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ABSTRACT: Upcoming cosmic microwave background (CMB) experiments aim to detect
primordial gravitational waves with unprecedented sensitivity. Effective foreground removal
is essential to avoid biases in the measurement of the tensor-to-scalar ratio (r) in this high-
precision regime. Recent analyses highlight the unexpected complexity of synchrotron emission
at low frequencies, underscoring the need for more sensitive low-frequency data. To address
this challenge, the European Low-Frequency Survey (ELFS) initiative and the Simons Array
collaboration propose installing two European low-frequency receivers on one of the Simons
Array telescopes. These receivers will enable measurements in the Southern Hemisphere
between 6 and 20 GHz, complementary to those of current and proposed experiments targeting
the measurement of cosmological gravitational waves. In this work, we study the benefits of
combining these low-frequency observations with a representative future CMB experiment
operating from the Southern Hemisphere. We find that the extra information can improve the
knowledge of the underlying synchrotron spectral energy distribution (SED), with positive
impacts on the robustness of measurement of the tensor-to-scalar ratio, r, against the
complexity of low-frequency foregrounds

KeEYywoRrDS: CMBR experiments, CMBR polarisation, gravitational waves and CMBR
polarization
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1 Introduction

Upcoming CMB experiments aiming to detect primordial gravitational waves (PGWs) [1,
2], are set to achieve unprecedented sensitivity levels. In this scenario of high-precision
measurements, one of the most important concerns is the effective mitigation of foreground
contamination. This is essential to ensure an unbiased measurement of the tensor-to-scalar
ratio (r) [3], the fundamental cosmological parameter that characterizes the relative power
of the primordial gravitational waves with respect to their scalar counterpart.

Within the microwave frequency spectrum, the dominant polarized components of the
foreground consist of thermal dust and synchrotron emissions, observed at higher and lower
frequencies, respectively. Significant attention has already been directed towards the study of
Galactic thermal dust, particularly after the false detection of CMB B-mode polarization by
BICEP, which was subsequently attributed to dust emission [4, 5]. A thorough understanding
of the properties of dust is essential to prevent false detection claims in the future, where
dust could be mistaken for primordial signals if an incorrect dust model is assumed [6, 7).

Thus, upcoming CMB experiments such as Simons Observatory (SO) [8], Lite BIRD [9],
and Stage-4 CMB experiments like [10], whose main goal is to detect PGWs, have been
carefully designed to provide extensive frequency coverage, with an emphasis on the higher
frequency bands. However, there has been less emphasis on synchrotron radiation influencing



the design of current CMB experiments, which generally exclude the low-frequency region
where synchrotron is the most dominant component (v < 20 GHz). This is partly because
synchrotron emission has generally been assumed to follow a simple spectral behaviour, i.e. a
simple power-law, which requires fewer observational constraints, and also because of the
technical difficulties of observing with bolometer arrays at lower frequencies.

However, recent analyses that incorporate low-frequency data (~ 2-20 GHz) from ground-
based experiments [11-13] have revealed that the dominant synchrotron emission at low
frequencies is more complex than expected. Experimental evidence reveals larger spatial
variations of the synchrotron spectral index (f3;), along with indications of possible deviations
from the simplistic power-law model, such as the presence of curvature [14, 15]. These empirical
results find theoretical support in various models. For example, cosmic-ray transport models
predict curvature of the synchrotron spectrum in the microwave frequency regime [14, 15].
Furthermore, it is expected that 8 will vary with position and frequency due to factors such
as synchrotron ageing and self-absorption [16, 17]. Also, the presence of multiple distinct
groups of relativistic electrons along a single observational line of sight, each characterized
by a distinct energy spectrum, results in a composite observed spectrum that need not
follow a power law.

In order to understand the spectral energy distribution (SED) of the synchrotron and to
avoid potential biases in r arising from incorrect or insufficient removal of this emission, it is
crucial to acquire more sensitive low-frequency data. In this regard, we present a collaborative
effort between the European Low-Frequency Survey (ELFS) initiative [18] and the Simons
Array (SA) collaboration [19]. We propose a new experiment ELFS on SA (ELFS/SA) to
measure this frequency regime using available resources. Our plan involves installing two
available European low-frequency receivers on one of the Simons Array telescopes, enabling
measurements of the Southern Hemisphere sky between 6 and 20 GHz. This experiment
will allow us to determine whether the synchrotron SED can be adequately modelled as a
power law, or if it is more complex. If it is more complex, the new data will also allow us
to better clean the synchrotron foregrounds from the CMB.

In this paper, we assess whether this experiment can achieve these goals by performing a
comprehensive forecasting analysis which combines the low-frequency sensitivity of ELFS/SA
with the expected performance of ground-based CMB experiments in the coming decade.
First, we evaluate what can be learned about the synchrotron SED with and without the
inclusion of low-frequency data, and second, if the synchrotron SED happens to be more
complex than a power-law model, we study the impact of this extra information on simulated
CMB measurements. We use available estimates of the sensitivity of SO as a template
for assessing the likely sensitivity of upcoming high-frequency CMB observations, but this
analysis is relevant to all future experiments that will achieve high sensitivity at the main
CMB frequencies, including Lite BIRD and Stage-4 CMB experiments.

This paper is structured as follows. In section 2 we review the status of synchrotron
spectral modelling. Section 3 presents the ELFS on SA proposal. In section 4 we describe the
simulations used in the analysis while section 5 outlines the component separation method
used to analyze the data, and the cosmological likelihood to estimate the tensor-to-scalar ratio.
In section 6 we present the results of combining the ELFS-SA instrument with high-frequency
CMB data. Finally, section 7 highlights the main conclusions from this study.



2 Synchrotron emission as a CMB foreground

Galactic synchrotron emission arises from cosmic rays (CR) spiraling around the Galactic
magnetic field (GMF), serving as a crucial probe for understanding the interstellar medium
(ISM). This emission is very important in astronomy not only because it places constraints on
the GMF and the distribution of CRs but also because it presents challenges in cosmological
analyses due to its overlap with key cosmological signals such as the CMB or the HI 21-cm line.

A robust theoretical model of synchrotron emission would facilitate the accurate removal
of this signal in cosmological analyses, thereby minimizing biases and reducing uncertainties
in the recovered data. However, current models are only qualitatively compatible with
observations, showing that the synchrotron spectrum steepens from g5 ~ —2.5 at 22 MHz to
Bs ~ —3.0 above 23 GHz, [20, 21]. This is a result of the degeneracy between the CR electron
spectrum and the GMF. Breaking these degeneracies requires additional observations across
a wide range of frequencies, as highlighted in [22].

Due to the complexity of theoretical modeling, the synchrotron SED is often modeled
by a simple analytical function, whose parameters are derived from fitting observational
data. Since the synchrotron depends on the magnetic field strength and CR energy, assuming
that the CR distribution is well-described as a power law N(E) o E*, the synchrotron
spectrum is also modeled as a power-law:

1%

Bs(n)
S(n) = as (n) <> ; (2.1)
Vs

where ag is the synchrotron intensity measured at frequency v in the n direction, and s is
the spectral index. The spectral index [, is expected to exhibit both spatial and spectral
variability, influenced by factors such as synchrotron ageing, self-absorption, and multiple
populations along the line of sight. Given these complexities, a model incorporating a
curvature parameter c; may offer a better fit:

v Bs(n)+cs(n)log(v/23 GHz)
) (2.2)

S () = a. () (
In this case, the cs parameter accounts for departures from a pure power-law behavior by
allowing the effective spectral index to vary with frequency, capturing spectral steepening
or flattening across the observed band.

However, extracting synchrotron parameters from intensity multifrequency data remains
challenging due to significant degeneracies with other low-frequency foregrounds, such as
free-free emission and anomalous microwave emission. For example, the Planck experiment
was unable to fully resolve these degeneracies and relied on the theoretical synchrotron
SED model from [15], as shown in figure 1, to mitigate confusion with other low-frequency
foregrounds [14, 23].

Polarization measurements yield a cleaner characterization of the synchrotron spectral
index since it constitutes the dominant emission at frequencies below <70 GHz. However,
the current polarization maps from missions like WMAP and Planck have low signal-to-
noise ratios (S/N), which limit their accuracy in deriving spectral indices [24]. Foreground
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Figure 1. Synchrotron SED used in the intensity component separation analysis, computed from
GALPROP [15] (blue), and the best-fit SED obtained after Planck’s Commander component separation
allowing for a frequency shift (orange) [23].

simulators like PySM! [25] and PSM? [26] still rely on the pre-Planck (s template from [27].
This model estimated the polarization fraction of the WMAP polarized K-band [28], assuming
a bi-symmetrical spiral model of the GMF with a turbulent component following a —5/3
power law spectrum. From that result, 8s was calculated by extrapolating the intensity at
23 GHz to Haslam’s 408 MHz map [29]. While this template was useful at the time to perform
forecast analysis with Planck, it no longer provides a realistic representation of the sky.

Moreover, as noted earlier, the synchrotron SED steepens at higher frequencies, which can
be better modeled using a curvature parameter, as described by eq. (2.2). In [30], a steepening
of the spectral index by AS = 0.07 per octave was observed, consistent with theoretical
models of CR propagation in the GMF. A model that takes into account this steepening
is included in PySM by extrapolating the curvature found in [30] from the ARCADE patch
to the whole sky. Despite the added complexity to the SED, eq. (2.2) does not capture the
slight flattening that is predicted by CR rays models in the microwave regime, which could
potentially make the search for PGW more complicated.

As stated above, our understanding of synchrotron radiation has since improved signifi-
cantly with new data from ground-based experiments operating in the 2-20 GHz range. They
have revealed larger spatial variations in the synchrotron spectral index than previously
expected as well as showing a preference for a steeper spectrum at 23 GHz compared to
2.3 GHz [31-33]. As a result, PySM introduced an updated template for 3,, which accounts for
this variability by applying a multiplicative factor of 1.6 to the original template from [27],
with a mean shift from —3 to —3.1 and additional Gaussian small-scale fluctuations. Although

"https://github.com/galsci/pysm
’https://apc.u-paris.fr/~delabrou/PSM/psm.html
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this revised model is more statistically compatible with current observations, it still does
not capture the full complexity of the synchrotron SED.

To explore different potential synchrotron scenarios, in this work we generate four sets
of synchrotron simulations. The first and second sets are based on the s5 and s7 models
respectively from PySM, which assume a simple power law and a power law with negative
curvature with a pivot frequency of 23 GHz. For the third and fourth sets, we generate
two different curvature map templates compatible with current statistics obtained from
the analysis of the Southern Hemisphere sky. A comprehensive description of the latter
simulations is given in section 4.

3 The ELFS on SA project

The ELFS initiative is a long-term plan to deploy dedicated instruments and telescopes to
produce a full-sky survey in the 5-100 GHz range with an angular resolution of ~ 20 arcmin at
10 GHz, and sensitivity that will allow for B-mode extraction from data produced by current
and future CMB experiments [18]. ELFS/SA is the first stage of this project, being carried
out in synergy with the SA collaboration. ELFS/SA will have two phases, associated with
two instruments: a 6-11 GHz (Xband?®) receiver as phase 1, and the 10-20 GHz QUIJOTE-
MFI2 [34] as phase 2. Both receivers will be installed sequentially in the Gregorian focus
of one of the SA telescopes. Here, we describe the characteristics of the first instrument,
which is being specially developed for this project.

3.1 Telescope

The ELFS receivers will be fitted to one of the SA telescopes [19]. These are off-axis Gregorian
telescopes which satisfy the Mizugushi-Dragone condition which results in a symmetrical,
low-cross polarization beam equivalent to that from an on-axis design, but with no blockage
effects. The central section of the primary mirror is a monolithic structure with a projected
diameter of 2.5 m. This is surrounded by a set of panels that extend the paraboloidal shape to
3.5m diameter. At the original millimeter wavelength operation of the telescope these panels
constitute a guard band, but for centimetre wave operation they are sufficiently accurate to
regard as part of the primary, and the feed horn described below is designed to illuminate
the full 3.5 m aperture. The primary and secondary mirrors are surrounded by absorbing
baffles which further reduce far-out sidelobes, and prevent any direct ground radiation from
hitting either the secondary or the feed.

3.2 The ELFS/SA Xband receiver

Figure 2 shows a schematic view of the Xband receiver. The front end will be cooled to 4K in
a cryostat adapted from the C-BASS North receiver [35, 36], modified to accommodate a new
2:1 bandwidth feed horn and orthomode transducer (OMT) in place of the 30% bandwidth
horn and OMT used in C-BASS.

3For the purposes of this study, “X-band” refers to the instrument’s full 6-11 GHz frequency regime. This
terminology is adopted for concise reference, acknowledging that the standard IEEE X-band designation is
strictly 8-12 GHz.
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Figure 2. Schematic diagram of the ELFS/SA Xband receiver.

The sky signal reflected by the telescope propagates through a room-temperature corru-
gated feedhorn. Figure 3 shows the feedhorn electromagnetic design with the main dimensions
and parameters. We based the design on the ideas presented in [37], choosing a hyperbolic
profile and a ring-loaded mode converter. The corrugation teeth are 4.5 mm in the body of the
horn and 5mm in the mode converter part, with constant tooth/groove ratio of 0.889. This
configuration allowed us to obtain excellent broadband performance in terms of return loss and
cross-polarization performance. The return loss is better than —20dB and for a large fraction
of the band (at frequencies = 6.5 GHz) it is less than —40dB. The beam is highly symmetric,
with a maximum cross-polarization of the order of —40dB, apart from the high edge of the
band where it increases to —30 dB. The sidelobes are less than —50 dB across all the full band.

Figure 4 shows a physical optics model and full-sky beam simulation of the SA telescope
fed by this horn, made using the software package GRASP. The simulation was performed
neglecting the presence of the absorbing baffling structure which surrounds the primary and
secondary mirrors. We see that even in this worst-case scenario most of the far sidelobes are
well below —60dB maximum and the cross-polar response never exceeds —50dB. In practice
the baffling will improve this performance even further.

The cold (4 K) OMT splits the signal into two orthogonal linear polarizations, which are
then combined by a 90° hybrid to produce left- and right-hand circularly polarized signals.
The OMT design is based on that used for the Square Kilometre Array (SKA) Band 5a and
5b feeds. It is a quad-ridge design, where the ridges for one polarization are maintained at
a constant spacing as they pass the coaxial probe and backshort of the other polarization.
This configuration minimizes polarization coupling and supports a bandwidth exceeding 2 : 1
while suppressing excitation of higher-order modes. Figure 5 shows the manufactured OMT
and the measured return loss and cross-coupling at the output ports. Within the operating
band the return loss is generally better than —15dB and the cross-coupling is below —40 dB.

Low-noise amplifiers (LNAs), model LNF_LNC4_16C from Low Noise Factory, provide
the primary gain. Coaxial 30 dB couplers in the RF lines before the LNAs enable the injection
of a noise signal for calibration purposes. The ability to select in-phase or quadrature versions
of the noise signal enables the calibration of I, ) and U. The noise source allows accurate
relative calibration of I, @ and U, including any cross-polar leakage in the polarimeter.
Absolute calibration will be from astronomical sources such as Tau A.
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Figure 3. The ELFS/SA Xband feedhorn. Top-left: the feedhorn design. Top-right: simulated
return loss. Bottom panels: the simulated co-polar and cross-polar beams.
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Figure 4. The ELFS/SA Xband optical system performance. Left: ray-tracing of the feedhorn at
the focus of the SA telescope. Right: simulated beam pattern of the entire optical system.
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Figure 5. The ELFS/SA OMT. Left: the fabricated OMT. Right: measured OMT performance.
Top-left and bottom-right: return loss at the output ports. Top-right and bottom-left: cross-coupling
between the output ports. The white area highlights the working band.

The back-end employs an FPGA-based digital unit, sharing the same design as the
QUIJOTE-MFI2 instrument [34]. The MFI2 backend, based on the Xilinx ZCU208 Ultrascale
board, can simultaneously acquire eight RF channels at a sampling frequency of 5.0 GSps,
offering a 2.5 GHz bandwidth with 1 MHz spectral resolution. The back-end divides the full
bandwidth into spectral sub-bands, each with a maximum bandwidth of 2.5 GHz, which are
down-converted to a baseband range of [0,2.5] GHz using separate local oscillators (LOs).
Down-conversion is achieved through the complex output of mixers, enabling two bands
to be extracted per LO.

The back-end design integrates a polyphase filter bank and a fast Fourier transform (FFT)
to extract spectral information from the digitized time-domain samples produced by the
onboard analog-to-digital converters (ADCs). The resulting power spectral density is then
integrated over time and averaged. A temporary storage buffer can hold up to 24 hours of raw
data, allowing for the identification and removal of undesired interference via an optimized
blocking filter. The final stored scientific signal is a spectrally averaged output, with the
averaging factor determined by the scientific objectives and available storage capacity.

4 Simulations

In this section, we describe the pipeline used to generate the signal simulations for each
instrument configuration considered in the analysis. We consider the addition of data from the
low-frequency instruments XBand (phase 1 of ELFS/SA) and MFI2 (phase 2 of ELFS/SA) to
that from a representative future CMB experiment, hereafter referred to as ngCMB. For the
purposes of our analysis we take the baseline ngCMB configuration to be similar to that of the
nominal SO experiment with specifications as outlined in [38] but with enhanced capabilities
and observation time as might plausibly be achieved with upcoming additions to SO (e.g.
SO-Japan and SO-UK) or with the prospects of Stage-4 CMB experiments. We assume that
all these instruments are capable of observing the same celestial region from a site in the
Atacama Desert. Furthermore, to ensure that our results are directly comparable to the
latest SO forecast paper [38], we have generated our maps using the HEALPix pixelation



Component  code Characteristics

CMB cL  Lensed CMB (ar, =1)

s5  PySM s5 model (power law)

s7  PySM s7 model (power law with curvature)
Synchrotron ) )
sC2 Custom model with random Gaussian curvature

sC  Custom model scaling the s7 ¢; template

Thermal dust d10 PySM d10 model (modified black-body)

Table 1. Sky components included in the simulations.

scheme [39] with a resolution parameter set to Ngge = 512. In addition, we have adopted
delta-like frequency bandpasses, aligning our methodology with that employed in their study.

We also describe the different components included in the simulations. First, we review
the cosmological and astrophysical signals that are common to all instruments. These are
detailed in section 4.1. In section 4.2, we present the formalism and specifications used to
simulate the noise for each instrument.

4.1 Sky signal

The polarized microwave sky is modelled as consisting of the CMB, and foreground emission
from synchrotron radiation at low frequencies and thermal dust emission at high frequencies.
In section 4.1.1 we describe the simulation of the CMB signal, and in section 4.1.2 the primary
diffuse foregrounds, namely synchrotron and thermal dust. In section 4.1.3 we discuss other
possible effects such as Faraday rotation and the presence of polarized Anomalous Microwave
Emission (AME). A summary of the different components simulated and the models used can
be found in table 1. To account for the instrumental beam, both CMB and foreground maps
are convolved with a Gaussian beam. The corresponding FWHMs are reported in table 2.

4.1.1 CMB

We conduct a series of 50 CMB simulations, treating them as Gaussian random realizations
derived from power spectra’ which are compatible with the best-fit cosmological parameters
obtained from analysis of the Planck data [41]. In our modelling, we adopt the assumption
of no tensor fluctuations (r = 0), thereby attributing any potential detection of r to residual
foreground effects.

4.1.2 Foregrounds

Our analysis encompasses several models, which are detailed below:

e Synchrotron. We use four different synchrotron models. The first and second are the
s5 and s7 models respectively from PySM, which assume a simple power law and a power
law with negative curvature with a pivot frequency of 23 GHz. For the third and fourth
models, we generate two different curvature map templates which are compatible with

“The power spectra are computed using the CAMB software [40].



current constraints from Southern Hemisphere measurements. Specifically, the curvature
templates are compatible with the value of ¢; = 0.04 £ 0.1 found in [31]. The resulting
template maps are shown in column one of figure 12. The sC2 template (middle-left in
figure 12), is generated by drawing a random realization of the Gaussian distribution
with mean of 0.04 and standard deviation of 0.1 (N (0.04,0.1)) at Ngge = 16. This
template is then upgraded to a resolution of Ngqe = 2048 and smoothed with a Gaussian
beam of 5°. The sC template (bottom-left in figure 12) is obtained by renormalizing
the ¢, template of the PySM s7 model to the Gaussian distribution A (0.04,0.1). This
template shows an anisotropic distribution of curvatures similar to the s7 template,
where the values smaller than the template average are located in regions with high
synchrotron signal-to-noise, and vice versa.

Unlike the s7 model, the sC2 and sC models contain pixels with positive curvature at
a pivot frequency of 23 GHz. Positive curvature results in a flatter synchrotron spectrum
and hence a higher synchrotron component at CMB frequencies (i.e. > 90 GHz). These
models therefore represent a more pessimistic scenario for synchrotron contamination
compared to the s7 model. It is important to note that our current understanding of
the synchrotron SED is limited; the models studied here remain consistent with existing
constraints. This is why we explore various synchrotron scenarios in this work.

e Thermal dust. Thermal dust radiation originates from dust grains present in the
interstellar medium. The grains absorb ultraviolet light and re-emit as a grey body.
In general, these dust grains are not perfectly spherical and typically have their minor
axis aligned with the direction of the local magnetic field, which results in polarized
thermal dust emission.

While more complex models might be necessary to characterize dust emission [42, 43],
this paper focuses primarily on synchrotron emission. Thus, we adopt a single dust
model (PySM d10), which assumes that dust behaves as a modified black-body, with a
power-law dependence of emissivity on frequency.

4.1.3 Other components/effects

The polarized nature of the AME remains a subject of ongoing investigation, primarily
because its exact nature remains uncertain [44]. Several proposed models include spinning
dust particles [45], magnetic dipole emission [46], and more recently, the suggestion of
spinning nano-diamonds [47]. These models generally predict a polarization fraction for
AME emission of less than 5%.

In terms of data analysis, studies that focus on compact regions have not yielded conclusive
evidence of polarization. The most rigorous constraints on the polarization fraction, denoted
as I, were provided by [48], indicating IT < 0.22% at 41 GHz. Due to this absence of empirical
support, we have opted not to consider the AME component in our work.

Another issue intrinsic to the polarization signal is the Faraday rotation effect, i.e., the
rotation of the plane of polarization that occurs when light passes through the interstellar

5The Gaussian realizations are generated at Ngge = 16 to suppress small-scale fluctuations, and the
resulting curvature map is smoothed with a 5° beam to avoid artificial sharp features associated with this
low-resolution generation.
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medium in the presence of a magnetic field. Due to the finite size of the beam, this effect
can lead to beam depolarization, as the measured signal is an average of the emission from
various directions within the beam with different rotation angles.

The Faraday rotation angle scales with the square of the wavelength, hence its effects
are more significant at low frequencies. To estimate the magnitude of this effect at our
frequencies of interest, we calculate the rotation angles induced by the Faraday rotation using
the model from [49]. From these estimates of the rotation angle,% we find that most pixels
are rotated by ¢ < 6deg. This suggests that this effect can be safely neglected in most cases.
Notably, the largest deviations occur close to the Galactic plane. In the event that masking
becomes necessary due to an imperfect understanding of this effect, a substantial portion
of the sky remains available, preserving the most sensitive data.

4.2 Noise simulations

In this section, we outline our procedure for generating noise simulations for the three
instruments under consideration in our analysis: ngCMB, Xband (phase 1 of ELFS/SA)
and MFI2 (phase 2 of ELFS/SA).

We generate 50 noise simulations for each instrument, following the same methodology
as detailed in [8, 38]. Initially, we model the noise power spectra for each band of each
instrument as the sum of two noise sources, which are:

g Qknee
N¢ = Nyhite [1 + ( ) } : (4.1)
Eknee

a white noise component represented by a constant Nynpite, alongside a 1/f component”
modeled as a power law at the power spectrum level. This 1/f component is characterized
by an exponent denoted as aynee and an elbow multipole at fynee. While the white noise
accounts for the instrument sensitivity, the 1/f component models the correlated noise that
arises from the atmosphere and electronic noise.

To generate a noise simulation for a specific band, we draw a random Gaussian realization
of the noise power spectra from equation (4.1) and then rescale the map by /Npis,® to
account for the inhomogeneous coverage.

Noise specifications for the different bands are documented in table 2, covering ngCMB,
X-band, and MFI2. The ngCMB specifications are estimated based on the nominal Simons
Observatory (SO) values, particularly the optimistic goal case outlined in [38]. These
sensitivities are then rescaled to account for additional contributions from SO:JP and SO:UK,?
as well as an extended observational period:

e ngCMB includes two additional medium-frequency (MF) SATs, as per the planned
addition of SO:UK, dedicated to measuring the 93 GHz and 145 GHz bands.

5The maps are shown in appendix A.

" Analogously to [8], we assume that the power of the 1/f component equals that of the white noise
component.

8We employ the simulated map of hit counts presented in figure 8 of [8].

“https://simonsobservatory.org/fact-sheets/
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EXp eriment v FWHM Nwhite 14 knee  (knee

27 91 110 15 —-24
39 63 733 15 —24
93 30 125 25 —25
ngCMB - 17 140 25 -3
225 11 371 35 -3
280 9 944 40 -3
63 466 539 15 —24
7 422 512 15 —24
. 1 4 15  —24
g T 38 87 5

8.6 34.4 465 15 —24
9.5 31.1 443 15 —24
10.5 28.1 423 15 —24

10.5 33.7 245 15 —24
12.9 274 228 15 —24
MFI2 14.3 24.8 206 15 —2.4
15.9 22.2 236 15 —-24
18.4 19.2 203 15 —-24

Table 2. Instrument and noise specifications. The columns include the central frequency (v) in
GHz, the beam full-width at half-maximum (FWHM) in arcmin, the channel sensitivity (Nynite) in
pK-arcmin, knee frequency in power spectrum space (fxnee), and the correlated noise slope (knee)-

e To model the expected SO:JP contribution, an additional SAT is allocated exclusively for
low-frequency (LF) measurements, covering the 27 GHz and 39 GHz bands throughout
the entire campaign. Unlike the nominal SO case, where one SO-SAT was used for LF
measurements for only a single year, this dedicated LF SAT will operate for the full

duration.

e Instead of assuming a 5-year observation period, we consider ngCMB to be operational
until 2035. As a result, the nominal SO-SAT-like telescopes will operate for 11 years,
while the SO:UK-like and SO:JP-like SATs will be in operation for 9 years.

Based on these assumptions, the scaling factors for LF, MF, and HF'® SATs are /1/9,
VB/(9+11) = 1/2,' and /5/11, respectively.

The Xband sensitivity is calculated as a single-pixel system of the PolarBear experiment
assumimg a sky fraction of fg., = 0.1, equivalent to the SO-SAT sky patch, and an observing
time of 6 years with 25% observation efficiency. The MFI2 sensitivity is likewise obtained by
scaling its expected sensitivity [34] to that sky patch for an observing time of 5 years with

OHigh frequency, corresponding to the 230 and 280 GHz bands.

1YWe do not account for the additional year of MF measurements since the SO:JP SAT will now conduct
the LF measurements. The scale factor in this case is approximately /9/(18 4+ 22) ~ 0.47. This minor
change does not significantly impact our study, as the MF frequencies have limited relevance for characterizing
synchrotron emission.
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Figure 6. Sensitivities as a function of frequency. The dotted lines shows the extrapolated sensitivity
following a power law with —3.1 exponent.

25% observation efficiency. For the correlated noise, we utilize the fi,ee and aypee values
from SO’s lowest frequency band [38] for both Xband and MFI2.

Figure 6 shows the sensitivity of the bands as a function of their frequency. The dotted
lines illustrate the Xband and MFI2 equivalent sensitivity at other frequencies, extrapolated
using a power law with an exponent of —3.1. Notably, Xband exhibits a more favorable
relative sensitivity than the lowest ngCMB band.

5 Methodology

Here, we outline the steps taken to calculate the tensor-to-scalar ratio, which involves two
main phases. First, we perform a component separation analysis to obtain a clean CMB map,
as explained in section 5.1. Next, we determine the cosmological parameter r from the cleaned
CMB power spectrum by sampling the cosmological likelihood, as described in section 5.2.

5.1 Component separation

To perform the component separation analysis we apply the B-SeCRET methodology [50].
B-SeCRET is a parametric pixel-based maximume-likelihood method, which relies on an Affine-
Invariant Markov Chain Monte Carlo Ensemble sampler (emcee'?) to draw samples from a
posterior distribution'? [51]. Preceding the component separation analyses, the frequency
maps are convolved appropriately to have a uniform beam characterized by a FWHM of
91 arcmin, and downgraded to the same resolution, given by the HEALPix [39] parameter
Nsige = 64. The pipeline followed to downgrade the maps is described in [32].

2https://emcee.readthedocs.io/en/stable/
13The best-fit parameters’ map are evaluated as the median of each marginalized parameter pixel posterior
probability.
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Component Model Equation Priors

Qcmb Cme .’L‘2€T’
MB Black-bod = v
C ack-body <Uc1nb emb? | (er — 1)2
) Q Bs
Power law <?;> = (Z‘Z) (WVHZ> Bs € N(—3.1,0.1)
Synchrotron v s
Qs aQ v \Psteslos(zém) B, € N(—3.1,0.1)
Power law with curvature =13 (7>
s a; 30 GHz cs € N(0,0.1)

Qd\ _ (df ( v >ﬂd*2 B(w,T) Ba€N(1.54,0.1) UU(1,2.4)
Ua) 353 GHz B(v.Ty) T, e N(21,3) UU(10,40)

Thermal dust Modified black-body < U
aq

Table 3. Parametric models and prior information used in the analysis. Equations are given in
hv
BTa’

antenna units. B(v,T) is the Planck function. = = ’ h and kp are Planck and Boltzmann

constants respectively.

B-SeCRET applies Bayesian inference to determine the best-fit model parameters given
some prior information. In Bayesian statistics, the probability of the model parameters 6,
given the signal data d, at the pixel p is proportional to the probability of the d, given
f, times the probability of 6, i.e.,

P(0pldy) o< P(dp|0p)P(6y) - (5.1)

P(0)) is commonly known as the prior information, whereas P(dp|6,) is usually referred to
as the likelihood. Assuming Gaussian noise, the likelihood of the data can be expressed as

exp (=5 (d, ~8,)" C 1 (d, - S,))

P(dpwp) = ) (5-2)
(27)N det(C)

where C is the covariance matrix, N = 2N, is the number of elements in the d, array, IV, is
the number of frequency channels, and S, is the following parametric model

_ QS _ Qcmb Qs Qd
o= (00 - (0) (2 + () 6

where Xemp, Xs, and Xy are the CMB, synchrotron, and thermal dust models evaluated at
the instrument frequencies v respectively (X € {Q,U}). The different parametric models
considered for each component are summarized in table 3.

As part of our methodology, we incorporate Gaussian priors on the component SED
spectral parameters. These specific priors, along with their respective details, can be found
in table 3. The inclusion of priors is especially crucial in scenarios with high parameter
degeneracy. For instance, in the context of the power law with curvature model, the parameters
Bs and cs exhibit a high degree of degeneracy. In cases where the signal-to-noise ratio is
insufficient, many combinations of 85 and cs can yield a close match to the effective exponent
at the lowest frequency Beft (Vmin) = Bs + Cs10g (Vmin/23 GHz) considered in the analysis.
This degeneracy can be visualized as a line in the (S, ¢;) plane, with a slope determined
by — log (Vmin/23 GHz).

— 14 —



Instead of conducting a comprehensive sampling of the full posterior distribution, we
split the model parameters into two categories: amplitudes and spectral parameters. We
then proceed to sample the conditional probability distributions separately. This strategy
effectively diminishes the dimensionality of the problem, meaning we have a smaller space
to explore, ultimately aiding in achieving convergence. We continue this process iteratively,
sampling the conditional probability distributions until we reach a state of convergence.

5.2 Cosmological likelihood

We calculate the power spectra from the cleaned CMB map using a python implementation
of a pure pseudo-C; algorithm NaMaster'? [52]. We apodize the mask using a square cosine
function with a kernel of 22deg, resulting in an effective sky fraction of approximately
fsky ~ 10%, and use a uniform binning scheme. Each bin contains 5-¢ multipoles that go from
¢ € [30,128]. The multipoles with a given bin q are weighted with w, = (£+1/2)/ 3¢, ((+1/2)
so that larger multipoles have more weight.

We then calculate the tensor-to-scalar ratio by sampling!® the following likelihood:

log £ o —% (Cq- Cq)TM (C,-¢c,) . (5.4)

where éq is the cleaned CMB power spectrum, M is the Gaussian covariance matrix among
g bins obtained from Namaster, and C, is the theoretical model:

Cy(r,ar) = quPGW(T:U +arL, + Ny, (5.5)

where CEGW(T:U is the primordial BB power spectrum, L, is the lensing BB power spectrum,
and N, is a model of the noise power spectrum estimated from simulations.

6 Results

This section is organized as follows: section 6.1 discusses the accuracy of characterizing
the Synchrotron’s SED. In section 6.2, we evaluate the ability to recover the tensor-to-
scalar ratio. For each analysis, we compare the achievable results using the ngCMB data

without supplementary low-frequency information and assess the impact of incorporating
ELFS/SA data.

6.1 Synchrotron characterization

This subsection examines the information that can be obtained about the synchrotron
emission from ngCMB data alone, as well as from the combination of ngCMB data with
ELFS/SA. The analysis focuses on two main aspects: evaluating the synchrotron SED using
goodness-of-fit estimators (section 6.1.1) and assessing the accuracy of spectral parameter
recovery (section 6.1.2).

“https://namaster.readthedocs.io/en/latest/
15We use the Python library emcee to sample the likelihood.
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ngCMB Xband+ngCMB
power law power law w/ curv power law power law w/ curv

sC2

2
Xred

Figure 7. x2, maps obtained using only ngCMB (first and second columns) and Xband+ngCMB
(third and fourth column). Rows show the results obtained when the synchrotron is simulated using
sb, s7, sC2, sC from top to bottom. The odd (even) columns show the results obtained when the
synchrotron is modeled in the component separation analysis using either a power law (power law
with curvature).

6.1.1 SED

Parametric methods allow us to assess goodness-of-fit and conduct model selection, i.e.,
enabling us to determine the most suitable model for the observed data. Here, to test which
model provides a better goodness-of-fit, we use the reduced y? estimator:

1 _
X?ed,p = m Z (d]%i - Sm)cp l(dm - Sp,i) ) (6.1)

where C,, is the noise covariance matrix at pixel 2,16 Ngof = (2N, — Np), N, is the number
of frequency channels, and Ny is the number of model parameters.

Figure 7 shows the reduced x? maps obtained using either ngCMB or Xband+ngCMB
information for the four different synchrotron scenarios considered. These maps are organized
in a 4 X 2 matrix format, with the rows representing the four considered simulated skies,
namely, s5, s7, sC2, and sC, while the columns depict the chosen synchrotron models, i.e.,
the power-law and the power-law with curvature.

Upon comparing the maps on the first column, it becomes evident that ngCMB alone
lacks the discerning power necessary to distinguish between the simulated skies, i.e., the X?ed

161n this work, C, is a diagonal matrix with diagonal elements ag’p, which are derived by calculating the
standard deviation o, from 500 noise simulations that have been downgraded using the same pipeline applied
to downgrade the data.

,16,



0 IJECMB 50

Figure 8. Left: polarized synchrotron amplitude intensity at 27 GHz. Right: synchrotron signal-to-
noise with ngCMB sensitivity at 27 GHz. Maps are in equatorial coordinates.

maps obtained are very similar independently of the synchrotron simulation. Furthermore,
the introduction of an additional parameter, such as curvature, is consistently penalized, as
ngCMB’s information does not provide sufficient constraining power.

On the other hand, when we add the Xband, we are now able to observe differences in
recovered X?ed maps among different simulated skies when we use a power law to fit the
synchrotron emission (third column). Since the power law is not the correct model for the s7,
sC2, and sC skies, there are regions with large Xfed values, especially where the synchrotron
signal-to-noise is high, see figure 8, and the ¢, parameter deviates significantly from zero,
i.e., the sky is less compatible with a power law.

Unlike with ngCMB, we observe that when we add the curvature parameter we are able
to recover better Xfed maps for s7, sC2, and sC skies (fourth column). We are now able to
put constraints on cs due to the additional information coming from the Xband. Moreover,
in the case of s5, the X?ed assuming a power law is slightly better than with a power law
with curvature since the model former has less parameters.

Normalized residual maps for individual frequency channels can also be utilized:

R, = 35 (6.2

) 0-1/

to identify which channels are most affected by incorrect modeling of the sky. Figure 9 shows
the difference between the normalized polarized intensity residual maps:

RI/,P =/ R,2,7Q + R12,7U ) (6'3)

obtained when the synchrotron is simulated using sC versus s5 in the case of ngCMB
data alone.

The results indicate that the medium-frequency channels, which are crucial for CMB
reconstruction, are most affected by inaccurate sky modeling. This issue arises because
the recovered value of (5, is close to the effective value of the spectral index for the power-
law-with-curvature model:

Bett () = Bs + ¢ log ( ) : (6.4)

v
23 GHz
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Figure 9. Difference maps between the residual maps obtained when the synchrotron is simulated
with sC versus s5 for ngCMB alone.

at the lowest frequency included in the analysis, where the synchrotron signal is spectrally
the most dominant. While this yields accurate results at low frequencies, it introduces larger
errors in medium-frequency channels, where synchrotron contributions remain significant.

The largest discrepancies occur in regions with both high synchrotron S/N and positive
curvature. Positive curvature causes a slower decline in synchrotron emission with increasing
frequency, aggravating errors in these regions.

6.1.2 Spectral parameters maps

We compare the recovered s maps for the four different synchrotron scenarios considered,
using data from ngCMB, Xband+ngCMB, and Xband+MFI2+ngCMB, as shown in figure 10.
The presented results are based on the synchrotron model that yielded the best reduced
chi-squared (X?ed) map. This approach closely replicates the procedure applied to real data,
where the true underlying synchrotron SED is unknown.

For ngCMB data, we show results obtained by fitting the synchrotron using a power-law
model. In the cases of Xband+ngCMB and Xband+MFI24ngCMB, a power-law model is
used for s5, while a power-law model with curvature is applied for s7, sC, and sC2. This
distinction reflects the need for more complex models when additional frequency bands are
included to account for the increased sensitivity to synchrotron SED variations.

From the ngCMB maps, it is evident that, except in regions with high signal-to-noise
ratio (see figure 8), the recovered [3; values tend to align closely with the prior set on s,
specifically 8s = —3.1. The dependence of the ngCMB results on prior assumptions is further
illustrated in figure 11, which shows a density plot of the recovered 5" values against the
downgraded B™ template at Ngqge = 64. The density plot reveals a horizontal pattern, with
the highest density regions clustering around the prior’s most probable value (8s ~ —3.1)
and gradually decreasing in density farther from this value. This indicates that the recovered
Bs distribution is heavily influenced by the prior N (—3.1,0.1), as the data lack sufficient
signal-to-noise to independently constrain fSs.
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Figure 10. Recovered S, maps for ngCMB (left column), Xband+ngCMB (middle column), and
Xband+MFI24ngCMB (right column). Rows 1-4 display the results for the s5, s7, sC2, and sC skies,
respectively. Row 5 shows the input 85 map, downgraded to Ngqe = 64.

It is important to note that these results are close to the true 55 values primarily because
the chosen prior closely approximates the actual distribution. However, this is not guaranteed
when working with real data. If the prior’s expected value deviates significantly from the
true distribution, the bulk density would no longer align with the line 3* = 3%, Moreover,
due to this strong dependence on the prior, the recovered s values remain largely similar
across all considered skies, with notable differences only in regions of high signal-to-noise.

In high signal-to-noise regions, the recovered 5, values better reflect the effective exponent
of the power law (Seg(v)) at the lowest ngCMB frequency. Specifically, in the s5 scenario,
the effective exponent is s, while for the other skies, it is 85 + ¢5log(27 GHz/23 GHz).
Consequently, only in the s5 case do the recovered (s values closely match the input. For
other scenarios, the recovered s is either steeper or flatter than the input, depending on

whether the curvature is negative or positive, see figure 12.
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Figure 11. Recovered 5 values vs. input s values for all observable pixels from the Atacama
region. The columns, from left to right, correspond to results for ngCMB, Xband+ngCMB, and
Xband+MFI2+ngCMB. Rows 1-4 present the outcomes for skies simulated with s5, s7, sC2, and sC2
(using the synchrotron model yielding the best x2,; map), respectively. Row 5 shows the results for sC
with the alternative (incorrect) synchrotron model. The dashed diagonal line represents S"* = 3in.
The correlation coefficients (p) are displayed in the upper-left corner of each plot. The terms pl and
plc, located on the bottom right side of the plots, stand for power law and power law with curvature
respectively.
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Figure 12. ¢, maps: the input template downgraded to Ngq. = 64 (left column), recovered c;
for Xband4+ngCMB (middle column), and recovered c¢s for Xband+MFI2+4+ngCMB (right column).
Results for the s7, sC2, and sC skies are presented in the top, middle, and bottom rows, respectively.

This trend changes when we incorporate information from low-frequency receivers. As
shown in figure 10 and figure 12, both 8, and ¢ are more accurately estimated when data from
ELFS/SA are included. Deviations from the input values are only observed in the s7, sC2,
and sC cases, where a power law with curvature is used to model the synchrotron emission.
These deviations occur primarily in regions with very low S/N. This behavior is particularly
evident in figure 12, where the estimated 9" values approach zero, corresponding to the most
probable value of the prior distribution. In these low S/N regions, the curvature parameter
becomes unconstrained by the data, leading to a recovery of the prior value, ¢s ~ 0, and a [,
value close to the effective exponent S (v) at the lowest analyzed frequency, v = 6.3 GHz.

Outside of these regions, the additional information provided by the low-frequency
receivers allows for the recovery of the true parameters across the rest of the sky. This
is evident in figure 11, where %" shows a strong correlation with A, with correlation
coefficients ranging from 0.6 to 0.86 for the various skies analyzed. It is worth noting that
the scatter of points increases for the s7, sC, and sC2 cases compared to s5, due to the
inclusion of the curvature parameter in the fitting model.

For the sC sky, we also present results obtained when fitting the data using the alternative
model: a power law with curvature for ngCMB data alone, and a power law for ngCMB
combined with ELFS/SA, as shown in the last row of figure 11. As expected, ngCMB data
alone cannot constrain the curvature parameter, resulting in recovered values consistent with
zero, which aligns with the prior expectation. Consequently, the 32" values are similar to
those obtained when fitting the synchrotron using a power law model, leading to comparable
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distributions of points in the and rows of figure 11. When low-frequency receivers
are incorporated into the analysis, the correlation coefficient p is found to be higher when a
power law model is used rather than a power law with curvature. However, in this case, we
recover a 3% that is close to the effective spectral index (eq. (6.4)) at the lowest frequency
considered in the analysis, i.e., Bo(6.3 GHz) instead of the S

In summary, ngCMB data alone can only constrain [.g(27 GHz) in regions with high
S/N. However, the inclusion of ELFS/SA allows us to probe the underlying synchrotron
SED and accurately recover the spectral parameters across the sky, except for small regions
with minimal synchrotron emission. Recovering the correct spectral parameters in these low-
emission regions is not critical for an unbiased estimation of the tensor-to-scalar ratio, as the

negligible synchrotron emission in these areas does not significantly affect the cleaning process.

6.2 Primordial gravitational waves

In this section, we assess how the additional data from ELFS/SA enhances ngCMB’s capability
to detect or constrain PGWs. Section 6.2.1 compares the foreground and noise residuals when
using ngCMB, Xband+ngCMB, and Xband+MFI2+ngCMB data. Section 6.2.2 presents
the results for the tensor-to-scalar ratio, highlighting the impact of incorporating Xband
and MFI2 data.

6.2.1 Foreground and noise residuals

Here, we evaluate how improved recovery of spectral parameters translates into reduced
foreground residuals at the power spectrum level. Figure 13 presents the average BB angular
power spectra for total foreground residuals (solid colored lines), residuals from thermal dust
alone (dotted colored lines), and statistical noise after component separation (dashed coloured
lines). The results correspond to a synchrotron sky simulated using the s5 model,!” with blue,
orange, and green lines representing ngCMB, Xband4+ngCMB, and Xband+MFI24+ngCMB,
respectively.

As shown in figure 13, for ngCMB alone, total foreground residuals contain more power
than the thermal dust residuals at large angular scales, indicating that synchrotron residuals
at these scales are not negligible. However, when ELFS/SA data are included, the total
foreground residuals decrease, with dust residuals becoming the dominant component due to
the improved characterization of synchrotron spectral indices. Moreover, the inclusion of low-
frequency information slightly improves the dust residuals, thanks to the correlation between
dust and synchrotron components. In other words, adding low-frequency data provides a
complementary and cost-effective way to enhance the characterization of high-frequency
components.

At intermediate scales (¢ 2 70), synchrotron residuals become the dominant source of
error, as they decay more slowly with increasing multipole compared to thermal dust residuals.
However, the inclusion of ELFS/SA reduces the total foreground residuals, even though
synchrotron residuals are no longer negligible relative to thermal dust residuals. This is
partially due to the lower-resolution analysis (Ngge = 64) and the beam convolution to
90 arcmin, which introduce some degree of mismodeling, particularly at smaller scales.

17Similar results are found for the other skies considered.
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Figure 13. Top panel: BB angular power spectra derived using ngCMB (blue), Xband+ngCMB
(orange), and Xband+MFI2+ngCMB (green). The recovered CMB is shown as error bars, while
the foreground, dust, and noise residuals are represented by solid, dotted, and dashed colored lines,
respectively. The theoretical CMB power spectrum is shown as a solid black line. Bottom panel: the
difference between the recovered CMB angular power spectra and the input CMB power spectra,
which corresponds to the theoretical CMB + noise power spectrum. Gray shadowed areas are not
included in the analysis to estimate 7.

Despite this, these smaller scales are less critical for constraining the tensor-to-scalar
ratio (1), meaning that synchrotron residuals have a limited impact on r estimation. For
example, repeating the analysis with a tenfold increase in the number of X-band detectors
(resulting in a sensitivity improvement by a factor of 1/10) reduces foreground residuals in
the ¢-band 60-128 by an average of 26%. However, this does not improve the bias in the
recovered tensor-to-scalar ratio. While the uncertainty on r slightly decreases, the recovered
value remains close to the original because the dominant contamination stems from thermal
dust. Furthermore, increasing the number of detectors by a factor of 10 does not significantly
improve dust characterization compared to the baseline Xband case, as the correlation between
dust and synchrotron can only help up to a certain point.

6.2.2 Tensor-to-scalar ratio

In this section, we present the tensor-to-scalar ratio, r, obtained using either ngCMB data
alone or ngCMB combined with ELFS/SA for the four sky models considered. Figure 14
displays the average values of r and the associated standard deviations, derived from 50
simulations for each sky and experimental setup. The r values correspond to those obtained
from the best-fit models in the Xfed maps.

First, we observe that the estimated r values are slightly biased toward positive values
due to the non-negligible residuals from thermal dust. However, while the results for
Xband+ngCMB and Xband+MFI2+ngCMB are consistent with the true value within one
sigma, the ngCMB-alone case often shows a detection with 1-2 sigma significance on average.
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Figure 14. Error bar plot showing the average and standard deviation of the recovered r values for
ngCMB (blue), Xband+ngCMB (orange), and Xband+MFI2+ngCMB (green). Results are presented
for each synchrotron sky model (s5, 87, sC2, sC). The number displayed next to each point indicates

how many standard deviations the average is from the true value. The bias observed in the ngCMB
case can be removed using techniques like foreground marginalization as shown in [38].

The SO collaboration also found that the d10s5 model produced biased results when
using common but unoptimised component separation techniques [38]. However, they showed
that this bias can be removed by employing techniques such as moment expansion for power-
spectrum-based parametric methods or by applying foreground marginalization at the power
spectrum level to the results obtained with a map-based parametric method. In this paper,
we demonstrate that the bias can also be eliminated by incorporating additional information
from low-frequency channels, as illustrated in figure 14. The inclusion of ELFS/SA data
therefore potentially removes the need for foreground marginalization which increases o, and
thus reduces the constraining power on PGWs and inflationary models [38]. The addition of
complementary low-frequency data also allows the spectral shape of the foreground residuals
to be better constrained which again may mitigate against additional biases in the r estimate
if the assumed foregrounds models deviate significantly from the true residuals.

If we compare the performance of Xband+ngCMB versus Xband+MFI2+ngCMB, for
the s5 sky, we find that the additional data from MFI2 does not reduce the bias compared
to Xband+ngCMB, as only two data points are sufficient to characterize a power law.
However, when the synchrotron emission deviates from a simple power law, we observe that
incorporating data at intermediate frequencies between the Xband and ngCMB enhances the
characterization of additional parameters, thereby reducing the bias in the estimation of r.

Additionally, we find that for the s5 sky, the uncertainty on r decreases by 6% with
the inclusion of Xband and by 8% when adding Xband+MFI2. Conversely, for s7, sC2,
and sC skies, the uncertainty on r increases with the inclusion of Xband and MFI2 due
to the introduction of the curvature parameter in the component separation process. It is
worth noting that this analysis has not been optimized for minimizing o, while preserving
an unbiased r estimate. Advanced techniques, such as clustering spectral parameters, could
reduce o, by limiting the number of model parameters needed to fit the sky. For instance,
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assuming that both 85 and ¢, vary spatially on scales as small as 1° may be overly conservative.
However, care must be taken to avoid incorrect modeling, which could increase bias.

Here, we consider the correct model (aside from potential downgrading effects) to evaluate
whether a non-biased r estimate can be recovered in the case of complex synchrotron. We
emphasize that our results do not suggest ngCMB cannot impose tighter constraints on r
than our estimates; rather, this study aims to evaluate the impact of adding ELFS/SA in
the context of complex sky models.

7 Conclusions

In this study, we have quantified the benefits of incorporating low-frequency data from ELF-
S/SA for mitigating contamination from diffuse synchrotron emission in CMB observations.
Our analysis highlights the following key implications:

1. The inclusion of low-frequency data significantly improves the recovery of the synchrotron
spectral SED. With the addition of just the Xband data, we can verify whether the
assumption of synchrotron emission following a simple power law is valid.

2. If the synchrotron’s SED is more complex than a simple power law both Xband and
Xband+MFI2 data enables the accurate recovery of both the synchrotron spectral index
Bs and curvature parameter c; across most regions of the sky.

3. Within the foreground cleaning approach considered in this work, our results show
that incorporating ELFS/SA data into ngCMB substantially reduces synchrotron
residuals in the recovered maps, particularly at large angular scales where synchrotron
contamination is most pronounced

These findings provide support to the opportunity of extending frequency coverage to
low frequencies in future CMB experiments. By providing accurate models of synchrotron
emission, ELFS data ensures that experiments like Lite BIRD and Stage-4 CMB experiments
can rely on extra-robustness in the results concerning PGWs coming from more control on
the synchrotron contamination. Additionally, the improved characterization of synchrotron
SEDs can benefit studies of Galactic magnetic fields and the interstellar medium.
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A Faraday rotation

Faraday rotation, the phenomenon where the plane of polarization of synchrotron radiation
rotates as it passes through a magnetized medium, can be modeled. However, its impact is
often complicated by other effects that mix the () and U Stokes parameters, making the study
of this effect more challenging. This is particularly relevant when combining S-PASS data
with data from other ground-based experiments operating from the Southern Hemisphere,
as the rotation can distort the measurements.

To address this, the inclusion of the ELFS receiver on the SA telescope, which operates
at intermediate frequencies between S-PASS and future ground-based experiments like SO,
can help model the Faraday rotation more effectively. This effect scales with the square
of the wavelength, meaning its influence is diminished at higher frequencies such as those
observed by ELFS/SA.

An estimation of the rotation angles, using the model from [49], is shown in figure 15.
The plot includes the 6.3, 8.6, and 10.5 GHz channels from Xband, as well as the S-PASS
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frequency for comparison. The gray shaded areas indicate rotation angles greater than 10°.

For S-PASS, most pixels have values larger than 10°, while only a few pixels for the 8.6 and
10.5 GHz channels exceed this threshold. The 6.3 GHz channel shows more pixels with large
rotation angles, but these are primarily in regions with low S/N synchrotron emission.

Thus, the reduced impact of Faraday rotation at higher frequencies than SPASS makes

the data easier to combine and potentially be used for a more reliable for joint analysis of

SPASS and future ground-based experiments, leading to more accurate results.
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