mixing
between E and B polarization modes.

A similar mixing is produced on CMB polarization by weak gravitational lensing and as upcoming
surveys will improve our knowledge of this effect, it is crucial to investigate the interplay between
these phenomena. While CMB lensing performs its mixing at “recent” times, birefringence starts
to take place right after recombination and it is expected to accumulate during photons propaga-
tion. Therefore the CMB spectra which are modified by lensing do not encode only the effect of
primordial anisotropies, but already contain the rotation effect due to birefringence.

Furthermore, as birefringence modifies also the power spectrum of B modes, giving it an additional
contribution due to the leakage from the £ modes, it is interesting to investigate the possible de-
generacies between birefringence parameters and CMB lensing. Indeed lensing effect on CMB
spectra, parametrized by the lensing amplitude A; [26], also leads to a leakage from E to B modes,
so neglecting the presence of birefringence can in principle produce a misleading detection of a
non standard lensing effect (Ay # 1).

2. Cosmic Birefringence

Cosmic birefringence is the rotation of linear polarization direction during the propagation of
radiation in vacuo; this is usually formalized in the literature as a sudden rotation of the polarization
after photon propagates from a source to us. From now on we will refer to birefringence effect
acting on CMB photons as this is the farthest source we are able to observe.

If the polarization direction rotates counterclockwise (looking at the source) of an angle § > 0,
then the Stokes parameters Q and U, defined in the standard frame used for CMB [27, 28], get
mixed as

Q = Qcos2p +Usin2f
U = Ucos2f — Qsin2f Q.1
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and as a consequence CMB power spectra become
CFE = CFE cos? (2B) + CBBsin? (2B) — CFBsin (4)
CBB = CFEsin® (2B) + CBB cos? (2B) 4 CFBsin (4B)
1, - ~ -
CiP = - (CFF —CPP)sin(4B) + CF® (cos2 (2B) — sin? (2B))

2
CZE = C’ZTE cos (23) —QTB sin(2)
Cl® = ClEsin(2B) +ClBcos (2B) (2.2)

Here we indicate with C; the spectra in absence of polarization rotation, while the C; are the ob-
served spectra. We allow in these equations for the presence of non zero parity-violating cross-
correlation spectra before the rotation occurs, C’EB and CTB, which in the standard ACDM model
are vanishing.

However, this treatment of polarization rotation is exact only when considering modification of the
spectra happening at the time of observations, i.e. those that one would expect from a systematic
miscalibration of the polarimeters [29, 30]. When dealing with birefringence as the effect of some
new physics phenomenon instead, eqs. (2.2) can only be considered as an approximation. This
comes from the fact that birefringence is a phenomenon due to anomalous photon propagation
[17, 18, 19, 31, 32, 33], thus it accumulates during time. It is therefore necessary to consider the
amount of rotation as time dependent, given by o(n) as a function of conformal time from last
scattering 7).

For a time-dependent rotation of polarization direction, equation (2.1) is easily generalized as

Q(n) = O(n)cos2a(n)+U(n)sin2a(n)
U(n) = U(n)cos2a(n) —O(n)sin20(n) (2.3)

This induces a modification of the Boltzmann equation for the evolution of polarization per-
turbations, Ap+iu (76', 7n); moving to the E and B polarization modes for CMB, this leads to [34]

A mo) =[5 [T ansi ks mycos 23a(m)) jilktno—m) 4)
Mgk o) =\ 2 [ ansfY k) sin (2 8a(n)) k(o — ) @3)
Aoy = [ an [s e m)cos 28a(m) -5k, m)sin(28a(m))] k(o —m)
(2.6)
Ay = [ [s7) (k. m) cos (28am)) +517 (k. m)sin (28a(m) | o(k(no — )
2.7)

where SI(ES’T) and Sl(gT) are the sources for £ and B modes respectively as they appear in eqs. (18)

and (30) of [28] and dax(n) = a(n) — a(no) = j',;z) a(n’)dn'.
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Once these relations are obtained, it is possible to compute CMB power spectra in the standard
way:

CIY = (4m)? [ APy (). o) K ) 8)

Here Py (k) is the initial power spectrum and Ay (k,1o) is the perturbation of the mode X =
{T,E,B} in Fourier space at time 1o, where the temperature term Az ¢(k, o) is standard and can
be found in [28].

In the following we will focus on a linear time dependence, parameterized as

( ) 1770 9

which leads to da(n) = o % —q.

This particular time dependence is motivated by quantum-gravity studies [33, 18, 19, 23], leading
to an amount of rotation depending quadratically on the energy of the photons and linearly on the
propagation time.

Figure 1 shows CMB polarization spectra with a non vanishing birefringence angle, compared
with standard ACDM, accounting for different possible rotations: a sudden rotation acting on time-
evolved spectra (i.e. the one described by the parameter f in Egs. (2.2)), a time dependent rotation
which evolves linearly with time and parametrized as in Eq. (2.9), a costant rotation acting on
time-evolved spectra before the effect of gravitational lensing is included in CMB polarization.
Accounting correctly for CMB lensing is crucial when dealing with birefringence; this is due to
the fact that, except for the B case, lensing acts on the spectra that were rotated by the time-
evolving birefringence effect. The interplay of these two phenomena which is included in Figure 1
is described in detail in [34].

As shown in Figure 1, introducing a polarization rotation angle leads to a transfer of power

from the EE spectrum to the other polarization modes, which produces non vanishing C, Z B and CfB
and affects the CEB spectrum.
The latter effect is of particular interests as a similar tranfer of power from EE to BB is produced
by gravitational lensing of CMB photons; parametrizing the impact of lensing on BB with the lens-
ing amplitude Ay, which is equal to 1 in a standard ACDM cosmology, it is possible to infer a
degeneracy between lensing and polarization rotation, as the effects brought by birefringence can
be (partially) mimicked by an enhanced lensing amplitude (see Figure 2).

3. Constraints on polarization rotation

In [34] the birefringence effect is constrained using WMAP latest release [3] and BICEP
2013 release [5] available at the time, exploiting MCMC technique through the publicly available
package cosmomc [35] to sample a baseline parameter space composed by standard parameters,
namely the baryon and CDM physical matter density Q,4”> and Q.h?, the scalar spectral index
ns, the optical depth 7, the scalar amplitude as evaluated at a pivot scale k = 0.002Mpc~! A, the
angular size of the sound horizon at last scattering surface 6. Furthermore, the parameters describ-
ing the birefringence effect are included, i.e. the two constant rotation models discussed above,
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Figure 1: CMB power spectra obtained in standard ACDM (red solid line), late time constant rotation (pink
dotted line), early time constant rotation (green dashed line) and time evolving rotation (blue dashed line)
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Figure 2: BB spectra for ACDM (black line), rotation cosmologies with a non zero o (orange line) and
(red line), compared with the spectra produced by cosmologies without rotation, but with A; = 1.5 (green

line) and Ay = 2 (blue line). Dy =

L+ 1)Cy/2m.

parametrized by aq (early times rotation) and 8 (late times rotation) and the parameter describing

the time-varying rotation o .

The obtained results [34] are then used as a fiducial cosmology to generate forecasted Planck [36]



Including birefringence into time evolution of CMB: Current and future constraints Matteo Martinelli

and PolarBear [10] dataset, in order to investigate the performance of these two experiments. These
dataset are analyzed following the same procedure described above, obtaining the results shown in
Figure 3; these results show how the combination of Planck and Polarbear can significantly distin-
guish a non vanishing polarization rotation from the standard model.
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Figure 3: Constraints on the early time constant rotation angle scenario using forecasted Planck and Polar-
Bear datasets.

Following the release of Plank data [37], we performed the analysis on the real CMB spectra;
the results of this analysis are shown in Figure 4 and are compatible with what is found in [38].
It is possible to notice how the constrsaints obtained through the forecasted data are not reached
when the real Planck data are considered, even including the BICEP-Keck-Planck (BKP) data com-
bination for EE and BB spectra [39]; this is due to the fact that the 2015 Planck release did not
made available the TB and EB spectra (included in the forecasted datasets used in [34]), which are
crucial to improve the constraints and distinguish a positive angle from a negative one.

4. Birefringence and CMB lensing

As discussed in Section 2 and shown in Figure 2, we expect that the birefringence angle will
be degenerate with a varying CMB lensing amplitude A;. This is of particular interest given the
results obtained on A by the Planck collaboration [40] where the best fit value of this parameter
is departing from the ACDM expectation when the CMB temperature and polarization spectra are
analyzed, while exploiting CMB lensing extraction tools leads to results compatible with the stan-
dard Ay = 1 (see Figure 5).
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Figure 4: Constraints on the early time constant rotation scenario obtained with Planck 2015 data, using
polatization data alone (green dashed line) and both temperature and polarization (black solid line). Planck
data are also combined with the data obtained by the BKP joint analys, considering only B modes (red solid
line) and both B and E modes (blue dot-dashed line).
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Figure 5: Lensing amplitude obtained with different combination of Planck data [40].

We found in [34] that a non standard value of A; is obtained when a forecasted dataset which
includes polarization rotation is analyzed neglecting this phenomenon; Figure 6 shows the results
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obtained analyzing the forecasted data described above assuming three different cosmologies: the
first includes the birefringence effect, the second is a standard ACDM and the third does not in-
clude polarization rotation, but allows for a varying lensing amplitude A; .

While the results obtained with the first assumption (black lines) recover the fiducial values of the
cosmological parameters, the results of the second analysis (red lines) are biased because of the
inability of a ACDM model to recover the fiducial CMB power spectra. Interestingly, the inclu-
sion of a varying Ay (blue lines) mitigates the shift produced assuming the wrong cosmological
model. This is due to the fact that raising the value of Ay increases the power transfer from EE
to BB modes and therefore can partially account for enhancement in the BB spectrum produced by
birefringence when the datasets are analyzed assuming vanishing rotation angles. It is interesting
to point out how the shift in the standard parameters is mitigated at the price of a non standard
value of A; = 1.29 +0.03; this means that neglecting the presence of a birefringence rotation can
possibly lead to a false detection of A; > 1 when analyzing data with Planck+PolarBear sensitivity.
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Figure 6: Posterior distribution for the parameters using Planck forecasted datasets, with a fiducial cosmol-
ogy which includes polarization rotation, analyzed with a varying o (black lines), with a varying A (blue
lines) and with only standard cosmological parameters (red lines). One sees that A; can compensate for the
effects of birefringence quite well in experiments with Planck sensitivity.

5. Discussion

In this paper we discussed the results obtained in [34], where, using forecasted Planck and Po-
larBear data we obtained constraints on several polarization rotation scenarios; the results highlight
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how current and upcoming CMB surveys will be able to distinguish cosmologies which include
birefringence from the standard ACDM model.

The analysis of Planck 2015 and BKP data show instead the relevance of the inclusion of parity
violating mode data; when these are not included in the analysis it is in fact not possible to distin-
guish between different signs of the rotation angle, as shown in Figure 4.

Furthermore, we focused on the degeneracy that birefringence parameters have with CMB lensing
amplitude Ay ; in particular we showed that analyzing datasets which includes polarization rotation
with a cosmology which neglects birefringence can lead to a false detection of a non standard Ay,
as an enhanced lensing amplitude is able to partially mimic the power leakage from E to B modes
brought by birefringence. It will be therefore interesting to further investigate the interplay between
lensing and polarization rotation as it can possibly mitigate the discrepancy found by the Planck
collaboration between the values of A; measured from anisotropies spectra and through CMB lens-
ing reconstruction.
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