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Crab nebula at 260 GHz with the NIKA2 polarimeter

Implications for the polarization angle calibration of future CMB
experiments
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Abstract. The quest for primordial gravitational waves enclosed in the Cos-
mic Microwave Background (CMB) polarization B-modes signal motivates the
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development of a new generation of high sensitive experiments (e.g. CMB-
S4,LiteBIRD), thus allowing to probe the inflationary epoch in the early Uni-
verse. However, this will be only possible by ensuring a high control of the
instrumental systematic effects and an accurate absolute calibration of the po-
larization angle.

The Crab nebula is known to be a polarization calibrator on the sky for CMB
experiments. Already used for the Planck satellite it exhibits a high polarized
signal at microwave wavelengths. In this work we present Crab polarization
observations obtained, in the 260 GHz frequency band, with the NIKA?2 instru-
ment. Furthermore, we discuss the accuracy needed on such a measurement to
improve the constraints on the absolute angle calibration for CMB experiments.

1 Introduction

Cosmic Microwave Background (CMB) observations have allowed us to establish the cur-
rent standard model for cosmology, a.k.a the ACDM model. The inflation theory [1, 2] has
been introduced to explain an observational evidence that the Universe appears to be almost
exactly spatially-flat and uniform in all directions. This theory postulates that the Universe
exponentially expanded in a tiny fraction of a second in the early times and predicts the ex-
istence of a relic background of primordial gravitational waves, which produces a distinct,
curl-like signature in the polarization of the CMB, a.k.a CMB B-modes. The search for pri-
mordial gravitational waves B-modes, which are a direct probe of inflation, is one of the main
ambitious goals of the modern cosmology and it motivates the development of several facil-
ities from ground (e.g. BICEP3+Keck, CLASS, SO, SPT3G, S4, AdvACTPOL, QUIJOTE),
balloon-borne to space experiments (PIPER, PICO, LiteBIRD). These experiments share the
goal of detecting the tensor-to-scalar ratio », which gives the relative amplitude of the pri-
mordial tensor (B-modes) and scalar perturbations (E-modes) of the CMB. This parameter
gives the energy scale of inflation and in many well-motivated models, still consistent with
observations, is predicted to be between 1072 and 107 [3, 4].

In order to reach the sensitivity required for an unambiguous detection of the primor-
dial B-modes we need i) to increase the signal-to-noise ratio by scaling up the number of
detectors; ii) to use optical systems as half-wave-plates, which modulates the sky polariza-
tion signal and filters out low frequency noise; iii) and to reduce residual systematic effects
[5, 6]. Furthermore the determination of the polarization angle absolute calibration is crucial
to ensure an unbiased detection of the polarization orientation of the CMB.

A recent study [7, 8] addressed this issue by using the brightest polarized astrophysical
object in the microwave sky, the Crab nebula (or Tau A). They point out that the polarization
angle is constant and stable in a frequency range of 23-353 GHz consisting with a mean angle
of -88.26° + 0.27° (Galactic coordinates), which would allow us to calibrate experiments with
an accuracy enabling the measurement of » ~ 0.01, far from inflationary theoretical models
predictions of at least r ~ 1073.

In the following we present the preliminary results from Crab nebula polarization obser-
vations obtained with NIKA2 during the commissioning campaign of November 2020. We
will discuss how improving the precision on these measurements could allow us to reach the
sensitivity requirements for the detection of the primordial CMB B-modes.

2 NIKA2 observations

The NIKA?2 instrument [10] performes high angular resolution simultaneous observations at
1.15 and 2.05 mm, from the IRAM 30m telescope, being the 1.15 mm (260 GHz) channel
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also able to detect the linear polarization. In total intensity it is operating for open time
observations since 2017 [9], when it also started the commissioning phase of its polariza-
tion facilities. The NIKA2 polarimeter consists of a continuously rotating Half-Wave-Plate
(HWP) [5] placed at ambient temperature in front of the NIKA2 cryostat window. The detec-
tion of the linear polarization expressed through the Stokes parameters Q and U is possible
thanks to two detector arrays placed at ~100 mK in the 260 GHz channel inside the cryostat
[11]. For more details on the polarization system see [5].

2.1 Crab nebula observations

The Crab nebula has an extension of 5x7 arcminutes in the sky and it exhibits a high polariza-
tion, of the order of ~ 20% of the total intensity at the peak emission position of the nebula.
[8] presented a compendium of all avalaible observations in a large range of frequencies (23-
353 GHz) and demonstrated that the synchrotron emission is responsible for both the total
intensity and polarization observed. Moreover they found a strong case for stability of the
polarization angle, which places the Crab nebula as a good candidate for a polarization angle
calibrator for CMB experiments. However at higher frequencies (above 200 GHz) the sample
is smaller, contributing to increase the uncertainty on the angle stability.

Observations performed with the NIKA?2 polarimeter would increase the precision on the
polarization angle estimation. Observations on the the Crab nebula have been performed with
the NIKA?2 instrument during three commissioning campaigns, on December 2018, February
and November 2020. The polarization Stokes Q and U maps obtained from 70 minutes of
observation performed during the campaign of November 2020 are shown in figure 1.

The left panel of figure 2 shows the Crab polarization angles estimated during the three
campaigns. The averaged polarization angle (solid black line) is computed as median of the
polarization angles, estimated as ¥, = 0.5arctan U/Q (where the Stokes Q and U have
been computed by integrating the emission flux over a 7’ diameter where SNR > 3 in Stokes
Q and U maps) of the three data sets and corresponds to -87.195 + 0.806°, expressed in
galactic coordinates. Notice that the angles have been corrected for a -5.6 + 1 ° offset in
absolute angle calibration on the sky as measured in OMC1 and 3C286 targets, being 1° the
uncertainty accounting for the stability of this offset over almost two years of observations.
Taking only the November 2020 data, which are the most reliable across the two years we
obtain the median value of ¢ = -87.23 + 0.29 deg. On the right panel of the figure we compare
this result to other experiments [8]. Making the assumption that in the future we will be able
to constrain the absolute offset angle and reduce the 1° uncertainty to negligible values, we
use the November data to calculate the total weighted polarization angle (including the results
of all experiments). In this case we obtain ¢ = -87.55 + 0.22 °, which would strongly reduce
the uncertainty on the polarization angle reconstruction at higher frequencies.

Notice that we consider equations reported in [8] to compute unbiased estimates for po-
larization quantities given in this work.

3 Polarized Spectral Energy Distribution

The polarized spectral energy distribution of the Crab nebula has been determined for the first
time in [8]. Figure 3 left panel shows the polarized intensity map obtained as P = /Q? + U?
at 260 GHz with NIKA2 and on right the spectral energy distribution as estimated by [8]
accounting also for the NIKA2 value (red), which is P = 13.22 + 0.15 (dev. standard) + 1.2
(10% calibr. error). We notice that the polarized flux measured is in very good agreement
with expectations. In polarization there is no filtering of the large angular scales [9] and thus,
the whole intensity is recovered.
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Figure 1. From left to right: Stokes Q and U maps of the Crab nebula observed at 260 GHz during
the commissioning campaign of November 2020. The circle overplotted indicates the region, within a
diameter of 7’ arcmin, where the polarization angle is computed.
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Figure 2. Left: Variation of polarization angles measured with NIKA2-POL for the mean angle over
the Crab nebula during three commissioning campaigns. The thick black line shows the median value,
the dashed lines delineate the 0.8° standard deviation over all scans, spanning ~ 2 years. Right: NIKA2-
POL mean polarization angle over the Crab nebula, obtained in the last campaign, vs other experiments
[8]. The red error bar represents the uncertainty on the NIKA?2 value, computed as dispersion within
the observing scans of Nov. 2020, and the black error bar shows the absolute 1° uncertainty due to the
absolute angle calibration offset.

4 CMB experiment absolute calibration challenge

The stability of the polarization angle with frequency is the key to use the Crab nebula as a sky
calibrator. The absolute calibration of the polarization angle is of a particular importance for
a CMB experiment targeting the measurement of the primordial gravitational waves through
the CMB polarization B-modes. Indeed, a miscalibration of an angle Ay is equivalent to a
rotation of the polarization plane by the same angle, mixing the true linear polarization Q
and U and consequently the polarized angular power spectra that describe the amplitude of
the signal. In the CMB and because the CMB polarization E-modes power spectrum CfE is
greater than B-modes one CfB , this is often referred to as an “E to B leakage” and reads:

C7P = C7P cos® 20y + C7F sin 28y & ACP? = (2Ay)°CP* M
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Figure 3. Left: NIKA2 polarization intensity P map. Right: spectral energy distribution obtained by
previous measurements [8] accounting for the new value obtained with NIKA?2 (red).

where AC fB represents the spurious bias component. In order to use the Crab nebula polar-
ization angle ¢ as an absolute angle calibrator for CMB experiments, we are interested in its
uncertainty Ay. In the following we present preliminary results on the bias computed for the
parameter r as depending by the uncertainty on . We update a previous study [7] with the
new value given by NIKA?2 at 260 GHz. Notice that we make the strong assumption that we
would be able to reduce the uncertainty on the polarization angle calibration offset of NIKA2
to a negligible value. In other words, we assume here that the NIKA2 polarization angle un-
certainty is only due to instabilities of the instrument itself. Figure 4 shows on left panel the
ADBE = ((£+1)/ (2mr) ACE® power spectrum bias from E — B mixing due to miscalibration of
the absolute polarization angle. On the right panel we show the likelihood analysis on the r
parameter. The different cases considered are taken from [7] updating the two plots with the
value measured at 260 GHz by NIKA?2 in its best configuration taking only the data from the
November 2020 commissioning campaign.

Figure 4 shows that NIKA2 polarization angle stability improves the uncertainty Ar by
30% w.r.t previous studies [7] enabling to approach the requirements for the measurement
of the r parameter with a total uncertainty due to miscalibration on the polarization angle of
Ar = 5x107*. This is promising for CMB experiments development but we need to carefully
assess the NIKA?2 absolute polarization angle offset.

5 Conclusion

In this paper we show the results obtained on Crab nebula polarization observations during
the commissioning phase of the NIKA2-Pol instrument. Comparing the three commissioning
campaigns across 2018 and 2020 we have found that the data sets on the Crab and others sky
calibrators, e.g. Orion OMC-1 and 3¢286, are consistent with an absolute polarization angle
calibration offset of -5.6 + 1 deg. This systematic uncertainty prevents us, for instance, to use
NIKAZ2 Crab nebula polarization angle value as reference for CMB experiments. Though, the
NIKA?2 Crab nebula observations appears to be very consistent between one scan to another,
especially in optimal weather conditions reducing dramatically the statistical error associated.
Propagating this value to the likelihood analysis in order to estimate the total bias on the
detection of the r parameter for the CMB B-modes detection, we see that we could reach
the requirements for the next generation CMB experiments. This is a strong assumption on
NIKA2 polarization performances and we are currently investigating possible ways to reduce
the uncertainties on the NIKA?2 polarization angle offset.
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Figure 4. Left panel: power spectrum bias from £ — B mixing due to the miscalibration of the absolute
polarization angle. This bias is plotted for the different absolute calibration errors Ay presented in
[7]. The ACDM best fit DfB primordial tensor model for r = 1073 and » = 107 (solid and dashed
black lines, respectively) and DfB lensing model (gray line) are also displayed. Right panel: likelihood
posterior on r biases (with respect to an input signal of r = 0) for the different cases presented in [7],
from 10 000 Monte-Carlo simulations, as a function of the combined error on the angle Ay, in degrees.
They are computed independently for the recombination bump (30 < ¢ < 300, squares), the reionization
bump (2 < ¢< 30, diamonds) and the combination of both (2 < £< 300, crosses).
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