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We investigate the impact of beam chromaticity, i.e., the frequency dependence of the beam window
function, on cosmological and astrophysical parameter constraints from CMB power spectrum observa-
tions. We show that for future high-resolution CMB measurements it is necessary to include a color-
corrected beam for each sky component with a distinct spectral energy distribution. We introduce a
formalism able to easily implement the beam chromaticity in CMB power spectrum likelihood analyses and
run a case study using a Simons Observatory Large Aperture Telescope-like experimental setup and within
the public SO software stack. To quantify the impact, we assume that beam chromaticity is present in
simulated spectra but omitted in the likelihood analysis. We find that, for passbands of fractional width
Δν=ν ∼ 0.2, neglecting this effect leads to significant biases, with astrophysical foreground parameters
shifting by more than 2σ and cosmological parameters by significant fractions of the error.
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I. INTRODUCTION

The increase in precision in cosmic microwave back-
ground (CMB) observations which we have witnessed over
the last three decades (see, e.g., [1–10]) has demanded a
large effort in developing data analysis pipelines able to
account for precise characterization of the instruments and
of the sky emission. This work is essential to make sure that
the very tight constraints set on cosmological models are

robust and unbiased. For example, the subsequent releases
of the Planck [11] mission data (from the initial early
survey results to the latest NPIPE [12] products) have seen
the deployment of many techniques to reduce systematics
arising from, e.g., uncertain instrument performance or the
scanning strategy, and contamination from Galactic emis-
sion [13–26]. While the Planck satellite focused
on getting the most robust large scale modes (l ≲
1500–2000), from the ground, experiments like the
Atacama Cosmology Telescope (ACT) [27] and the
South Pole Telescope [28] have refined intermediate and
small angular scales (1000≲ l≲ 10000). The requirement
for those scales is to tackle in particular the astrophysical
foreground emission from extragalactic sources and other
unresolved signals [6,29–31], and the frequency-dependent
systematics effects which couple with them. If ignored,
these systematics can lead to incorrect estimates of
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foreground parameters—preventing their astrophysical and
cosmological interpretation [32–38]—and potentially
introduce biases in the estimation of cosmological param-
eters. Next-generation ground-based experiments like the
Simons Observatory (SO) [39] and CMB-S4 [40] are
actively developing these aspects of the analysis pipeline
[41–45].
A crucial ingredient for a correct estimate of CMB and

foreground emission is the accurate knowledge of the
beam, which represents the optical response of the instru-
ment. Its width encodes the resolution of the instrument and
its azimuthal and polar profile depends on the entire optical
chain of the instrument. It is customary, in particular for
high-resolution analyses, to use the assumption of azimu-
thally symmetric beams [46], which holds well for the main
beam component and simplifies the beam to its radial
profile bðθÞ, function of the polar angle θ. This works in the
case of a redundant scanning strategy, where each pixel is
observed from many angles and the averaged beam gets
symmetrized.
Usually beam profiles are estimated employing obser-

vations of planets or known sources [47,48] and, for broad
passbands, the resulting beams can strongly depend on
source spectral type. Thus, the effective beam profile may
vary for different sources of emissions. However, in many
previous cosmological analyses this effect has often been
neglected [24,49] or not included in the baseline analysis
because too small to significantly impact cosmological
parameter inference1 [5,6], particularly given the sensitivity
or the multipole range of the experiment. Only some recent
component separation studies [42,50] included this effect
for the first time in the baseline analysis settings. As we
show in this paper, with the increasing sensitivity of
upcoming experiments, it will be essential to accurately
measure and incorporate the frequency dependence of
beam profiles into the analysis pipeline. This will allow
proper modeling of the observed power spectra and ensure
an unbiased recovery of both cosmological and foreground
parameters.
In this work, we lay out the formalism for the integration

of beam chromaticity in the power spectrum and likelihood
analysis of a CMB experiment, and show the potential
impact of this effect on the recovery of parameters from an
SO Large Aperture Telescope (LAT)-like experiment. We
derive the mathematics needed for the integration of this
term in the calculation of the foreground spectral energy

distributions (SEDs), and we implement the modeling of
the chromatic beams in the public SO power spectrum
likelihood code LAT_MFLike

2 and its foreground spectrum
library FGSPECTRA.3

The paper is organized as follows. We describe our
formalism in Sec. II, then present its implementation and
results on how the chromatic beam effect can bias cosmo-
logical and foreground parameters in Sec. III. We then draw
conclusions in Sec. IV.

II. METHODOLOGY

For an ideal monochromatic observation, the beam
window function can be simply computed as the
Legendre polynomial transform of the frequency-depen-
dent radial profile bðθ; νÞ [48]:

bl;ν ∝
Z þ1

−1
d cos θPlðcos θÞbðθ; νÞ; ð1Þ

where Plðcos θÞ are the Legendre polynomials. More
realistically, if we consider a broad passband, then a
map of the microwave sky (measuring CMB and fore-
ground emission) in harmonic space, for a frequency
channel c, reads

aSKY;clm ¼ aCMB;c
lm þ aFG;clm

¼ 1

Kc

Z
dν τcνF νbcl;νðaCMB

lm þ aFGlm;νÞ

¼ bCMB;c
l aCMB

lm þ 1

Kc

Z
dν τcνF νbcl;νa

FG
lm;ν; ð2Þ

where τcν is the passband4 of the channel, F ν is the
differential temperature to surface brightness unit conver-
sion factor, defined as

F ν ≡ ∂BðT; νÞ
∂T

����
T¼TCMB

¼
�
2kB
c2

�
ν2

x2ex

ðex − 1Þ2
�

W
m2 sr HzK

�
;

where BðT; νÞ is the Planck function and x≡ hν=kBTCMB.
Kc is defined as

Kc ¼
Z

dν τcνF ν; ð3Þ
1The ACT DR4 analysis computed an approximate color-

correction to adjust the beam estimated from Uranus observations
to the beam appropriate for the CMB and used those in the
baseline likelihood. Color corrections for the other sky compo-
nents were neglected. Tests assessing the impact of beam
chromaticity were done as a robustness test of the cosmology
results [6]; finding negligible impact on cosmological parameters
and Oð≲1σÞ in astrophysical parameters, the extended beam
modeling was not used in the baseline likelihood.

2
LAT_MFLike, version 1.0.0 https://github.com/simonsobs/

LAT_MFLike/releases/tag/v1.0.0.
3
FGSPECTRA, version 1.3.0 https://github.com/simonsobs/

fgspectra/releases/tag/v1.3.0.
4Throughout this work we assume that the passband τcν is

proportional to the instrument’s response to a beam-filling source
with a frequency-independent surface brightness (∝ ν0).
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and effectively acts as a calibration factor bringing the map
from surface brightness back to differential temperature
units. This is a consequence of our choice of calibrating the
map on the CMB. Finally, the beam window function for
channel c, bcl;ν, is normalized to 1 at l ¼ 0. In Eq. (2) we
are assuming that both CMB and foregrounds are in CMB
differential temperature units, so they have the same
conversion factors to surface brightness units and aCMB;c

lm
has no frequency dependence.5

The window function bCMB;c
l appearing in Eq. (2) is

referred to as a “CMB” beam (i.e., the beam obtained
assuming flat emission in differential temperature units):

bCMB;c
l ¼ 1

Kc

Z
dν τcνF νbcl;ν: ð5Þ

Indeed, in the presence of CMB-only emission, the input
sky alm factors out from the integral as in the first term of
Eq. (2). However, this factorization does not hold when
foreground emission is present. To model the signal from
foregrounds, we follow Refs. [29,51] and separate it into a
SED and an angular-dependent component, defined at a
pivot frequency ν0:

aFGlmðνÞ ¼ fFGν;ν0a
FG
lmðν0Þ ð6Þ

(for brevity, we drop ν0 in the following). Hence the cross
spectrum of channels c1 and c2 reads

CSKY;c1c2
l ¼ CCMB

l bCMB;c1
l bCMB;c2

l

þ ½R dν τc1ν F νb
c1
l;νf

FG
ν �

Kc1

½R dν τc2ν F νb
c2
l;νf

FG
ν �

Kc2
CFG
l :

ð7Þ

This expression represents the power spectrum still
convolved by the beam window function. We can thus
factorize the CMB beams and deconvolve them, obtaining

ĈSKY;c1c2
l ¼ CCMB

l þ ½R dν τc1ν F νb
c1
l;νf

FG
ν �

½R dν τc1ν F νb
c1
l;ν�

×
½R dν τc2ν F νb

c2
l;νf

FG
ν �

½R dν τc2ν F νb
c2
l;ν�

CFG
l : ð8Þ

Now this expression can be generalized to any number of
different foreground components, with the total foreground
power spectrum, already deconvolved by the CMB beams,
given by

Ĉ
FGij;c1c2
l ¼

X
FGij

C
FGij

l

Z
dν rc1l;νf

FGi
ν

Z
dν rc2l;νf

FGj
ν

¼
X
FGij

C
FGij

l f̂
FGi;c1
l f̂

FGj;c2
l ; ð9Þ

where we have defined the channel-dependent geometric
factor:

rcl;ν ¼
τcνF νbcl;νR
dν τcνF νbcl;ν

ð10Þ

and the integral:

f̂FG;cl ¼
Z

dν rcl;νf
FG
ν : ð11Þ

The indices of the foreground components FGi, FGj
mean that the power spectra can be computed also between
different components.
Equation (9) represents the power spectrum of the total

foreground emission distorted by the chromaticity of the
main beam.
It is now instructive to show what happens if we assume

achromatic beams. In this case the beam window function
factorizes out and the sky alm reads

ãSKY;clm ¼ bCMB;c
l

�
aCMB
lm þ 1

Kc

Z
dν τcνF νaFGlm;ν

�
; ð12Þ

whereeis used to represent the case with achromatic beams.
The foreground power spectrum (already deconvolved

by the CMB beam) is then given by

ˆ̃C
FG;c1c2
l ¼

X
FG

CFG
l

Z
dν r̃c1ν fFGν

Z
dν r̃c2ν fFGν ; ð13Þ

with

r̃cν ¼
τcνF ν

Kc ; ð14Þ

which reduces to simple bandpass integration of the fore-
ground emission [41].

5The code used to simulate the foreground power spectra,
FGSPECTRA https://github.com/simonsobs/fgspectra/tree/main,
simulates the foreground SEDs in Rayleigh-Jeans (RJ) units
and then multiplies them by a conversion factor bringing RJ to
CMB units:

tν ∝
ðex − 1Þ2
x2ex

; x ¼ hν
kBTCMB

; ð4Þ

such that the final SED is simulated in CMB differential
temperature units. The difference between the SEDs in RJ units
and the ones simulated in surface brightness units is a ν2 factor:
fFGSB ∝ fFGRJ ν

2.
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The formalism outlined so far can easily be generalized
to both temperature and polarization, simply by considering
their corresponding beams, i.e., bT=E=B;cl . In general, dis-
tinguishing between T and E geometrical factors, we have

ĈFG;TE;c1c2
l ¼CFG;TE

l

Z
dνrT;c1l;ν f

FG;T
ν

Z
dνrE;c2l;ν f

FG;E
ν : ð15Þ

Aside from the assumption of azimuthal symmetry, we
have maintained complete generality in the definition of the
beam until now.
The main goal of our work is to understand if ignoring

beam chromaticity can have an impact—and if yes, how
much—on cosmological and foreground parameter esti-
mates from CMB power spectrum data. In the formalism
that we have just outlined, this can be done by simply
comparing the foreground power spectra computed with
Eq. (9), i.e., with beam chromaticity, and Eq. (13), i.e.,
neglecting its effect. The essential elements of this com-
parison are the chromatic beam window functions, bl;ν.
Estimating these beams is a complex task, typically
requiring a combination of planet observations and detailed
optical simulations [47,52].
In our analysis, for simplicity, we can assume diffraction-

limited Gaussian beams for each spectral element. Under
this assumption, the full width half maximum (FWHM) for a
frequency ν is simply given by

FWHMðνÞ ∼ 1

D
c
ν
½rad�; ð16Þ

where D is the aperture of the primary mirror of a
telescope.6 For a Gaussian beam the window function
can then be computed as [46]

bl;ν ¼ exp

�
−
1

2
lðlþ 1Þ

�
FWHMðνÞ
2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
�

2
�
: ð17Þ

In order to further generalize this expression we can add
an extra frequency scaling [52] as

FWHMðνÞ ¼ FWHMðν0Þ
�
ν

ν0

�
−α=2

¼ 1

D
c
ν0

�
ν

ν0

�
−α=2

; ð18Þ

where the case α ¼ 2 corresponds to a diffraction-limited
experiment and α ¼ 0 neglects any chromaticity effect.
Figure 1 shows the variation of a Gaussian bl;ν within

three example channels at c ¼ 93, 145, and 225 GHz.
Depending on the value of α considered and with a
bandpass width of ∼30 GHz, the chromaticity of the beam
[see Eq. (18)] becomes more and more evident as we go to
smaller scales. Figure 2 shows the distortion of the fore-
ground alms induced by a chromatic Gaussian beam as

parametrized in Eqs. (17) and (18) for the same three
frequency channels. In each panel of Fig. 2, we consider
three beam chromaticity scalings, α ¼ 1=1.5=2, and three
different extragalactic foregrounds, i.e., unresolved radio
point sources, cosmic infrared background (CIB) and

FIG. 1. Variation of Gaussian beam profiles, bcl;ν, with α for
three cosmological channels, c ¼ 93, 145, and 225 GHz, (for,
e.g., the SO LAT). The FWHM is computed as in Eq. (18), using a
diameter of D ¼ 6 m (characteristic of CMB experiments target-
ing high-resolution, arcminute-scale measurements). The bl;νs
are plotted for ∼30 GHz-wide passbands. Since the bandpass
fractional width Δν=ν is the largest for channel 93 GHz, the
variation in frequency of the chromatic beams is larger for this
channel than the other ones. The dotted line shows the maximum
multipole (l ¼ 9000) considered in this analysis and typical of
multi-frequency CMB measurements.

6This is obtained by fitting a Gaussian profile to the Fraunhofer
diffraction pattern produced by a circular aperture.
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thermal Sunyaev-Zeldovich (tSZ) (the explicit expressions
of the SEDs of these components are reported in
Appendix A of Ref. [44]). The change due to beam
chromaticity is similar across frequencies and the depend-
ence on the value of α similar across foreground compo-
nents, with an overall distortion at the power spectrum level

that grows at high-l s and that can be as large as ∼20% at
the boundaries of our analysis, i.e., l ¼ 9000.

III. IMPLEMENTATION AND FORECAST OF
IMPACT ON COSMOLOGICAL ANALYSES

To push this formalism to an example of a full cosmo-
logical analysis accounting for beam chromaticity, we
implement this effect in the public SO power spectrum
multifrequency likelihood LAT_MFLike, and in its
FGSPECTRA library calculating the foreground SEDs and
power spectra. To do this, we simply expand the modules to
allow the integration in frequency as in Eq. (9). This
implementation is not specific to the SO software, the beam
chromaticity formalism shown here can be included in this
way in any other CMB power spectrum likelihood which
models foregrounds together with the pure CMB compo-
nent. For example, in Appendix A, we compare the
LAT_MFLike beam chromaticity implementation with the
one present in the ACT BPLIKE

7 code, showing agreement
at numerical precision.
To quantify and highlight the potential impact of

unaccounted-for beam chromaticity, we run an end-to-
end analysis propagating this effect to the estimation of
cosmological and astrophysical parameters with the
Monte Carlo Markov chain sampler Cobaya, using the
modified LAT_MFLike likelihood and assuming that no other
systematics effect is present.
In particular, we start by simulating an SO-like sky at 93,

145, and 225 GHz generating a smooth CMB and fore-
ground dataset (in power spectrum space for both temper-
ature and E-mode of polarization) already deconvolved by
the CMB beam. We follow closely the methodology and
the analysis settings used in Ref. [44]. For the CMB theory
we choose to simulate and explore a ΛCDMþ Neff
model—i.e., a single-parameter extension of the standard
ΛCDM described by seven parameters: the baryon and dark
matter densities, Ωbh2 and Ωch2, the amplitude and the
spectral index of primordial scalar density perturbations, As

and ns, both defined at a pivot scale k0 ¼ 0.05 Mpc−1, the
Hubble constant, H0 in km sMpc, the optical depth to
reionization, τ, and the effective number of relativistic
species, Neff . As well as allowing us to study specific
relativistic particles such as neutrinos, Neff is an ideal
parameter to investigate the damping tail of the CMBwhere
beam effects become important. The foreground power
includes emission from: Galactic thermal dust, thermal and
kinetic Sunyaev-Zel’dovich effects (tSZ and kSZ), CIB
clustered and Poisson terms, unresolved radio sources, and
tSZ-CIB cross-correlation in temperature; Galactic dust and
radio sources in polarization. The l range considered is 30–
9000, the passbands are top hat in surface brightness units
and with a ∼30 GHz width. The chosen values of all the

FIG. 2. Fractional variation of the foreground SED integrated
in frequency with the normalized beam and passband, i.e.
ðf̂FG;cl − 1Þ, where f̂FG;cl is defined in Eq. (11). Each passband
has a width of ∼30 GHz and we assume a top-hat passband for
simplicity. We are plotting the temperature fFGSED of radio (blue),
CIB (orange), and tSZ (green) integrated with Gaussian beams
with α ¼ 2 (solid), α ¼ 1.5 (dashed), α ¼ 1 (dotted). The CMB
case corresponds to the solid gray line centered at 0. The vertical
dotted line represents the maximummultipole (l ¼ 9000) used in
the analysis.

7https://github.com/ACTCollaboration/bplike/tree/master.
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cosmological and foreground parameters used in the simu-
lation are the same as the benchmark smooth simulation of
Ref. [44]. For noise performance and simulated sensitivity of
our dataset we use the SO public noise curves.8 The total
foreground power spectra are integrated with a chromatic
beam as in Eq. (9), and as mentioned previously, beams are
assumed to be Gaussian with different frequency scalings
(α ¼ 1=1.5=2). We then estimate cosmological and fore-
ground parameters assuming no chromatic effect, integrating
the foreground emission as in Eq. (13).
Finally, we produce a benchmark case repeating this

analysis using a smooth spectrum without beam chroma-
ticity (α ¼ 0). We compare the results with chromatic
beams to this simplified case to derive the mismatch
induced on parameter posteriors.
The key outcomeof the runs donewith these simulations is

that neglecting the effect of beam chromaticity in the like-
lihood analysis primarily impacts the foreground parameters.
In the case under study here, i.e., for an SO LAT-like
experiment, all the α values considered cause shifts larger
than 2σ in the recovery of extragalactic foregrounds. We
show an example of this with the posteriors of the radio
source power in temperature, as, in the bottom panel of
Fig. 3, for α ¼ 1=1.5=2 compared with the achromatic case.
A summary of the impact on all the foreground parameters is
reported in Appendix B. As expected, extragalactic compo-
nents can be strongly biased, while diffuse Galactic fore-
grounds mainly dominant at large scales [53,54] are less
affected by main beam chromaticity.
By construction, in our formalism the CMB power

spectrum should remain unaffected by beam chromaticity,
assuming that the “CMB” beam is correctly estimated.
Nevertheless, at small scales the coupling between fore-
grounds and cosmological signals can mean that a mis-
estimate of the foreground parameters will also induce
biases in cosmological parameters. In our case, we observe
biases up to 0.3σ for Neff and H0 (and between 0.1σ–0.2σ
for the other cosmological parameters—see Appendix B)
when α ¼ 2. The top panel of Fig. 3 shows that the bias in
the recovery of Neff increases with larger scalings. We do
not find any degradation in the estimate of these param-
eters, i.e., the errors do not increase, we only see a rigid
shift in the central values of the posteriors.
We also tested the effect of unaccounted beam chroma-

ticity in a cosmic-variance-limited survey with a resolution
similar to that of the SO LAT. In this case, the distortion of
the foreground spectra can induce biases on cosmological
parameters up to several standard deviations.
This analysis highlights the importance of the beam

chromaticity for precise cosmology from future high-
resolution measurements, especially to achieve accurate

characterization of foregrounds, and to contain systematic
biases on cosmological parameters below a small fraction
of the error. Other systematic effects, e.g. errors in
estimating the beam radial profiles or uncertainties in the
passbands, can couple with beam chromaticity and poten-
tially lead to even larger biases. These interactions, with a
focus on SO, will be studied in a separate work.

IV. CONCLUSIONS

In this paper, we have presented the formalism for
modeling beam chromaticity and showed the impact
of this higher-level correction of the beam in CMB
power spectrum likelihood analysis. We showed how
to implement this effect in the public SO software
stack used for high-resolution multifrequency CMB

FIG. 3. Shifts in the Neff and as (the amplitude of unresolved
radio sources in temperature) posteriors due to the presence of
Gaussian chromatic beams (with different frequency scaling α) in
the simulated spectra, not taken into account in the likelihood
analysis. The caseα ¼ 2 represents the diffraction-limited beam for
each spectral element, while α ¼ 0 case represents the achromatic
beam. The vertical dotted lines show the input values in the
simulations which are recovered in the case of achromatic beams.

8The SO noise curves for temperature and polarization
performance of the LAT are available at https://github.com/
simonsobs/so_noise_models/blob/master/so_models_v3/SO_Noise_
Calculator_Public_v3_0_4.py.
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temperature and polarization analyses. We then quanti-
fied the impact of beam chromaticity on both cosmo-
logical and foreground parameters analyzing an SO-like
case where the beam chromaticity effect is present in the
simulated data but omitted in the likelihood analysis.
We assumed no additional systematic effects to maintain
simplicity and focus on testing the formalism introduced
here. The chromatic beams, used in the simulations,
were simulated as simple Gaussian beams with varying
frequency scalings. We found biases at the level of
several standard deviations on extragalactic foreground
parameters, and up to 30% of σ on cosmological
parameters, with the parameters most affected being
those measured from the CMB damping tail. This
demonstration shows the necessity of properly account-
ing for this effect in likelihood analyses of future high-
resolution and high-sensitivity CMB data. A more
thorough analysis for the SO LAT will follow, consid-
ering also the interplay between beam chromaticity and
bandpass shifts and possibly the effect of marginalizing
over the uncertainty on frequency scaling of the chro-
matic beam. An in-depth study of beam effects for the
SO Small Aperture Telescopes is also underway [45].
We acknowledge the use of NumPy [55], Matplotlib [56],

and GetDist [57] software packages.
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APPENDIX A: COMPARISON BETWEEN
LAT_MFLike AND BPLIKE IMPLEMENTATION

OF BEAM CHROMATICITY

The implementation of beam chromaticity in BPLIKE is
similar to the one outlined in Sec. II. The foreground power
spectra are computed as

ĈFG;c1c2
l ¼ ½R dν τc1ν F νb

c1
l;νf

FG
ν �

½R dν τc1ν F ν�bCMB;c1
l

½R dν τc2ν F νb
c2
l;νf

FG
ν �

½R dν τc2ν F ν�bCMB;c2
l

CFG
l ;

ðA1Þ

where theCMBbeamsare explicitly present. To compare and
validate the two implementations, we compute the fore-
ground power spectra of a single frequency channel,
145 GHz, with both codes and using the same input
parameters, passbands, and beams (the cosmological and
foreground parameters and the passbands from our main
analysis described in Sec. III, and the case of beams scaled
with α ¼ 2). We do this for all the components modeled in
the same way in the two codes: tSZ and kSZ, the Poisson
component of the CIB, tSZxCIB, and radio sources (the
Galactic dust SED is modeled as a modified black body in
LAT_MFLike and as a power law in BPLIKE, and there is a
difference in the l scaling of the CIB clustered component).
All spectra match at numerical precision, as shown in Fig. 4.
We expect similar agreement for other components once the
SEDs and the template shapes in l space have been aligned.

FIG. 4. Relative difference between some extragalactic
foreground spectra at 145 GHz, CFG;145;145

l , computed with
LAT_MFLike and BPLIKE when using the same inputs. The spectra
match at numerical precision level across the whole multipole
range.
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APPENDIX B: COSMOLOGICAL AND ASTROPHYSICAL PARAMETERS FROM SIMULATIONS

We report below the full set of cosmological and foreground parameters estimated in the cases of different beam scalings.
Figures 5 and 6 show the one-dimensional posteriors and two-dimensional contour levels for cosmology and astrophysics,
respectively. They highlight that the impact on cosmology is at the level of fractions of their measurement errors, while the
shifts in astrophysics parameters can be very dramatic.

FIG. 5. One- and two-dimensional distributions for the cosmological parameters recovered from simulations including Gaussian
chromatic beams with different frequency scaling α and analyzed without accounting for beam chromaticity in the likelihood. The
case with α ¼ 2 represents the diffraction-limited beam for each spectral element, while the α ¼ 0 case represents the achromatic
beam scenario. We see biases at the level of 0.2 − 0.3σ in parameters sensitive to the very small-scale region of the spectra where
beams are very important. The vertical dotted lines show the input values in the simulations which are recovered in the case of
achromatic beams.
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FIG. 6. One- and two-dimensional distributions for the foreground parameters recovered from Gaussian chromatic beams with
different frequency scaling α and analyzed without accounting for beam chromaticity in the likelihood. The case α ¼ 2 represents the
diffraction-limited beam for each spectral element, while α ¼ 0 case represents the achromatic beam. We see very large biases in
the recovery of extragalactic foregrounds, and increasing with larger values of α ¼ 2. The vertical dotted lines show the input values in
the simulations which are recovered in the case of achromatic beams.
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