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ABSTRACT

The C-Band All-Sky Survey (C-BASS) has observed the Galaxy at 4.76 GHz with an angular resolution of 0273 full-width
half-maximum, and detected Galactic synchrotron emission with high signal-to-noise ratio over the entire northern sky (§ >
—15°). We present the results of a spatial correlation analysis of Galactic foregrounds at mid-to-high (b > 10°) Galactic latitudes
using a preliminary version of the C-BASS intensity map. We jointly fit for synchrotron, dust, and free—free components between
20 and 1000 GHz and look for differences in the Galactic synchrotron spectrum, and the emissivity of anomalous microwave
emission (AME) when using either the C-BASS map or the 408-MHz all-sky map to trace synchrotron emission. We find
marginal evidence for a steepening (<A B> = —0.06 &£ 0.02) of the Galactic synchrotron spectrum at high frequencies resulting
in a mean spectral index of <> = —3.10 £ 0.02 over 4.76-22.8 GHz. Further, we find that the synchrotron emission can be
well modelled by a single power law up to a few tens of GHz. Due to this, we find that the AME emissivity is not sensitive to
changing the synchrotron tracer from the 408-MHz map to the 4.76-GHz map. We interpret this as strong evidence for the origin
of AME being spinning dust emission.

Key words: radiation mechanisms: non-thermal —radiation mechanisms: thermal —surveys—cosmology: diffuse radiation—

radio continuum: ISM.

1 INTRODUCTION

Large-scale diffuse Galactic radio emission, at frequencies 0.1—
50 GHz, is composed of three principal components: synchrotron
emission from the propagation of cosmic rays through the Galactic
magnetic field (e.g. Strong, Orlando & Jaffe 2011), thermal free—free
emission from ionized gas (e.g. Dickinson, Davies & Davis 2003),
and spinning dust emission from the rapid rotation of small grains in
the interstellar medium (ISM) (e.g. Dickinson et al. 2018). The study
of these Galactic components is important both for understanding
the astrophysics of our Galaxy, and also for studies of the cosmic
microwave background (CMB) (e.g. de Oliveira-Costa et al. 2008;
Bonaldi & Ricciardi 2011; Remazeilles et al. 2016).

There are only a limited number of radio surveys that preserve
the large-scale structure of Galactic emission. The all-sky 408-MHz
map (Haslam et al. 1982) has become the standard map for tracing
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Galactic synchrotron emission as it has little impact from both
synchrotron self-absorption and free—free contamination. However,
the 408-MHz map is limited by being total intensity only and having
numerous systematics that are challenging to quantify (Remazeilles
et al. 2015). Other radio surveys of the large-scale Galactic structure
at 820 MHz (Berkhuijsen 1972), 1420 MHz (Reich, Testori & Reich
2001; Calabretta, Staveley-Smith & Barnes 2014), and 2.3 GHz (Reif
et al. 1987; Jonas, Baart & Nicolson 1998) are also limited due either
to partial sky coverage, systematics, and being in total intensity
only (I + Q for the 2.3-GHz map). The S-band Polarization All-
Sky Survey (S-PASS; Carretti et al. 2019) provided the first map of
polarized emission in the Southern sky using the Parkes telescope
at 2.3 GHz. New data from the Q-U-I JOint Tenerife (QUIJOTE)
experiment at 10-20 GHz will complement these surveys in the
Northern hemisphere (Génova-Santos et al. 2015; Guidi & Quijote
Collaboration 2020).

The limited number of surveys at the intermediate frequencies
between 408 MHz and the lowest frequency Wilkinson Microwave
Anisotropy Probe (WMAP) 22.8-GHz band means that capturing
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spectral curvature in the synchrotron component is almost impossi-
ble. We expect to see spectral steepening in the synchrotron emission
due to energy losses in the cosmic-ray electron (CRE) population
(e.g. Strong et al. 2011) or potentially even flattening due to re-
energization of the CRE population from active star formation
regions (Bennett et al. 2003). The ARCADE2 results suggest that
there is evidence for synchrotron spectral curvature (Kogut et al.
2011); however, the ARCADE?2 survey was limited to a relatively
small portion of the sky.

There are also still many unknown quantities regarding dust
emission at radio frequencies, commonly referred to as either
anomalous microwave emission (AME) (Kogut et al. 1996; Leitch
et al. 1997) or, when linked with polycyclic aromatic hydrocarbons
(PAHs) or very small grains, spinning dust emission (Draine &
Lazarian 1998b; Ali-Haimoud, Hirata & Dickinson 2009). The
Planck COMMANDER analysis has provided the current best all-sky
map of AME (Planck Collaboration XII 2014; Planck Collaboration
IV 2020). However, it was found that the COMMANDER analysis
derived AME amplitude can differ by 30-50 per cent when compared
to other analyses due to correlations with free—free and synchrotron
emission components even in mid-to-high latitude (b > 10°) regions
(Planck Collaboration XXV 2016). Similarly, Cepeda-Arroita et al.
(2021) found significant differences in the fitted AME amplitude
when using both the C-BASS and 408-MHz data to constrain low
frequencies rather than just the 408-MHz data alone in the A-Orionis
region.

The study of AME, free—free and synchrotron emission at mid-to-
high latitudes can be greatly improved by using a cleaner estimate
of the synchrotron emission at WMAP and Planck frequencies. C-
BASS offers just such as estimate as it is nearer in frequency, meaning
that it will be less impacted by spectral curvature. Further advantages
of the C-BASS map over the 408-MHz map are a well-understood
beam response, allowing the map to be deconvolved to a known
Gaussian beam pattern, and well-understood noise and systematics;
all of which are not available for the 408-MHz map. At present, only
the northern part of the C-BASS survey is complete, but this will be
extended to the full-sky in the future.

In this paper, we use a preliminary version of the C-BASS intensity
map of the northern sky to perform a pixel-space template fitting
correlation analysis, a method that has a long heritage for studying
Galactic foregrounds (e.g. de Oliveira-Costa et al. 1997; Banday et al.
2003; Bennett et al. 2003; Davies et al. 2006; Ghosh et al. 2012; Peel
et al. 2012). We use the C-BASS map in combination with the 408-
MHz map to estimate the degree of spectral curvature across the sky
in regions of approximately 100 deg?. We also investigate if there
is any change in the fitted dust coefficients at 22.8 GHz when using
C-BASS in place of the 408-MHz map, and look for any evidence of
a hard synchrotron component that may explain some or all of the
observed AME at mid-to-high latitudes (Peel et al. 2012). Finally,
we look to see if there is any preference for any particular dust tracer
when measuring AME at mid-to-high latitudes.

The paper is organized as follows: In Section 2, we provide an
overview of the C-BASS experiment, data-reduction methods, and
map-making. In Section 3, we describe all the ancillary data sets
used in this analysis. In Section 4, we outline the template fitting
method as well as the masks and regions that we use to divide up
the sky. In Section 5, we outline the results of the template fitting
analysis. In Section 6, we fit model spectra of spinning dust and
thermal dust to the dust template fitting coefficients. Finally, in
Section 7, we discuss the results of the template fitting analysis in a
wider context before giving concluding remarks and a summary in
Section 8.

C-BASS diffuse microwave foregrounds 5901

2 C-BASS NORTH

In this work, we will use a preliminary version of the C-BASS
intensity data. The C-BASS map presented here is identical to that
used in Dickinson et al. (2019) and Cepeda-Arroita et al. (2021)
except for a global calibration correction resulting in a 2.1 per cent
decrease in brightness; there is also a decrease in calibration un-
certainty from 5 to 3 per cent. This map will be almost identical to
the final C-BASS intensity map except for small changes in data
selection and processing aimed at eliminating subtle artefacts in
the polarization data, which have negligible effect on the intensity
maps. In the following sections, we give an overview of the C-BASS
data-reduction pipeline. More details will be given in the upcoming
C-BASS survey papers (Taylor et al., in preparation and Pearson
et al., in preparation).

2.1 Northern survey and instrument

The C-BASS project aims to map the entire sky in intensity and
polarization at4.76 GHz (Jones et al. 2018). The northern survey used
a 6.1-m dish based at the Owens Valley Radio Observatory, with a
nominal full-width half-maximum (FWHM) resolution of 0°73. The
antenna uses a Gregorian optical configuration that was designed
to minimize sidelobe power by both underilluminating the primary
reflector and surrounding it in a radio absorbing baffle. Furthermore,
to ensure a circularly symmetric beam pattern, the support struts for
the secondary reflector were removed and it was instead supported
by a low-loss dielectric foam cone (Holler et al. 2013).

The C-BASS instrument is a dual circularly polarized correlation
radiometer that can obtain instantaneous measurements of Stokes
parameters I, Q, and U. The receiver’s nominal bandpass is 4.5—
5.5 GHz but notch filters were used to suppress local radio frequency
interference (RFI), reducing the effective bandwidth to 0.5 GHz.
Receiver stability is maintained by a continuous comparison between
the sky and a resistive load that minimizes 1/f noise fluctuations. For
details of the C-BASS receiver system, see King et al. (2014).

The C-BASS northern survey observations were taken between
2012 and 2015. The survey scanning strategy slewed the telescope at
aset of fixed elevations, between 3722 and 77°2, over full 360° sweeps
in azimuth. The slewing rate was ~4°s~! but was varied slightly
between observations to average out any possible scan-synchronous
instrumental systematics from the final C-BASS map. This observing
strategy maps all declinations above —15°, and covers approximately
a 26000 deg? area of sky. A full description of the northern survey
maps will be given in Taylor et al. (in preparation).

2.2 C-BASS data reduction

The C-BASS data are processed through a standard pipeline proce-
dure, the details of which will be outlined in forthcoming papers
(Pearson et al., preparation and Taylor et al., in preparation).
However, we provide a brief summary here. The key tasks of the
pipeline are to flag sources of RFI and Solar system objects, calibrate
the data to brightness temperature units, and remove a number of
systematic effects from the data. The two main systematics that
are modelled and tracked are: a microphonics signal caused by the
cryocooler system, which induces a 1.2-Hz signal into the time-
ordered data (TOD); and emission from the ground detected in the
far sidelobes.

Relative calibration is performed by injecting a regular noise diode
signal into the front-end of the receiver. The noise diode is found
to be stable to the level of 1 percent or better over many months,
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resulting in a relative calibration better than 1 per cent in total. The
calibration to the astronomical brightness scale is done using daily
observations of Tau A and Cas A using the WMAP derived models
for the flux density of these sources (Weiland et al. 2011). The
bandpass-weighted central frequency of the C-BASS North intensity
data is 4.76 GHz when calibrated to a flat-spectrum (8 = —2')
source. Over the realistic range of source spectral indices observed
in the C-BASS map (—3.5 < B < —2), colour corrections will
contribute less than a 1 per cent uncertainty. One remaining source
of uncertainty is the primary beam deconvolution; tests of sources
flux densities in the final C-BASS map suggest that the deconvolution
(Section 2.3.2) has an additional 1 per cent uncertainty. However, at
present, the C-BASS calibration is still being finalized in preparation
for the public release of the survey (Taylor et al. in preparation), as
such we adopt a conservative 3 per cent calibration uncertainty for
this work.

2.3 C-BASS maps

2.3.1 Map making

To produce the C-BASS maps, we use the destriping map-maker
Descart (Sutton et al. 2010). We use a destriping offset length
of 5s to remove any large-scale 1/f noise in the data. The C-BASS
map does not include day-time data due to the impact of the Sun
in the far-sidelobes of the beam on the large-scale structures in
the map. The final map has a 073 FWHM, with a sensitivity of
approximately 0.25 mK/beam (instrumental white noise only). To
estimate the level of the residual 1/f noise in the map, we performed
a jack-knife test where we split the C-BASS observations into
two approximately equal-sized data sets, and produced a map for
each. Differencing the two maps, we compared the ratio of the
root mean squared (RMS) estimated in the residual data (which
contains both residual 1/f and white noise) to the expected RMS
assuming just white noise. We find that on average the C-BASS
map has a 10 per cent excess of residual 1/f noise at scales of a few
degrees and larger, which is negligible relative to other sources of
uncertainty.

2.3.2 Deconvolution

The C-BASS beam is diffraction-limited with a main beam efficiency
of 72.8 per cent (i.e. the power within the first null, which is at 1°0).
The sidelobe structures of the C-BASS beam are imprinted into
the final map and result in an effective calibration which varies
with angular scale. In previous C-BASS papers (Irfan et al. 2015;
Dickinson et al. 2019; Cepeda-Arroita et al. 2021), this resulted in
an effective calibration uncertainty due to the beam of approximately
5 per cent.

We have accurately characterized the C-BASS beam using detailed
physical optics simulations verified by observations of bright point
sources and direct beam measurements using a radio transmitter,
improving the measurements presented by Holler et al. (2013). This
allows us to deconvolve the effect of the beam, resulting in an
effective Gaussian beam and a window function that is largely flat in
log-harmonic space.

The deconvolution of the C-BASS map is done in spherical
harmonic space using the routines provided by HEALPix (Gorski
et al. 2005). First, we transform the C-BASS beam model into a

Defined in brightness temperature units as T,ocv?.
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spherical harmonic transfer function (B,). Next, we generate the
transfer function for the 1°0 Gaussian beam that we wish to smooth
to (Gy) and divide this by the derived C-BASS beam transfer function.
More details of the beam transfer function can be found in the C-
BASS northern survey paper (Taylor et al. in preparation). Finally, we
multiply the ratio of the transfer function with the spherical harmonic
amplitudes of the map such that the deconvolved C-BASS map is

oo 14 G
mo.p)=>_ > az,,anYe’%a ). e
=0 m=—¢

where m(6, ¢) is the map along the line of sight defined by
0 and ¢, G, is a 1°0 Gaussian beam transfer function, B, is
the C-BASS beam transfer function, and Y;"(6, ¢) are spherical
harmonics. We find that after beam deconvolution the calibra-
tion of the map on all angular scales is 1percent or better,
with the remaining uncertainty due to small asymmetries in the
beam.

2.3.3 Background source subtraction

After deconvolution of the map, we subtract a model of the extra-
galactic background point sources. At the frequency and resolution
of the C-BASS data the sky is confusion-limited at the level of
~0.7mK deg~' (Section 4.5 for details), which is several times
greater than the instrumental noise level in the map. To remove the
sources, we use a combination of catalogues. We use the C-BASS-
derived point source catalogue described in Grumitt et al. (2020) for
all sources that are detected at 10 o or better and do not lie within |b|
< 1° of the Galactic plane. For fainter sources, or sources with a poor
detection using C-BASS itself, we use several C-band point source
catalogues: the Green Bank 6 cm (GB6) survey (Gregory et al. 1996),
the Parkes-MIT-NRAO (PMN) survey (Wright et al. 1994) (for low
declinations), and the RATAN-800 survey (Mingaliev et al. 2007) for
sources missed by the GB6 survey around the North Celestial Pole
(NCP).

The sources’ flux densities were binned in ay,, space and multiplied
by the beam transfer function as

Ns
am =Y S;¥}"(6:, $)By, )

i=1
where §; is the source flux density from one of the catalogues, N is
the number of sources in the catalogue, By is the transfer function for
the deconvolved C-BASS map at 1° resolution, and Y;” are spherical
harmonics. We note that for some sources, specifically those near the
Galactic plane or with large flux densities, this method will not result
in the perfect subtraction of the source because of small pointing
offsets, changes in source flux densities, or systematic errors in the
measurement of the source flux density. In this analysis, we mask
bright sources with S4 766, > 1Jy. Section 4.3 provides more details
on masking.

3 ANCILLARY DATA

Here, we provide an overview of all the ancillary data sets. All
data sets are smoothed to a common resolution of 1° FWHM, using
beam transfer functions where available, i.e. for C-BASS, WMAP,
and Planck. For WMAP and Planck maps, the CMB has been
subtracted using the Spectral Matching Independent Component
Analysis (SMICA) estimate from Planck Collaboration XII (2014).
A summary of all the data sets used is given in Table 1.
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Table 1. Data sets used in this analysis. The first block of maps are used as templates for fitting the synchrotron, free—free, and dust components. The second

block lists the maps to which we applied the template fitting procedure.

Telescope/survey Frequency FWHM O cal Reference Notes
(GHz) (arcmin) (%)

Haslam 0.408 51 10 Remazeilles et al. (2015) Synchrotron template

C-BASS 4.76 44 3 This work Synchrotron template

WHAM Ha N/A 1 10 Dickinson et al. (2003), Finkbeiner (2003) Free—free template

Planck HFI 353 GHz 353 4.7 5 Planck Collaboration I (2020) Dust template

Planck 353 GHz optical depth 353 5.0 5 Planck Collaboration XI (2014) Dust template

Planck dust radiance R - 5.0 - Planck Collaboration XI (2014) Dust template

IRAS100 um 2997 4.3 13.5 Miville-Deschenes & Lagache (2005) Dust template

FDS8 model 8 94 6.1 - Schlegel, Finkbeiner & Davis (1998) Dust template

WMAP K band 22.8 51.3 3 Bennett et al. (2013) 9-year

Planck LFI 30 GHz 28.4 33.16 3 Planck Collaboration I (2020) PR3

WMAP Ka-band 33.0 39.1 3 Bennett et al. (2013) 9-year

WMAP Q-band 40.7 30.8 3 Bennett et al. (2013) 9-year

Planck LFI 44 GHz 44.1 28.09 3 Planck Collaboration I (2020) PR3

WMAP V-band 60.7 30.8 3 Bennett et al. (2013) 9-year

Planck LFI 70 GHz 70.4 13.08 3 Planck Collaboration I (2020) PR3

WMAP W-band 93.5 30.8 3 Bennett et al. (2013) 9-year

Planck HFI 143 GHz 143 7.18 5 Planck Collaboration I (2020) PR3

Planck HFI 217 GHz 217 4.87 5 Planck Collaboration I (2020) PR3

Planck HFI 353 GHz 353 4.7 5 Planck Collaboration I (2020) PR3

Planck HFI 545 GHz 545 4.73 5 Planck Collaboration I (2020) PR3

Planck HFI 857 GHz 857 4.51 5 Planck Collaboration I (2020) PR3

IRAS100 pm 2997 43 13.5 Miville-Deschenes & Lagache (2005) IRIS

3.1 Synchrotron templates

As well as using the C-BASS map (Section 2) to trace the diffuse
synchrotron emission we also use the 408-MHz radio continuum
survey by Haslam et al. (1982), which has remained for decades
the best tracer of diffuse Galactic synchrotron emission at WMAP
and Planck frequencies. The survey was undertaken during the 1960
and 1970s and combines observations from the Effelsberg 100 m,
and the Jodrell Bank 76 m Mk1 and Mk1a telescopes in the Northern
hemisphere, and data from the Parkes 64 m telescope for the Southern
hemisphere.

The average FWHM of the original map produced by Haslam
et al. (1982) is 56 arcmin. Calibration and zero level offsets were set
by an earlier 404-MHz survey (Pauliny-Toth & Shakeshaft 1962).
The expected calibration uncertainty is 10 per cent. However, no
deconvolution of the beam is possible, therefore we do not know
how the calibration changes with angular scale.

The original 408-MHz map has in recent years been improved in
Remazeilles et al. (2015), which reduces striping due to instrumental
systematics in the original data via Fourier filtering, and also provides
an improved subtraction of point sources in the map. For this
analysis, we use the destriped and desourced map provided by
Remazeilles et al. (2015) from the Microwave Background Data
Analysis (LAMBDA) website.?

3.2 Free—free template

The best currently available method for tracing free—free emission
at mid-to-high Galactic latitudes is to use the Ho (1656.28 nm)
emission line. This is because for a given HiI region the brightness
at radio frequencies and the intensity of the He transition are both
dependent on just the emission measure and the electron temperature
of the plasma (Draine 2011).

Zhttp://lambda.gsfc.nasa.gov

Ho emission is particularly sensitive to dust extinction, which acts
to reduce the He intensity along any given line of sight. Ho maps
are also contaminated by stellar continuum emission that must be
carefully subtracted. We use the all-sky composite Ho maps given
by Dickinson et al. (2003) and Finkbeiner (2003) as templates for
the free—free emission. Both combine publicly available Ha data
sets but approach the correction for dust absorption and continuum
removal slightly differently. The Finkbeiner (2003) data set assumes
no correction for dust absorption, while for the Dickinson et al.
(2003) He maps we use two dust mixing fractions: f4 = 0 and 0.33.

3.3 Dust templates

We use the reprocessed IRAS 100-pm data (IRIS), which has a
global calibration uncertainty of 13.5 per cent (Miville-Deschenes &
Lagache 2005). The IRAS 100 pm (/j0oum) is primarily a tracer of
cold interstellar dust, however, it is somewhat sensitive to the local
interstellar radiation field (ISRF) since it is near the peak of the
thermal dust emission spectrum (Tibbs et al. 2013).

To trace the cold thermal dust component on the Rayleigh—-Jeans
tail of the thermal dust spectrum, we use the Planck 353-GHz map
(I353) (Planck Collaboration I 2020), as well as the derived dust
optical depth at 353 GHz (t3s3) (Planck Collaboration X 2016).
These maps are directly proportional to the dust column (Planck
Collaboration XI 2014) but should be insensitive to changes in the
ISRF. At frequencies around the peak of the thermal dust spectrum,
the 7353 data are a better tracer of Galactic dust emission than /353
since they do not contain cosmic infrared background anisotropies.

We use the Planck-derived dust radiance map (Planck Collabo-
ration XI 2014), which is the integrated bolometric intensity of the
dust grains. The dust radiance is proportional to the amount of light
absorbed by the dust and as such is directly proportional to the ISRF
as well as the dust column.

Finally, to make comparisons with previous works, we also include
the 94 GHz dust brightness map derived from model 8 in Schlegel

MNRAS 513, 5900-5919 (2022)
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et al. (1998), which we will refer to as FDS8. The FDS8 map is
an extrapolation of the 100 and 240-um IRAS maps calibrated
to the COBE-FIRAS spectral data. For many previous studies of
dust correlated AME, this map has been used, however, it has been
superseded by direct observations of these frequencies by the Planck
mission.

3.4 WMAP data

We use the Wilkinson Microwave Anisotropy Probe (WMAP) 9-
year data release (Bennett et al. 2013) convolved to a Gaussian 1°
resolution beam obtained from the LAMBDA website. The WMAP
satellite observations were made using ten differencing assemblies at
five frequencies from 23 to 94 GHz. The original FWHM resolution
of the instrument was 0293 to 0°23. For the calibration uncertainty of
the WMAP maps, we assign a 3 per cent uncertainty to account for
colour corrections and residual beam asymmetries. We convert all
the maps to brightness temperature units from thermodynamic units
relative to the CMB.

3.5 Planck data

We use the 2018 release of the Planck all-sky maps (Planck Collab-
oration I 2020). The Planck low-frequency instrument (LFI) was a
pseudo-correlation radiometer that operated between 30 and 70 GHz,
with FWHM resolutions of 33 to 13 arcmin; and the high-frequency
instrument (HFI) used bolometers that spanned a frequency range of
100-857 GHz, with resolutions of 7.2—4.5 arcmin FWHM. We adopt
calibration uncertainties for the LFI of 3 per cent (Planck Collabo-
ration Int. XV 2014) and HFI of 5 percent (Planck Collaboration
1 2020); these uncertainties account for colour corrections, residual
beam asymmetries, and other systematics. Units were converted from
thermodynamic units relative into the CMB to brightness temperature
units.

4 TEMPLATE FITTING

4.1 Method

To estimate the contribution of a given emission component to each
frequency map, we use a template fitting method (also referred to as
a correlation analysis); a technique that has been well established for
studying Galactic foregrounds (Kogut et al. 1996; de Oliveira-Costa
et al. 1997; Davies et al. 2006; Planck Collaboration XXI 2011;
Ghosh et al. 2012; Peel et al. 2012; Planck Collaboration Int. XXII
2015). The method assumes that the sky signal can be decomposed
into a linear combination of N, template maps, where each template
is chosen to trace a single emission component. Template fitting is
performed by solving for the template coefficients a in

d=Za+n, 3)

where each column of Z (N x Nz) contains the Ny, pixel intensities
of the templates used to decompose the sky vector d (Nix). We want
to solve for the template coefficients vector @, where each coefficient
describes the radio brightness of a given emission component at a
given frequency per unit template. Least-squares solution gives

a=(z'N"'z)" Z'N"d, “

where N~! is the pixel noise covariance matrix. The details of the
noise covariance matrix are described in Section 4.5.

We fit for the synchrotron, dust, and free—free emission compo-
nents, as well as an arbitrary offset. Before we perform the template
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fit we first subtract the mean offset of each template. Subtracting
an offset from each template does not impact the fitted coefficients
but does improve convergence and removes arbitrary correlations
between templates and the data.

Coefficient uncertainties can be calculated using the covariance of
the coefficients as

C,=2"N"'z, ©)

where each parameter is as defined in equation (4). However,
estimating the coefficient uncertainties in this manner requires
both the templates to be perfect representations of the underlying
emission, and for the noise to be Gaussian distributed in each data
set. Therefore we instead estimate uncertainties and the correlation
between coefficients using the bootstrapping method (Efron 1979;
Efron & Tibshirani 1986). The bootstrapping method gives unbi-
ased estimates of the uncertainties in the coefficients by randomly
resampling with replacement the pixels in each region. Resampling
is done 1000 times for each region resulting in uncertainties in the
bootstrapped coefficient uncertainties of ~3 percent. We estimate
the coefficient covariance matrix by averaging over the outerproduct
of all the estimates of a,

C,=<aa’ > . (6)

We find that for regions far from bright sources of Galactic emission
the differences between the coefficient uncertainties estimated using
equations (5) and (6) were small — the bootstrapped uncertainties
were 10-20 per cent larger for data between 5 and 60 GHz. However,
for regions nearer to the Galactic plane, or coincident with bright
features (i.e. Eridanus/Orion — regions 69, 82, 83, and 97 in Fig. 2)
the bootstrapped uncertainties can be as much as an order-of-
magnitude larger. For the higher frequencies (v > 143 GHz), the
bootstrapped uncertainties were systematically larger in all regions
by as much as an order-of-magnitude, which is likely due to not
including any additional sources of noise at high frequency other
than the instrument noise. Therefore, it is clear that the bootstrapped
uncertainties are more reliable and representative of the data.

4.2 Free-free emission removal

The C-BASS map contains contributions from both synchrotron and
free—free emission, the latter from the warm-ionized medium (WIM).
When using the 4.76-GHz C-BASS map as a synchrotron template
we first subtract a global estimate of the free—free emission using
the Ho data. We use the best-fitting Ho coefficient at 4.76 GHz of
T/ Iue = (195 £ 5) uK/R (see Section 5.3 for derivation of this
value) to scale the Ha data, and then subtract this from the C-BASS
map.

It is possible that subtracting the free—free emission in the C-
BASS map may result in systematic biases in later results (since we
are using the same Ho map to trace free—free emission at higher
frequencies). Therefore, we subtracted free—free templates from the
C-BASS data using fixed electron temperature values of 5000, 6000,
7000, and 8000 K using equation (15). Changing the amplitude of the
subtracted free—free component resulted in no significant change in
the fitted coefficients discussed in Section 5, which is not unexpected
since free—free emission contributes less than 20 per cent of the total
emission at 4.76 GHz at high Galactic latitudes.

4.3 Mask

Template fitting is only as effective as the templates that trace the
underlying emission components at a given frequency. In order to
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Figure 1. Sky mask used for template fitting plotted in a Galactic Mollweide
projection. Only the green pixels are used in the template fitting analysis.
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Figure 2. Mollweide projection in Galactic coordinates of the 108 Ngjge = 4
regions used to sub-divide the sky and their numerical identifiers. Top panel:
region group designations discussed in Section 5.1. Bottom panel: region
groups of synchrotron loops discussed in Section 5.2.

optimize the template fitting procedure, we mask regions of the
sky that lie along the plane of the Galaxy where components are
highly correlated at 1° scales or larger and the Ho template suffers
from significant extinction, making the separation of components
unreliable. The Galactic plane is masked by first median filtering the
C-BASS map on 5° scales, and then masking the brightest 10 per cent
of pixels in the filtered map. The Galactic plane mask is shown as
the blue region in Fig. 1.

Point sources can also be problematic for template fitting as they
can dominate over the diffuse background emission, resulting in
a highly biased estimate of the amplitudes describing the diffuse
components. At lower frequencies, we use the source-subtracted
408 MHz and 4.76-GHz C-BASS maps, thus we only mask the very
brightest sources or sources that are found to have large residuals
after subtraction. Fig. 1 shows bright sources (>10Jy at 4.76 GHz;
Grumitt et al. 2020) masked by a 2° diameter aperture. There are
also some fainter point sources (S, < 10Jy at 4.76 GHz) that leave
residuals in the C-BASS map after subtraction; we mask these using
a smaller 1° diameter aperture.

At WMAP and Planck frequencies, the maps are not confusion-
limited since the majority of background radio sources have steep
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Figure 3. Summary of the mean instrumental pixel noise RMS for each
data set (points). The black line is the confusion noise model given by
equation (10), we fade the line at high frequencies as at these frequencies the
steep-spectrum background sources are less relevant. The orange bounded
region shows the range of the residual CMB fluctuations for pixels of
approximately 1 deg2 (Nsige = 64).

spectra and are generally too faint to detect in the WMAP/Planck
data. However, there are still a large number of flat-spectrum sources
present at high frequencies, and we mask these using the 30-GHz
Planck catalogue of compact sources (PCCS) (Planck Collaboration
XXVI 2016). We mask 893 PCCS sources in the range 50 < § <
1000 mJy with an aperture of diameter 1°5, and 628 sources with flux
densities S > 1Jy with a 3° wide aperture. Both the PCCS sources
and the C-BASS sources described earlier are shown in Fig. 1 as the
orange regions.

4.4 Regions

For this analysis, we divided the sky into equal-sized regions using
the Healpix grid (Gorski et al. 2005) on the celestial sphere. We
chose to use a region size of Ny4e = 4, which equates to regions with
areas of approximately 200 deg®. There are a total of 108 regions,
which are shown in Fig. 2. The maximum number of N4, = 64 pixels
within a region is 256, but after masking the number of pixels within
each region ranges between 104 and 252 (regions with less than 100
pixels are excluded). The choice of region size is important because
regions that are too small have larger spatial correlations between
emission types as the template fitting method relies on there being
spatial differences between components to work. Whereas larger
sized regions become more susceptible to systematics since large
scales are generally harder to constrain. Further, larger regions result
in less information on the spatial variations across the sky. We found
that a region size of Ny = 4 was a good balance between these
considerations given the resolution of C-BASS data.

4.5 Noise covariances

As described in Section 4.1, we estimate the uncertainties in the
fitted coefficients using bootstrapping, and not the intrinsic noise
covariances of each map. However, we still need to calculate the
noise covariance to correctly weight each pixel. Fig. 3 provides a
summary of all the different contributions to the total noise budget
at each frequency. We can see from the figure that the instrumental
noise is never the dominant source of noise in the maps — except
for the 408-MHz data. At higher frequencies, we have neglected
contributions to the noise due to confused infrared galaxies. We give
a more detailed description of each contribution below.

MNRAS 513, 5900-5919 (2022)
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For this analysis, we assume the covariance matrix N is di-
agonal and is the sum of contributions from instrumental noise,
confused background radio sources, and residual CMB fluctuations.
As mentioned in Section 3, the SMICA estimate of the CMB (Planck
Collaboration XII 2014) was subtracted from all the maps, therefore
we only consider uncorrelated CMB residual fluctuations. The noise
covariance matrix is therefore constructed as

N = Nyoise + Nscms + Nps, @)

where N, describes noise contributions from the instruments,
Nscvp due to uncorrelated errors in the CMB subtraction, and Npg
due to confusion from background radio sources.

Instrument noise covariances are calculated for WMAP using
the maps of integration time per pixel (hit maps) and the receiver
sensitivities provided in Bennett et al. (2013). For Planck and C-
BASS, variance maps are calculated during the map-making stage
for each pixel and can be used directly. The noise variances for all
three surveys are corrected for smoothing of the noise by rescaling
the noise by the integral of the Gaussian beam transfer function. For
the 408-MHz map, there is no information on the per pixel noise in
the map, however, Remazeilles et al. (2015) estimated the noise at
Ngge = 512 (i.e. &7 arcmin size pixels) to be ~800 mK, which is
equivalent to 0.1 mK deg~".

To estimate the noise due to the randomly (Poisson) distributed
background radio sources, we used the compilation of differential
source counts for frequencies of 0.1-1000-GHz provided in de Zotti
et al. (2010). We calculated the power spectrum of the sources by
integrating differential source counts

2](1)2 -2 Smax dN
C, = $? (= )ds, 8
=) Lo (%) ®

where % is the model of the differential source counts at a given

frequency, k is the Boltzmann constant, ¢ is the speed of light, and v
is the observing frequency. We use an upper limit of Sy,.x = 1Jy to
match the flux density at which we mask sources, and a lower limit
(Smin) that matched each source catalogue’s minimum flux density.
To estimate the confusion noise in the map, we then multiply the
background source power spectrum from equation (8) by a Gaussian
beam transfer function (FWHM = 1°) and integrate over all ¢ as

o2 = >, 2L+ 1)CB,

¢ 4rt ’
where B, is the power of the Gaussian beam transfer function. We
then fitted a power-law to o> measured at each frequency between
1 and 20 GHz to get a model of the confusion noise due to steep-
spectrum radio sources

o’ v 6?
log,g ( 25 ) = =5.0log,g (@)—3.14—10&0 ) 0

where 6 is the beam FWHM, and v is the frequency in GHz.
Equation (10) is only an applicable model of confusion up to a
few tens of gigahertz, after which the background source population
is dominated by flatter-spectrum radio sources (e.g. Healey et al.
2007), and at infrared frequencies the cosmic infrared background
becomes the dominant source of confusion (e.g. Guiderdoni et al.
1997). These additional sources of uncertainty are accounted for by
the bootstrapping method discussed in Section 4.

In Fig. 3, the contribution of the residual CMB noise exceeds the
noise in the data for most of the WMAP and Planck frequencies. To
calculate the contribution of the residual CMB noise (N scump ), We use
the five CMB maps published in Planck Collaboration XII (2014). We
calculated each unique difference pair between these maps resulting

(C)]
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Figure 4. Box-plot of the residual RMS at 22.8 GHz for each region and
each dust template. The coloured boxes represent the first and third quartiles
of each distribution, and the bold-black line is the median of each distribution.
The dot—dashed black line indicates the median expected RMS at 22.8 GHz.

in a cube of ten CMB difference maps. We downsampled each
difference map from its original resolution (Ngge = 2048) to the
same pixel size as the rest of the data (Ngq. = 64), and stored the
variance within each downsampled pixel. We then took the CMB
noise contribution to be the mean variance across all of the 108
regions.

5 TEMPLATE FITTING RESULTS

5.1 Dust

Here, we present the template fitting coefficients derived using
the dust templates. There are a number of different dust tracers
that are available. In this section, we will be comparing five dust
tracers (Table 1): The Finkbeiner, Davis & Schlegel (1999) model-8
94 GHz predicted dust brightness map (hereafter FDSS8); the IRAS
100 um map (Ijp0pm; Miville-Deschenes & Lagache 2005); the
Planck integrated dust intensity or dust radiance map (R; Planck
Collaboration XI 2014); the Planck derived thermal dust optical
depth at 353 GHz (73s3; Planck Collaboration XI 2014); and the
Planck 353-GHz intensity data (/3s3; Planck Collaboration I 2020).
We use these five dust tracers in this section to see which of them
best traces AME, to determine whether AME can be explained by a
hard synchrotron component, and to study the distribution of AME
emissivity across the sky. Later, in Section 6, we fit spectral models
to the dust coefficients presented in this section.

One of the biggest challenges for AME studies has been determin-
ing which dust map best traces AME. In order to compare the five
different dust tracers, we look at the residual RMS at 22.8 GHz in each
region after subtracting our best model for the emission. In the case
that the emission is perfectly modelled we expect that the noise in the
map will be equivalent to a combination of instrumental, confusion,
and residual CMB noise. In Fig. 4, we show the RMS, at 22.8 GHz,
of each region after subtracting the best-fitting dust, synchrotron, and
free—free templates. We did this for each dust template and find that
there is no global preference for any one dust tracer over another
on the scales of the region sizes (*10°). It is not surprising that
we find little difference between the dust tracers since they are all
tracing features at high latitudes that are spatially nearby (Green et al.
2019) and tend to share similar environmental conditions (Planck
Collaboration XI 2014).

Another long-standing challenge with studies of AME on large
scales has been separating it from synchrotron emission (e.g. Gold
et al. 2011; Planck Collaboration XXV 2016). AME has a peaked

€20z 11dy 0€ U0 159nB Aq 9€ | 859/0065/¥/€ L G/2I01E/SEIUW/I0d"dNODILSPED.//:SA)IY WO} PAPEOjUMOQ


art/stac1210_f4.eps

1100um

Density

0.85 1.00 1.15
Ratio of C-BASS to Haslam Dust Coefficients

Figure 5. Weighted histograms of the fitted dust coefficients when using the
C-BASS 4.76-GHz template over those fitted when using 408-MHz Haslam
synchrotron template for each dust tracer at 22.8 GHz. The dashed lines
indicate the weighted mean for each dust template. The weighted average
ratio is consistent with unity for each dust template.

spectrum that can be broadly described by a lognormal distribution
centred on 20-30 GHz (e.g. Bonaldi & Ricciardi 2011; Planck
Collaboration Int. XII 2013; Stevenson 2014; Cepeda-Arroita et al.
2021). However, at frequencies above the spectral peak, AME can be
described reasonably well by just a simple steep-spectrum power law,
which can be challenging to separate from the synchrotron spectrum.
This has led to the suggestion that Galactic synchrotron emission
could be decomposed into two broad synchrotron components. The
first being a soft/steep spectrum synchrotron component which is
what is observed in the 408-MHz all-sky data, and the second, de-
scribing AME, is a dust-correlated hard/flat synchrotron component
associated with star formation regions (Bennett et al. 2003; Davies
et al. 2006).

If AME is due to a hard/flat spectrum synchrotron component
we would expect to find AME in the 4.76-GHz C-BASS data. If
this were the case then previous estimates of the dust coefficients
that used the 408-MHz synchrotron template to trace synchrotron
emission around 20-60 GHz would be significantly different to
those reported here due to correlations between the dust and 4.76-
GHz synchrotron templates. These differences can be either positive
or negative depending on the local relative brightnesses of the
synchrotron emission and potential AME at 4.76 GHz. In Fig. 5,
we show a weighted histogram of the ratios of the dust coefficients
measured using the 4.76-GHz synchrotron template over the 408-
MHz template for each dust tracer (excluding a single outlier region
—discussed below). We find that the weighted mean ratio is consistent
with unity for each template. We find that most individual regions are
also consistent, within uncertainties, with no change in the emissivity
of AME when changing the synchrotron tracer. We therefore find no
evidence that AME is a flat-spectrum synchrotron component.

We find that region 46 (Serpens group — Fig. 2) is the only region to
have a significant (>50) change in the ratio of the dust coefficients.
Region 46 lies along the northern edge of the North Polar Spur
(NPS) and contains both bright diffuse synchrotron and diffuse dust
emission. When the synchrotron component is fitted using the 4.76-
GHz template the dust coefficient is (19.5 £ 1.4) 7353/K, which is
more than three times greater than the equivalent when using the

C-BASS diffuse microwave foregrounds 5907
408-MHz template of (5.9 £ 1.5) t353/K. We find that there is a
negative correlation between the dust and synchrotron coefficients
in this region when using either the 4.76-GHz template (p476 =
—0.58) or the 408-MHz template (p493 = —0.48), indicating that the
pixel brightness distributions in the 408 MHz, 4.76 GHz, and 7353
templates are equally correlated. The measured difference in dust
emissivity could be due to region selection effects. To test this, we
looked at the region again with a larger grid size (Ngge = 2, Or a
region of approximately 800 deg?) and found that the dust emissivity
measured using the 408-MHz template of (17.6 &= 1.2) 7353/K is more
consistent with the dust emissivity using the 4.76-GHz template of
(19.6 £ 1.0) t353/K. The reason for the difference between Ngge = 2
and Ngqg. = 4 when using the 408 MHz template is possibly due to
the data processing of the 408-MHz map (Remazeilles et al. 2015)
that averages out over a larger region.

In Table 2, we give the measured coefficients for a joint fit to all
regions simultaneously (a,; —hereafter all-region fit). We note that for
the I5353 and FDS8 templates there is no significant difference between
the all-region and region average coefficients. However, the all-region
T3s3 estimate is lower by approximately 10 per cent, and the all-sky
Liooum and R fit are systematically higher by almost 50 per cent. The
fact that we do not find all dust tracers to be systematically higher or
lower than the region averages suggests that this is a real difference
between the five dust tracers. This could occur because the all-region
fit is sensitive to larger angular scale emission that is effectively
filtered out when fitting each region individually.

Comparing the coefficients presented in Table 2 to similar analyses
in the literature that used the 408-MHz map to trace Galactic
synchrotron emission, we find our results are consistent, again
suggesting flat-spectrum synchrotron is not a significant component
at frequencies of 5 GHz and higher. For the FDS8 template, previous
measurements found the average coefficient at high latitudes to be
(6.6 £ 0.3) uK/mK at 22.8 GHz (Kp2 mask; Davies et al. 2006).
There are also several papers that look at 73s3, for which, at high
latitudes, Hensley, Draine & Meisner (2016) found the coefficient
to be (7.9 £ 2.6) K/t3s3 at 30 GHz, slightly larger than the average
we find here but within the interquartile range of the values. At 22.8
GHz, Planck Collaboration XXV (2016) find 7353 to be slightly lower
than we find it; (9.7 £ 1.0) K/t3s3 at high latitudes. Although our
results are consistent with most previous measurements we do find
that the dust coefficient we measure using R is 30—40 per cent lower
than that in Hensley et al. (2016). We believe this discrepancy is
due to the COMMANDER -derived AME map, which is known to be
discrepant with other AME measurements at the 30-50 per cent level
(Planck Collaboration I'V (Planck Collaboration XXV 2016; Planck
Collaboration IV 2020; Cepeda-Arroita et al. 2021). Table B1 and
Table B2 provide the synchrotron, dust, and free—free coefficients
at 22.8 GHz for all regions using the 4.76 GHz, t3s3, and He (fp =
0.33) templates.

In Fig. 6, we show the AME emissivity defined as the intensity
per total hydrogen column density for each region. We can derive the
emissivity from the fitted 7353 dust parameters by the relation

e g ™ O 353 ( v )2
v K/T353 T353/H cm—2 GHz

X 1O4Jysr"cm2H’1, (11)

where ar is the fitted dust coefficient, and the average dust opacity
at 353GHz is 0,355 = (7.0 £ 2.0) x 1072’ cm*H~! for |b| >
15° (Planck Collaboration XI 2014). The frequency dependence in
equation (11) is due to the conversion from brightness temperature
to flux density per steradian. The colours of the markers in Fig. 6
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Table 2. Median dust coefficients for the C-BASS 4.76 GHz, WMAP 22.8 GHz and Planck 28.4-GHz data for each dust template. The synchrotron component
is traced using C-BASS for the WMAP and Planck data, and is traced using the 40- MHz map in the C-BASS data. The 25th and 75th percentiles are given as
subscripts and superscripts, respectively. The uncertainty given includes both the statistical and calibration uncertainties. For comparison, we include both the

weighted average of the regions and the best fit to all regions simultaneously.

C-BASS 4.76 GHz WMAP 22.8 GHz Planck 28.4 GHz
<d> regions Aall <a> regions dall <da> regions all Unit
353 3142 61+3 115137 £ 04 10.0£0.3 5.8%7+02 5302 K/t3s3
Iss3 0220 +0.2 57+02 1.01)33 £ 0.03 0.94 £ 0.03 0.52949 +0.02 0.5 £ 0.02 K/K
L100ym 43330 +7 178 £9 263327 £0.8 359+ 1.1 140177 £ 0.4 193+06 wK/Mly st
FDS8 168073, £ 1.2 365+ 1.6 6.9%5 +0.2 6.4+0.2 3585 +0.1 34401 K/K
R 6007990, % 130 3680 + 160 600540 = 20 710 £20 31038 £+ 10 380 + 12 K/(Wm™2 st~
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Figure 6. Region-to-region AME emissivity at 22.8 GHz derived using equation (11) and the 7353 dust coefficients. Marker colours indicate the regions
associated region group as defined in Fig. 2. The weighted mean AME emissivity at 22.8 GHz over all regions is shown with the dashed black line. Semi-
transparent symbols are for regions that have coefficient SNR < 5. The right-hand panel shows the histogram of the coefficients colour-coded by region

group.

indicate which region group each region belongs to, we chose region
groups based on known dust features (region group locations are
shown in Fig. 2). We found that there is no significant difference in
the AME emissivity between these region groups implying that the
spinning dust emission origin between region groups is similar.

The mean fitted 7353 dust coefficient is (11.5 £ 0.4)K/t3s3
at 22.8 GHz (Table 2) which gives a mean AME emissivity at
high Galactic latitudes of (1.3 £ 0.4) x 107" Jysr~'cm?H™".
The weighted mean emissivity across all regions in Fig. 6 at
22.8GHzis (1.2 £ 0.4) x 1078 Jy sr~! cm?. We find the emissivity
we measure using equation (11) is systematically lower than the
theoretical estimates, which at 22.8 GHz can vary between (3 — 12)
x 10718 Jy sr=! cm? H™! depending on the environment (e.g. Draine
& Lazarian 1998b; Ali-Haimoud et al. 2009). Although these
emissivities are lower than initially expected, they are not beyond
the possibility of the spinning dust model given the large number
of parameters that can be tuned. Alternatively, the low emissivities
could indicate a bias between the AME emissivity and the dust
column traced by the 7353 map (as well as the other dust tracers).
This suggests that the AME emissivity may not be a linear function of
the dust column density in high-latitude cirrus regions — we discuss
this more in Section 7.1.

We find that the AME emissivity, for most regions, is typically
within 1 or 2 o of the region averaged emissivity. There appears to be
a bias where regions with larger uncertainties have larger emissivities
(this is apparent in the skewed tail of the distribution shown in Fig. 6).
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Most of these regions are associated with latitudes of b > 50°, which
is perhaps evidence that regions with lower total dust columns have
a higher AME emissivity.

Finally, we discuss the measurements of dust-correlated emission
measured at 4.76 GHz in the C-BASS map using the 7353 dust
template. We find that the weighted average of the dust coefficients
measured in each region is consistent with zero (<ds76 > regions =
(3 £ 2)K/1353). We find some regions around the Galactic North
pole do have a significant (>30) detection, but these regions have
very little total emission in both the C-BASS and dust maps, and
therefore we consider these to be unreliable estimates. When fitting
all regions simultaneously we do make a detection of dust-correlated
emission in the C-BASS map (@476 a1 = (61 £+ 3) K/7353). When
fitting for the dust at 4.76 GHz, we found that the resulting free—
free coefficients were 30 per cent lower than when not fitting for the
dust emission. There was no significant effect on the synchrotron
coefficients. The decrease in the free—free coefficients is likely due
to the correlation between dust and the warm ISM at high latitudes
(Dobler & Finkbeiner 2008). We therefore attempted fitting for the
all-region dust coefficients after first subtracting an estimate of the
free—free emission at 4.76 GHz (assuming 7. = 5000 K), we found
that this made no significant change to the estimate of the AME
emissivity in the C-BASS map. The AME emissivity at 4.76 GHz
relative to 22.8 GHz is approximately what would be expected from
the AME spectrum, however, there are a large number of potential
biases on such large-scales that could account for the detection (e.g.
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Table 3. Region averaged and all-region spectral indices between 408 MHz
(top panel) and 4.76 GHz (bottom panel) and 22.8-, 28.4-, and 33-GHz data
sets. The third and first quartiles of the spectral index distributions are given as
superscripts and subscripts, respectively. Uncertainties include both statistical
and calibration uncertainties.

<B> regions Ban
0.408—4.76 GHz —3.04732 £0.02 —3.02£0.02
0.408—22.8 GHz —3.0473% £ 0.01 —3.02 4 0.01
0.408—28.4 GHz —3.0472% £ 0.01 —3.01 £0.01
0.408—33 GHz —3.047308 £ 0.01 —3.06 £ 0.01
4.76—0.408 GHz —2.937370 £0.04 —3.01£0.04
4.76—22.8 GHz ~3.1073% £0.02 —2.92 £ 0.02
4.76-28.4 GHz 311739 £0.02 ~2.91 £ 0.02
4.76-33 GHz —3.097398 £0.02 —3.01 £ 0.02

residual free—free emission, dust-synchrotron correlation, etc.), so
we consider this estimate to be an upper limit.

5.2 Synchrotron

In the frequency range 0.408-22.8 GHz, the spectrum of Galactic
synchrotron emission is expected to steepen with frequency due to
CRE aging (e.g. Strong et al. 2011), an effect that has been observed
in diffuse Galactic synchrotron emission in a number of observations
(e.g. Platania et al. 1998; Kogut et al. 2011). In this section, we
will assess the curvature of the synchrotron spectrum by modelling
the synchrotron spectrum as a simple power-law and looking at the
change in the synchrotron spectral index when using either 408 MHz
or 4.76 GHz data to trace the Galactic synchrotron emission.
We model the synchrotron spectrum as a power law

V ﬁS
T(v) = A, (;) , (12)

>

where B is the spectral index of synchrotron spectrum between
a given frequency v and a reference frequency v,, and A; is the
synchrotron amplitude at v,. The fitted synchrotron coefficients give
ameasure of the brightness ratio of the synchrotron emission between
the template map (e.g. the 4.76-GHz or 408-MHz maps) and the map
to be fitted; the coefficient is therefore defined as

T(v) v\ A
a = = —_— N (13)
T (vo) Vo
where v is the frequency of the template map. The spectral index
can then be found by simply rearranging equation (13):

log(a)

log(v/vo)”
There are two systematic biases we have mitigated for when deriving
spectral indices using equation (14); details of these biases are given
in Section A. Table 3 gives a summary of the spectral indices between
the 408-MHz/4.76-GHz synchrotron templates and 22.8, 28.4, and
33 GHz. A full summary of each regions spectral index measured at
22.8 GHz can be found in Table B1.

In Fig. 7, we show the distributions of synchrotron spectral indices
derived using equation (14) at 22.8 GHz. The solid regions in the
figure are spectral indices for regions where the synchrotron template
coefficient derived using the 4.76-GHz template has a signal-to-noise

Bs = (14)
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Figure 7. Distributions of spectral indices derived from the 22.8-GHz
WMAP K-band data with the 4.76-GHz C-BASS and 408-MHz Haslam data
sets. The solid lines indicate the spectral index derived from the weighted
mean of all the template coefficients. Hatched regions indicate spectral
indices with signal-to-noise ratios less than 5, and are not used to estimate
the mean.

ratio greater than five. The difference in the mean spectral indices (the
solid-black lines) is APy g = —0.06 £ 0.02 (Table 3). The steeper
spectral indices measured at 4.76 GHz suggest that, on average,
Galactic synchrotron emission is steepening at mid-to-high Galactic
latitudes with increasing frequency. This supports previous estimates
of Galactic synchrotron curvature from historical surveys (Platania
et al. 1998), COSMOSOMAS (Fernandez-Cerezo et al. 2006), and
ARCADE2 (Kogut et al. 2011); there is also some evidence that
Galactic synchrotron emission is flattening with increasing frequency
in some regions of the Galaxy (Peel et al. 2012). We measure the
average synchrotron spectral index between 4.76 and 22.8 GHz to be
<B228> = — 3.10 £ 0.02, which is more consistent with the spectral
index of polarized Galactic synchrotron emission measured between
22.8 and 100 GHz (85 & —3.1; Dunkley et al. 2009; Fuskeland et al.
2014, 2021) than that measured in intensity using the 408-MHz data
(Bs & —3.0; Banday et al. 2003; Davies et al. 2006; Ghosh et al.
2012).

In Fig. 8, we show both the measured absolute spectral index
between 4.76 and 22.8 GHz (top panel) and the change in the
spectral index at 22.8 GHz when using the 4.76-GHz data instead
of the 408-MHz data to trace synchrotron emission (bottom panel).
We use colours in the figure to indicate region groups that are
associated with known synchrotron loops in the Northern hemisphere
using the classification described in Vidal et al. (2015). Fig. 2
shows how these region groups are defined. The black-dashed line
in the top panel of the figure shows the weighted mean over
all regions.

In the top panel of Fig. 8, we can see there are several regions
with extremely steep spectra — specifically the low latitude LoopI
and LoopII regions with spectral indices of B oopr = —3.36 & 0.05
(Region—78) and B oopn = —3.38 &= 0.05 (Region-92), respectively.
The steep spectral index at the base of Loop1 is especially striking
as it implies that either the synchrotron emission within Loop I
is flattening at high latitudes with increasing frequency (implying
that the CREs at high latitudes are being reaccelerated) or we
are measuring the spectral index from a superposition of different
components along the line-of-sight at low Galactic latitudes; an
argument that has been cited previously as a way of resolving
discrepancies in the distance measurements to Loop I (Panopoulou
et al. 2021). This is especially interesting since the spectral indices
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Figure 8. Top panel: The spectral index in each region as measured between 4.76 and 22.8 GHz. Bottom panel: The change in the spectral index at 22.8 GHz
when using the 4.76 GHz data instead of the 408-MHz data to trace synchrotron emission, for each region. Colours indicate region groups associated with
known Galactic synchrotron loops as defined in Fig. 2. Semi-transparent symbols represent regions that have a spectral index with a signal-to-noise of less than
5 when using either the 408-MHz or 4.76-GHz data. The black-dashed line in the top panel gives the weighted mean over all regions. The black-dashed line in
the bottom panel indicates A = 0. Annotations indicate region numbers referenced in the main text.

we measure using the 408-MHz data around Loop I agree with those
in the literature (e.g. Davies et al. 2006), implying it is not simply a
product of region selection.

Fig. 8 also shows a number of regions where the synchrotron
spectrum hardens/flattens at high frequencies. The regions in the
southern Galactic hemisphere that show significant flattening (o
> 3) are associated with bright HiI regions such as the Eridanus
bubble (Region-70), implying the flattening is due to residual
free—free emission in the 4.76-GHz template in these regions. In
the northern Galactic hemisphere, Region—14 shows a pronounced
flattening of the spectrum, and is associated with synchrotron
LoopIIl. This, like in the case of Loopl, is likely due to a
superposition of components along the line of sight in this region,
but in this instance it has resulted in a flattening of the synchrotron
spectrum.

Several of our regions coincide with the edge of the WMAP haze
(Regions: 91, 105, 106), a region of diffuse hard spectrum emission
(B &~ —2.5) in total intensity coincident with the Galactic Centre
(Finkbeiner 2004; Dobler & Finkbeiner 2008; Planck Collaboration
Int. IX 2013). We find that the average fitted synchrotron spectral
index in these regions is consistent with the average for the rest of
the sky (<Bs > paze = —3.11 £ 0.05). Likewise, we find that these
regions show no significant background residuals (i.e. there is no evi-
dence that the haze component is not being fitted). A full exploration
of the haze emission at 4.76 GHz will require the upcoming southern
C-BASS survey.
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5.3 Free—free

At mid-to-high latitudes, it is challenging to constrain diffuse free—
free emission as it is extremely faint except in several nearby star
forming regions such as Orion and Eridanus. Free—free emission
in the C-BASS map is approximately 25 times brighter than in
the WMAP K-band map in units of brightness temperature. Even
so, for most regions analysed here, we found that the Ho-related
coefficients have low S/N due to the free—free emission being a
relatively small component relative to synchrotron/AME. The only
exceptions were bright ionized regions such as those associated
with Orion or the Eridanus loop. Therefore, in order to maximize
the signal-to-noise ratio of the free—free emission coefficient at
4.76 GHz, we present just the results for the all-region fit only.
We do this for two cases, with and without a correction for dust
absorption.

The relationship between the free—free radio brightness and Ho
intensity is well defined in regions that have little Ho line-of-sight
dust absorption or He scattering, and a known electron temperature.
The relationship is defined as (Draine 2011)

ff
Tb _ 0.51710.029/T4 =2 _
— = 1512 T4 10 VGu, 8ff»
Ha

5)

where T} is the electron temperature (7;) in units 10* K, and gy is the
Gaunt factor. The Gaunt factor accounts for the quantum mechanical
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Fitting for the free—free emission in the 4.76-GHz map using the
408-MHz map to trace synchrotron emission and the Ho map with
no correction for dust absorption we find a free—free to Ha ratio
of bef/ Iie = (258 & 5) uK/R,> which corresponds to an electron
temperature of 7. = (5600 % 130) K. If we make a correction for dust
absorption assuming that the dust and gas are mixed (e.g. fg = 0.33;
Dickinson et al. 2003) we find a ratio of bef/IHD, = (195 +5) uK/R
which corresponds to 7. = (3300 £ 120) K. In both cases, the global
average electron temperature is lower than the 6000 < 7, < 8000 K
range that is expected from radio-recombination lines (e.g. Alves
et al. 2012, 2015) or optical line ratios (e.g. Haffner, Reynolds &
Tufte 1999).

Lower than expected estimates of the temperature of the WIM
from comparison between radio and Ho observations have been
measured many times before (Banday et al. 2003; Davies et al.
2006; Dobler & Finkbeiner 2008; Planck Collaboration XXV 2016).
There have been several attempts to explain the discrepancy between
measured electron temperature of the WIM using continuum free—
free emission, and those measured with optical line ratios or RRLs
via the physical conditions of the WIM (Dong & Draine 2011; Geyer
& Walker 2018), however, the current most favoured explanation is
that between 10 to 50 per cent of the observed He intensity actually
comes from secondary scattering from nearby dust clouds (Wood &
Reynolds 1999; Witt et al. 2010; Brandt & Draine 2012; Barnes et al.
2015; Planck Collaboration XXV 2016). We estimate the scattering
fraction by comparing the mean measured Ho coefficients above
with the theoretical estimate for Ho emission assuming an electron
temperature range of 6000 < 7. < 8000 K, which corresponds to
a range of free—free to Hu ratios of 270 < Tbff /1o < 320 uK/R at
4.76 GHz. We can then calculate the fraction of scattered He light as

fe=2-1, (17)
a
where a is the measured free—free brightness to He intensity and ag is
the theoretical value given by equation (15). We find that if we assume
no dust absorption that the fraction of scattered light has a range of
0.04 < fi < 0.23, while after correcting for the dust absorption as-
suming the dust and gas are mixed we get the range 0.38 < f. < 0.64.
As mentioned before, most individual regions do not have a
significant detection of the free—free to Ha ratio, except in the
Orion-Eridanus regions. If we exclude the Orion—Eridanus regions,
the weighted mean of the free—free coefficients for the remaining
regions is still less than expected T,/Iy, = (266 £ 6) uK/R or a
T. = (5900 £ 160)K (assuming no dust absorption). Similarly
for just the Orion—Eridanus region, we find the ratio is also low
T/ Ine = (243 £ 9) uK/R or T, = (5000 & 230) K. We can there-
fore see that the underestimate of the free—free to Ho ratio seems
to affect all of the mid-to-high latitude sky observable by C-BASS.
This smaller than expected ratio implies that either the WIM is, in
most instances, in front of the dust along most lines of sight and not
being absorbed or the fraction of scattered Ho light is significantly
higher than previously estimated using WMAP/Planck data (Planck
Collaboration XXV 2016).

3We also fitted the data using the Hae map provided on the NASA LAMBDA
website by Finkbeiner (2003) and find a similar ratio of bef /e = (241 +
9) uK/R.
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6 DUST MODEL FITTING

The fitted dust template coefficients are dependent on the relative
brightness of the radio emission relative to the dust template. As
such the fitted coefficients are encoded with the relative spectrum of
the underlying dust grain population. There are two main components
to the spectrum of the fitted dust coefficients: At lower frequencies
(v < 100 GHz), the dust coefficient spectrum is dominated by contri-
butions from spinning dust emission, while at higher frequencies the
spectrum is dominated by contributions from thermal dust emission.
With WMAP and Planck data alone it is not possible to constrain the
peak frequency of the AME spectrum at high latitudes (e.g. Planck
Collaboration X 2016), we therefore use dust template fits to the C-
BASS map (fitted using the 408-MHz data to remove the synchrotron
component — Section 5.1) to constrain the low frequency turn over
in the AME spectrum.

We fit the dust coefficients discussed in Section 5.1 with a two-
component model in brightness temperature units defined as

a(v) = awu(v) + as(v), (18)

where a4(v) is the contribution to the dust coefficient from thermal
dust emission, and ag,(v) is the contribution from spinning dust. We
model the thermal dust component as a modified blackbody curve
normalized at 353 GHz as

Ba+1

v exp(yvy) — 1

amszm<—> S (19)
Vo exp(yv) — 1

where Ay is the value of the dust coefficient at 353 GHz, y = h/kg Ty
(where Ty is the dust temperature) and S, is the thermal dust spectral
index. We place Gaussian priors on the thermal dust temperature
(Ty) and B4 parameters of N(20.3 £ 5 K) and N(1.59 + 0.5), respec-
tively, as these parameters have been well constrained by previous
analyses (e.g. Planck Collaboration XI2014; Planck Collaboration X
2016).

We use two models for the AME spectrum. The first jointly fits
two spinning dust spectra generated using the SpDust 2 model (Ali-
Haimoud et al. 2009; Silsbee, Ali-Haimoud & Hirata 2011) assuming
two different environmental conditions: the cold neutral medium
(CNM) and the warm neutral medium (WNM). The typical dust
parameters for the CNM and WNM phases were taken from table
1 of Draine & Lazarian (1998b). The approach of combining two
SpDust2 spectra to model multiple grain populations along a line of
sight has been shown to be effective at modelling the AME spectrum
in the past (e.g. Ysard, Miville-Deschénes & Verstraete 2010; Planck
Collaboration Int. XV 2014). However, to allow for more flexibility in
the model we allow the SpDust 2 spectra to be interpolated to differ-
ent frequency ranges, thus allowing for us to fit for a peak in the spin-
ning dust spectrum. The spinning dust model can be parametrized as

aate) = (1)} S S C ) 20)

> fio/vpivpo)

where we are summing over the CNM and WNM models, A; is
the amplitude of each spectrum at the reference frequency of vy =
22.8 GHz, f; is the interpolated SpDust2 spectrum functions, and
vpi is the peak frequency of each spectrum. The v, parameter is the
peak frequency of the input SpDust2 CNM and WNM spectra.
For the SpDust 2 model, we must enforce several priors since we
still have a limited set of data for constraining the AME spectrum.
We follow a similar approach as outlined in Planck Collaboration X
(2016), but allow for looser priors due to the additional constraints
given by C-BASS at low frequencies. First, we set the condition
that the peak frequency of the CNM component is less than the
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Figure 9. Flux density peak frequencies of the individual CNM and WNM
components, and for the combined spinning dust spectra.

Table 4. Best-fitting parameters for the lognormal and two component
SpDust2 models. The first uncertainty represents the standard deviation
of each distribution shown in Fig. 9 and the second is the uncertainty in the
distribution mean.

Parameters lognormal Parameters SpDust2

vp [GHz] 19.4+64£0.1 venu (GHz) 1924+45+0.1

me0 35+£1.7%£0.1 vwnm (GHz) 464 £18.54+0.3
v, (GHz) 226 +£17.7+0.1

peak of the WNM component (venm < Vwnm), further we enforce
positivity on all components. For the peak frequency of the WNM
component, we set a weak Gaussian prior of N(30 £ 15GHz) to
ensure that the WNM component is not biased to fit the thermal
dust emission. For the peak frequency of the CNM, we enforce no
prior, allowing for the data to drive the determination of the peak
frequency.*

For the second model, we use a two-parameter lognormal distribu-
tion, which has been shown to well characterize the AME spectrum
(Bonaldi et al. 2007; Stevenson 2014; Cepeda-Arroita et al. 2021).
Here, we use the model first introduced by Bonaldi et al. (2007) of

meo log(vp) v
logla) =~ <log(vp /60 GHZ)) log (23 GHZ)
T meo
2log(v,/60 GHz)
+ 21log (v/23 GHz) + log(A), 1)

[log(v/1 GHz)* — log(23/GHz)*

where v, is the peak frequency of the spectrum, A is the amplitude
at 23 GHz and myg is the spectral index at 60 GHz. As with the
SpDhust2 model, we enforce positivity for all parameters, we also
must enforce that the peak frequency is less than 60 GHz since
equation (21) is not defined at 60 GHz. We use no Gaussian priors
on the parameters.

In Fig. 9, we show the best-fitting peak frequencies for both the
SpDust2 and lognormal models in flux density units.> For the Sp-
Dust2 model, we also show the fitted CNM and WMN components
peak frequencies. We find that the median peak frequency of the AME
flux density spectrum for the SpDust 2 and lognormal models agree
on average at (19.4 + 0.1) GHz and (22.6 £ 0.1) GHz, respectively
(see Table 4). Similar peak frequencies for high latitudes regions

4Fits are performed using the Affine Invariant Markov chain Monte Carlo
Ensemble sampler EMCEE (Foreman-Mackey et al. 2013).
SThe spinning dust spectrum is not peaked in brightness temperature units.
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Figure 10. AME emissivity spectrum showing the best-fitting SpDust 2 and
lognormal models to the weighted average dust coefficients over all regions.
The 4.76-GHz C-BASS data are represented by the green circles, the blue
diamonds are WMAP, and the red squares are Planck. Solid markers are
associated with SpDust 2 model fit, and hollow markers with the lognormal
fit. Six SpDust2 spinning dust spectra are shown for generic environments:
WNM, WIM, dark clouds (DC), CNM, photodissociation regions (PDR), and
molecular clouds (MC).

(]b] > 10°) were found by the Planck Commander analysis (Planck
Collaboration XXV 2016), but the Gould belt region was found to
have a higher mean peak frequency of (25.5 £+ 1.5) GHz (Planck
Collaboration Int. XII 2013). Comparing the reduced chi-squared
(x2) of each model shows no strong preference for the more complex
three-parameter SpDust 2 model (x? = 2.4) over the two-parameter
lognormal model ()(,2 =2.9).

In Fig. 10, we show the best-fitting SpDust2 and lognormal
models fitted to the weighted average dust coefficients in units of
emissivity (i.e. brightness per unit column density — see equation 11)
with the estimate of the thermal dust contribution subtracted. The
4.76-GHz C-BASS data are critical for constraining the AME
spectrum in these plots as they constrain the low frequency turnover.
Without C-BASS, there is effectively no constraint on the AME
peak frequency at high latitudes without using strong priors (Planck
Collaboration XXV 2016). These constraints could be further im-
proved by including data from the QUIJOTE 10-20-GHz northern
sky survey (e.g. Génova-Santos et al. 2015).

Fig. 10 shows our estimates of the AME emissivity using the 7353
template alongside SpDust2 spinning dust spectra for six generic
environments based on the parameters in Draine & Lazarian (table 3,
1998b). We find that the measured emissivities are approximately an
order-of-magnitude lower than the predictions from the SpDust?2
models. However, this discrepancy can be explained by a number of
factors mostly related to the calculation of the dust column density
required to estimate the AME emissivity. Taking into account all
factors, the differences between the AME emissivity, we measure
and the predictions from the generic models can be explained. We
will discuss this in more detail in Section 7.1.

7 DISCUSSION

We have shown how using the C-BASS 4.76-GHz data in place
of the 408-MHz data to trace synchrotron emission in the WMAP
and Planck maps results in very little change in the dust emissivity
measured around 30 GHz. We have also shown how C-BASS data
suggests that on average the synchrotron spectrum is steepening at
high frequencies. In this section, we will discuss these findings in
the wider context of findings given in the literature.
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Figure 11. RMS fluctuations spectrum in Rayleigh—Jeans units for all
foreground components at 1° resolution. The symbols are the product of
the weighted average coefficients and the template RMS with synchrotron as
blue, AME and thermal dust as green, and free—free as red. The green dashed
curve is the best-fitting SpDust2 plus thermal dust model, the blue dashed
curve is a power law with spectral index 8y = —3.0 (from Table 3, and the
red dashed curve is the best-fitting power-law free—free model. The shaded
regions represent the region-to-region variations by scaling the models to the
upper and lower percentiles of the region values at 22.8 GHz for dust and
synchrotron, and 4.76 GHz for free—free. We also included the green dashed
line indicating the dust spectral index between 22.8 and 40 GHz, and the
black dash—dotted line to represent a flat synchrotron spectrum. Diamonds
are WMAP, squares are Planck, and circles are C-BASS.

7.1 High latitude AME

One of the earliest detections of AME was at high Galactic latitudes
(Kogut et al. 1996) yet confirming the nature and origin of AME at
high latitudes has proven to be more challenging than for individual
compact objects due to the lack of all-sky surveys between 2 GHz and
WMAP/Planck frequencies. As such, it is somewhat more difficult
to rule out alternative AME hypotheses such as a dust-correlated
hard/flat spectrum synchrotron component that is associated with
Galactic star formation (Bennett et al. 2003). A clear test to
verify whether there is a flat spectrum synchrotron component that
correlates with dust would be to observe such a feature in a higher
frequency tracer of synchrotron. Peel et al. (2012) looked for evidence
of a hard synchrotron component using 2.3-GHz data but they found
no significant evidence for its presence. We find a similar result
using C-BASS (as discussed in Section 5.1). Although there is a
tentative detection of AME when fitting all regions simultaneously,
it is found to have a rising spectrum between 4.76 and 22.8 GHz
which is inconsistent with flat-spectrum synchrotron.

In Fig. 11, we show the spectrum of the region averaged coef-
ficients for synchrotron, dust, and free—free emission scaled by the
RMS of the associated templates in each region. In the figure, we
are using the 7353 template for the dust, and the 4.76-GHz template
for the synchrotron emission. By doing this, we are able to directly
compare the relative brightnesses of each emission component. The
spectral index of the dust emission between 22.8 and 40 GHz is B
~ —3 (shown in the figure as the green dashed line) shows that
if the dust emission can be modelled by a power law it would
overestimate the limits placed on the AME spectrum by more than
two orders of magnitude. We also extrapolate the amplitude of the
dust spectrum at 22.8 GHz using a power-law spectrum with g =
—2.3 (black dot—dashed line) indicative of flat-spectrum synchrotron,
but still find that this greatly exceeds the limits set by C-BASS.
Given these results, high latitude AME cannot be explained by a flat-
spectrum synchrotron component, and strongly favours the spinning
dust hypothesis of AME.
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Next, in Section 5.1, we found that the spinning dust component
is traced equally well by all of the dust tracers that we used. This
is somewhat of a contradiction to the findings of Hensley et al.
(2016) where they find that spinning dust emission most strongly
correlates with the Planck derived radiance map. However, there
are several differences between the two analyses; Hensley et al.
(2016) compared the 30-GHz spinning dust map derived from the
Commander analysis (Planck Collaboration XXV 2016) to the
radiance map across all pixels simultaneously, while we are using the
original WMAP and Planck data in approximately 100 deg? patches
of the sky. Also interesting to note is that our t3s3 coefficient is
smaller than they report, while our radiance coefficient is larger.
These discrepancies are hard to reconcile; however, at high latitudes
the Commander spinning dust map is known to be limited due to
difficulties in separating the spinning dust from diffuse free—free and
synchrotron components, sometimes overestimating and sometimes
underestimating the AME by approximately 30—40 per cent (Planck
Collaboration XXV 2016; Cepeda-Arroita et al. 2021), which is of
order the differences we see between our coefficients and those given
in Hensley et al. (2016).

The environmental conditions of the high latitude regions, we are
looking at are known to be similar (Planck Collaboration XI 2014),
possibly owing to the dust in all of these regions being located
relatively nearby (within approximately 0.5 kpc, Green et al. 2019).
The spinning dust spectrum is not expected to be very sensitive
to the interstellar radiation field (Ali-Haimoud et al. 2009; Ysard
et al. 2010), however, in some AME sources the ISRF intensity
has been found to correlate well with AME intensity (Tibbs et al.
2011; Tibbs, Paladini & Dickinson 2012). Planck Collaboration Int.
XV (2014) found that there is a limited correlation between AME
emissivity, and AME peak frequency with the ISRF, which may be
due to the emission from very small grains (VSGs) and PAHs being
proportional to the ISRF strength (Sellgren et al. 1985). The relative
strength of the ISRF can be parametrized by Gy = (Tp/17.5 K)*+#p
(Mathis, Mezger & Panagia 1983), the average value of G, for
Galactic latitudes of |b| > 15° is Gy = 2.3 (Table 3; Planck Collabo-
ration XI 2014), which is higher than the typical G, found in denser,
discrete sources nearer the Galactic plane (Planck Collaboration Int.
XV 2014). This implies that the high latitude dust clouds, though
they may share a common environment with each other, is atypical
of the environments associated with other sources of AME. One
particularly interesting exception is the p Ophiuchi molecular cloud
that has a similar ISRF to high latitude clouds (Planck Collaboration
Int. XV 2014), and has a broad AME spectrum similar to Fig. 10
(e.g. Planck Collaboration XX 2011). The AME in p Ophiuchi has
been found to be associated with the PDR along the western edge of
the cloud (Casassus et al. 2008, 2021), which may indicate that the
AME in high latitude dust clouds originates from similar PDR-like
environments.

The measured AME emissivities shown in Fig. 10 were found to be
an order-of-magnitude lower than the generic environment spinning
dust models (the black lines in the figure). On the other hand, earlier
analyses found a much better agreement with the models to within
a factor of a few (e.g. Draine & Lazarian 1998a; Finkbeiner 2004),
which can be easily accounted for by adjusting the environmental
parameters. Nevertheless, much of the difference in emissivities with
previous analyses can be accounted for by our use of 73s3 as a
dust tracer. Most earlier analyses used the 100-pm IRAS map as a
tracer and a column density calibration of 0.85 x 10729 MJy sr~! cm?
(Boulanger & Perault 1988), which we find results in differences in
the column density with 73s3 (Planck Collaboration XI 2014) by
a factor of ~2. Additionally, early analyses typically fitted for the
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full sky as opposed to smaller regions, and indeed we find that
our all-region fit for /ipoum is higher than the region average by
approximately 50 per cent. Together these effects bring our results
into approximate agreement with previous results.

Nevertheless, our AME emissivities are still lower than the predic-
tions of the spinning dust model. We first note that the spinning dust
models are for generic interstellar environments using the parameters
suggested in Draine & Lazarian (1998b), which need to be tuned to
fit the observations. An order-of-magnitude can easily be achieved as
demonstrated by Vidal et al. (2020). Another important consideration
is the averaging of the dust column (and also other quantities) over the
regions, which may not be easily characterized by a single SpDust2
model parametrization. For example, if most of the AME originates
on small scales, but on large scales there is none, then we would
be underestimating the emitting dust column. To quantify this effect
will require a multiscale analysis of a known AME emitting region,
which we will investigate in a future work.

7.2 Synchrotron curvature

It has been known for some time that synchrotron spectra exhibit
some degree of curvature. At frequencies between 100 MHz and
1 GHz the typical spectral index of synchrotron emissionis s = —2.7
(Lawson et al. 1987; Platania et al. 1998, 2003), while at frequencies
between 408 MHz and 23 GHz the spectral index is —3.2 < S <
—2.9 (Banday et al. 2003; Davies et al. 2006; Gold et al. 2011; Ghosh
etal. 2012). Previous attempts to measure the spectral index between
microwave frequencies and 1-2-GHz surveys have not found strong
evidence for an increase in the curvature of the synchrotron spectrum
(Peel et al. 2012).

The Galactic synchrotron spectrum tends to flatten at frequencies
below <10GHz (Lawson et al. 1987; Platania et al. 1998; Rogers
& Bowman 2008) in line with the expectations of CRE propagation
models with a general steepening of the spectrum with increasing
Galactic latitude indicative of CRE aging (Orlando & Strong 2013).
In Section 5.2, we find that the synchrotron spectrum between
4.76 and 22.8 GHz is steeper than the spectrum between 0.408 and
22.8 GHz by ABs = —0.06 £ 0.02 when averaged across all regions.
For the all-region fits, we generally find flatter spectral indices; we
tested to see if this could be driven by the flatter spectral indices
of the North Polar Spur by repeating the analysis with this region
masked but found the spectral index with and without the North Polar
Spur to be consistent. This difference is possibly due to systematic
errors on large scales or even real Galactic emission — we intend to
investigate this further in the future.

8 CONCLUSION

In this study of Galactic AME, synchrotron, and free—free emission
using the C-BASS North data we have divided the sky into a
HEALPix grid of Ngg. = 4 or regions of order 200 deg® and applied
the template fitting technique.

The major result from this study is that we find the fitted dust
coefficients around ~30 GHz that trace AME do not significantly
change (<1 per cent on average) when using the C-BASS 4.76-GHz
map to trace the underlying synchrotron emission instead of the
408-MHz synchrotron template. Further, we find that there is very
little evidence for AME at 4.76 GHz and place an upper limit on the
emissivity of €761, < (2.9 £ 0.2) x 107 Jysr' cm? H™! from
an all-region fit. Together these two conclusions strongly disfavour
AME at high Galactic latitudes being generated by a hard/flat
synchrotron component, and prefer instead that spinning dust is
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the origin of AME. We find that the fitted AME spectrum is well
described by peaked spectrum models with a median peak frequency
of (22.6 & 0.1) GHz (in flux density units) when fitted using a two
component SpDust 2 model and (19.4 £ 0.1) GHz when fitted using
a lognormal model, implying that the environment of high latitude
cirrus clouds is different to those found in other sources of AME,
which tend to peak around ~30 GHz.

We have found that when using the C-BASS 4.76-GHz data to trace
synchrotron on scales of ~10 the synchrotron spectrum steepens
at high frequencies by AB; = —0.06 = 0.02 when the reference
frequency is changed from 4.76 GHz to 408 MHz. We also found that
some regions such as Loop I exhibit substantial steepening at high
frequencies, with the base of Loop I having an extreme spectral index
of B, = —3.36 £ 0.05. However, in general, the typical differences
between the spectral indices at 22.8 GHz derived using the 408-MHz
(<Bs > 408 = 3.04 £ 0.01) or 4.76-GHz C-BASS (<Bs > 476 =
—3.1 £ 0.02) data are small, and we find no evidence for a hard
spectrum synchrotron component (that would result in a flattening
of the spectrum at high frequencies). Therefore, extrapolation of
the Galactic synchrotron to high frequencies remains a reasonable
model, which is important for CMB foreground removal.

For free—free emission, we put new constraints on the free—free
brightness to He intensity using the 4.76-GHz C-BASS data. Due
to the faintness of the free—free emission at intermediate and high
Galactic latitudes, we were only able to get a significant detection
on the free—free/Ha ratio when performing a fit across all region
simultaneously, or by selecting bright Hil structures within the
Orion—Eridanus regions. We tested fitting for the free—free emission
using Ha templates with either no dust absorption correction and a
dust absorption correction assuming a dust mixing fraction of fp =
0.33 and find electron temperatures of 7, = (5600 £ 130) K and 7, =
(3300 £ 120) K, respectively. The measured electron temperatures
are found to be systematically low when compared to estimates from
radio recombination lines (Paladini, Davies & De Zotti 2004; Alves
et al. 2012, 2015) and optical line ratios (e.g. Haffner et al. 1999).
Assuming that the true electron temperature of the warm ISM is
within the range 6000 < 7. < 8000 K, we estimate that the degree of
Ho scattered light (Wood & Reynolds 1999; Witt et al. 2010) within
the Ha template is either 0.04 < f;. < 0.23 (no dust absorption) or
0.38 < fie <0.64 (fp =0.33).

Finally, we have demonstrated that the C-BASS data are an
invaluable tool for studying large-scale structures in the ISM. In the
future, we intend to extend this analysis by looking in more detail
at the diffuse ionized gas component of the ISM and placing more
rigorous constraints on He scattering and HiI electron temperatures
within the ISM. Further, we wish to extend the technique to include
polarization templates of Galactic emission, with the intention of
testing magnetic dust emission models of AME and placing more
stringent limits on the polarization fraction of AME.
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APPENDIX A: TEMPLATE FITTING SPECTRAL
INDEX BIASES

There are two biases to consider when using equation (14) to derive
spectral indices. The first is associated with the transformation of the
template fitted coefficients probability distribution when transformed
into a spectral index. We find that this transformation tends to bias the
derived spectral index toward flatter indices on average (but also has
a long tail towards much steeper indices), which becomes significant
when the template coefficients have signal-to-noise ratios less than
5. The second bias is associated with the purity of the synchrotron
templates used, for C-BASS we must subtract both the free—free
component and the background point source population to avoid
biasing our spectral index estimates flatter. As such, we only use
the free—free and source subtracted C-BASS 4.76-GHz data in this
analysis. We have quantified these biases using simulations.

When deriving the synchrotron spectral index through template
fitting there are two potential forms of bias that must be considered.
The first form of bias comes from the transformation of the Gaussian
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Figure Al. Probability distributions of the change in the measured spectral
index for a given template coefficient signal-to-noise ratio. The red line
indicates the average.
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Figure A2. Measured template coefficients when fitting a template that
contains two components that correlated with the data set being fitted. The
toy model has a steep spectrum component at low frequencies, and a flat
spectrum component at high frequencies.

probability distribution associated with the fitted template coefficient
(a) into the non-Gaussian probability distribution of the associated
synchrotron spectral index through equation (14). In Fig. Al, we
show how, for a given signal-to-noise ratio on a synchrotron template
coefficient, the associated probability distribution and mean change
in the measured spectral index. We find that, on average, as the
signal-to-noise ratios approach 10 or less, the average spectral
index measured flattens, however, we also find that the probability
distribution skews strongly towards much steeper spectral indices.
This is a well known effect, and attempts to correct for this bias
have been implemented in, for example, the COMMANDER analysis
(Eriksen et al. 2008). In future analyses, we plan to include a similar
correction.

The second form of bias to consider when deriving spectral indices
is related to purity of the template, i.e. how well does the template
represent just a single emission component. In the case of the C-
BASS data the map contains a mixture of synchrotron, free—free,
and background radio point sources. In the following toy model
we will assume we have two components in the template map that
are both present in the data map being fitted to. We can define the
template as

m = aq + By, (AD)

where a( and B are two uncorrelated brightness distributions. We
then fit the template m to a dataset at a different frequency that can
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be described by

v\? v\7”
Z—a (70) LB, (%) , (A2)

where 8 and y are the spectral indices of the two components, and vq
is an arbitrary reference frequency. We find that, using the template
fitting equations from Section 4, the template coefficient associated

with m is
B Y
2 v 2 (Y
A(5) i (n)] -

where we can see the associated template coefficient is the sum of
two power laws. Therefore assuming that 8 < y, we will expect that
at frequencies v < vg the power law has a spectral index of 8 and at
high frequencies (v >> vy) it will follow y.

A toy model of this effect can be seen in Fig. A2, which
compares simulations (solid blue line) with the model described by
equation (A3) (dashed orange line). The plot shows the template
coefficient that would be measured between the template frequency

1

= ————
2 2
GAo + UBO
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and the data frequency. We can see at high frequencies the flat
spectrum component is the dominant contribution and the spectral
index that would be measured converges to y = —0.1, while at low
frequencies it would be dominated by the steep spectrum component,
i.e. B = —1. This model demonstrates the importance of ensuring
that the templates used only contain a single emission component
otherwise it can severely bias the resulting interpretation of the fitted
coefficients.

APPENDIX B: TEMPLATE FITTING
COEFFICIENTS AT 22.8GHZ

The coefficients for all regions at 22.8 GHz are given in Tables B1
and B2 for the 4.76-GHz synchrotron template, the 73s3 dust
template, the Hoe (fp = 0.33) free—free template, and the reduced
x’ value of each template fit. The tables also include the spectral
indices derived between the 408 MHz or 4.76 GHz and the 22.8-
GHz data. For some regions, no valid spectral index could be derived
due to the synchrotron coefficient being negative.
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Table B1. Coefficients measured for each region at 22.8 GHz. Coefficients use the C-BASS 4.76-GHz synchrotron
template, 7353 dust template, and the fp = 0.33 He template. Synchrotron spectral indices are given for both 4.76-GHz
and 408-MHz templates. Each row gives the approximate central Galactic longitude and latitude.

Region Synchrotron Dust Ha sz Bs, 476 Bs, 408 4 b
mKK K/ HK/R I
001 84 +£04 97 +04 47 +£19 1.8 —3.05 +£ 0.03 —2.89 +£ 0.01 130 20
002 51 £09 11.0+£05 —-275+62 27 —3.37 £ 0.12 —296 £ 0.04 130 30
003 47 +12 78 £05 48 £42 14 —341 £ 0.17 —3.13 £ 0.05 120 40
004 76 £ 08 7.0+07 31.6 £ 3.7 9.2 —3.11 £ 0.07 =291 £ 0.03 110 20
005 81 £ 19 11.0 £ 0.7 86 £ 1.0 47 —3.07 £ 0.15 —3.15 £ 0.11 140 20
006 99 £07 90+ 1.0 3621 15 —295 +0.04 —294 £ 0.02 150 30
007 11.8 £ 1.7 157 £ 09 —185+38 1.6 —2.83 +£0.09 —3.0+003 140 40
008 58+ 1.1 31+22 10.1 £ 51 038 —329 +£0.12 —339 £ 0.16 120 50
009 113+ 14 148 £21 —-43+33 1.5 —2.86 + 0.08 —3.02 £ 0.03 100 40
010 99 £ 13 81 +08 18.1 £ 35 62 —2.94 + 0.08 —2.99 +£ 0.03 100 20
011 53 4+ 0.8 108 £ 0.6 124 £ 0.8 54 —335+ 01 —3.04 £005 130 —10
012 51 +£12 109 £ 0.6 10.8 £ 1.8 4.1 —338+0.15 —3.1 £0.1 150 10
013 62+ 13 11.8 +£0.8 75 +£42 1.6 —3.24 +£0.13 —3.14 £ 0.04 160 20
014 13.6 £ 09 119 £ 09 40+ 50 1.0 —2.74 +£0.04 —297 £ 0.02 160 40
015 160 £ 23 363 £41 —146 28 13 —2.64 £ 0.09 —295 + 0.02 150 60
016 22+ 10 238 +7.0 —27.7+£87 1.1 -39+03 —-34+£023 120 60
017 96 £ 14 57+44 —-92+43 08 —297 £ 0.09 —3.07 £ 0.04 90 50
018 87+ 1.1 21,0+ 17 —-92+48 14 —3.03 +£ 0.08 —3.06 +£ 0.03 80 40
019 6.5+ 04 143 £ 09 42+ 05 1.3 —322 + 0.04 —299 + 0.02 80 20
020 26 £ 1.3 133 + 1.1 6.7 £ 1.1 4.6 —3.79 +£ 032 —34+£032 100 —10
021 7.6 £ 09 12.6 £ 09 84 +06 14 —3.12 + 0.08 —2.96 + 0.03 120 —20
022 73+ 04 137 £09 72 +£08 1.6 —3.14 £ 0.04 —296 £ 0.02 140 -20
023 —-7.1 £3.1 100 £ 1.4 157 £ 15 779 - - 160 —10
024 12+ 17 93406 16.1 £ 2.0 153 —428 +£ 0.9 - 170 10
025 0.8 £ 1.4 13.1 £ 0.7 25 +25 29 —459 + 1.22 - 170 20
026 51 +£08 166 £ 1.7 50+£20 1.5 —336 £ 0.1 —3.15+ 003 180 30
027 118 £ 14 255 +53 —-98+ 104 2.7 —2.83 + 0.08 —2.92 + 0.03 180 50
028 93 + 1.1 243 £ 58 44+ 63 14 —2.98 + 0.08 —3.06 £ 0.04 170 70
029 74 £ 08 241 +£39 —13.0+54 07 —3.13 £ 0.07 —3.28 &+ 0.09 130 70
030 115+ 1.0 155+£40 —-93+60 0.8 —2.85 + 0.05 —3.02 +£ 0.03 80 70
031 70 £ 1.0 155+26 —-85+52 08 —3.17 £ 0.09 —3.04 + 0.02 70 50
032 103 £ 2.0 128 £35 —138 +6.1 49 —2.92 +0.12 —=333 £ 0.16 70 30
033 6.3 £ 0.5 150 £ 0.6 45+ 1.0 14 —3.24 + 0.05 —3.12 £ 0.03 70 20
034 6.5+ 1.0 134 £ 09 51 +08 57 —322 4+ 009 —3.0+004 90 —10
035 92 £ 1.2 129 £ 0.7 8.1 +07 34 —2.99 + 0.08 —3.07 £ 0.06 110 -20
036 6.0+ 1.0 145+08 —-19+47 1.0 —3.26 £ 0.11 —2.99 £ 0.04 110 -30
037 97 £ 1.1 128 £ 08 —-29+25 1.7 —2.96 + 0.08 —3.01 £ 0.07 130 -30
038 26 £ 1.7 103 £ 1.2 187 £ 34 147 —3.81 £+ 042 - 150 -30
039 177 £ 1.6 52 £+ 04 28 £ 1.3 304 —257 +£0.06 —2.71 £ 0.02 170 —10
040 16.2 = 4.0 106 £ 04 1.2 +£ 18 154 —263 £ 0.16 —293 £ 0.09 180 10
041 6.6 +£08 86+12 47 +16 13 —3.21 £ 0.08 —3.09 £ 0.04 190 20
042 35+£20 129 + 2.1 10.5 £ 50 1.7 —3.61 +£ 037 —3.49 £ 0.3 200 40
043 6.0+ 10 159+26 —11+51 1.0 —3.27 £ 0.11 —3.07 £ 0.05 200 60
044 74 +£15 318+£59 —-77+75 12 —3.13 £ 0.13 —3.24 £ 0.09 200 80
045 45+ 1.1 435+77 —126 £ 136 2.0 —345 +0.15 —=3.23 £ 0.09 50 80
046 98 £ 04 195+ 13 —18.0+45 0.7 —2.95 + 0.03 —3.02 £+ 0.01 50 60
047 82 £ 1.1 193 + 1.8 1.8 £51 3.0 —3.07 £ 0.09 —3.15 £ 0.04 50 40
0438 6.6 £ 06 157 +08 —-02+12 1.7 —3.21 £ 0.06 —3.07 £ 0.02 60 20
049 7.1 £06 11.1 £0.5 9.7 £05 32 —3.16 £ 0.05 —2.99 + 0.03 60 10
050 56 14 79 +07 77 £ 0.7 3.7 —3.31 +£0.16 —3.43 £ 0.19 70 —10
051 58 +07 157+ 19 6.6 £ 05 23 —3.29 +£ 0.08 —3.09 £ 0.04 90 -20
052 39+ 1.3 143 +£09 04 +£51 13 —3.54 +£ 022 —3.07 £ 0.07 120 —40
053 89 +£09 120+ 09 —-03+46 27 —3.02 +£ 0.06 —2.85 £ 0.02 150 —40
054 143 +£ 1.3 14.1 £ 0.7 51 +£1.0 134 —271 £006 —2.8 =+ 0.02 170 -30
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Table B2. Table B1 continued.

C-BASS diffuse microwave foregrounds

Region Synchrotron Dust Ho sz Bs, 4.76 Bs, 408 l b
mK/K Kir3s3 HK/R o O
055 -76 £ 15 11.8 +£0.8 87 £ 12 3638 - - 180 —10
056 89 £ 1.1 99 £ 04 6.6 £ 0.7 4.8 —3.02 + 0.08 —2.99 + 0.05 200 10
057 7.1 £ 0.6 9.3 £+ 2.1 53+ 1.3 1.8 —3.16 + 0.05—-3.04 + 0.02 200 30
058 93+ 0.8 106 £ 1.6 83 £ 27 0.8 —2.98 + 0.06 —3.03 + 0.03 210 50
059 38 £ 1.1 106 £ 1.5 —0.9 + 43 1.1 —3.57 £ 0.19-3.12 + 0.06 230 70
060 88 £ 12 11.0+17 —=21+137 3.0 —3.02 + 0.09 —3.06 + 0.04 —-70 80
061 83 £ 03 233+ 28 8.6 £ 64 1.4 —3.06 + 0.03-3.02 &+ 0.01 10 70
062 70 £ 03 151 1.5 2.1 £49 1.3 —3.17 £ 0.03 -3.01 = 0.01 30 50
063 5.8 £03 92 £ 1.0 28.3 + 4.2 1.1 —3.28 + 0.04 —3.07 &+ 0.01 40 30
064 6.8 £ 0.9 9.2 £ 0.7 13.5 £ 1.1 5.1 —3.19 +£ 0.09-2.99 + 0.02 60 —10
065 6.1 £06 143 £+ 0.8 50 + 1.1 1.8 —3.25 + 0.06 —3.22 + 0.06 70 —-20
066 129 £ 22 147 £ 0.7 2.7 £ 8.7 9.3 —2.78 £ 0.11 —2.87 £ 0.05 90 —40
067 84 £ 1.0 141 £ 0.7 11.0 + 4.5 2.1 —3.05 + 0.07—-2.97 + 0.03 100 -50
068 62 +07 158+ 1.1 —=21.7+7.1 1.4 —3.24 + 0.07-2.99 + 0.03 140 —-50
069 98 £ 1.8 156 + 0.6 1.6 £1.3 39 —295 +0.12 —33 £ 0.1 170 —40
070 16.0 £ 1.3  13.0 £ 0.8 47 +£07 165 —2.64 +£0.05-2.85+ 0.03 190 -30
071 6.6 £ 3.3 57 £ 1.1 99 £ 0.7 828 —321 £032 —3.6 £ 1.09 200 —10
072 4.0 £ 0.9 9.0 £ 0.7 119 £+ 1.1 3.6 —3.52 +0.14-3.12 £ 0.05 210 10
073 50+ 1.2 124 £ 1.7 9.0 £ 1.9 1.9 —3.38 + 0.15—-3.01 &£ 0.05 220 30
074 56 £ 1.8 84 + 19 2.0 £ 3.0 1.8 —33 + 021 -331 +£0.12 230 50
075 9.8 £ 34 85+ 16 —232 4+ 84 8.8 —295 + 0.22 - 270 70
076 73 +£06 —26+22 —52+66 0.7 —3.14 +£ 0.05-3.13 £ 0.02 330 70
077 6.0 + 04 9.3 + 22 20.0 £ 4.9 1.4 —327 +£ 0.05-3.12 £ 0.02 10 60
078 52+£04 128 £13 —0.6 + 39 1.1 —3.36 +£ 0.05-3.17 £ 0.02 20 40
079 58 +04 12.0 £ 09 140 £ 2.4 1.8 —3.28 + 0.04 —3.08 &+ 0.03 60 —-20
080 74 +£09 114+ 1.0 147 + 3.3 2.5 —3.13 £ 007 —3.1 £0.03 70 —40
081 102 £09 139+ 1.5 324 £ 9.1 1.8 —293 + 0.05—-3.03 &£ 0.04 120 —60
082 77 +£09 157 +£1.0 —157 + 44 1.0 —3.11 £ 0.07 —-3.04 + 0.03 160 —60
083 8.0+ 1.3 156 + 0.7 45 + 04 7.9 —3.08 &+ 0.11 —3.42 + 033 190 —40
084 6.6 £27 220+ 3.0 54 +£08 217 —3.2 + 0.26 —3.04 + 0.1 200 —-20
085 112 £ 1.7 7.5 £ 0.5 45 +08 113 —287 0.1 —3.12+0.13 210 -0
086 57+ 10 133+£12 —-16+19 1.5 —33 +0.11-3.39 &+ 0.16 220 20
087 62 + 1.5 127 £ 1.1 49 £+ 2.7 1.4 —3.25 + 0.16 - 240 40
088 9.7 £ 2.1 92 £+ 1.2 72 £ 24 2.6 —2.96 + 0.14 —3.05 + 0.07 260 50
089 89 £23 31.7 £228 320+ 149 472 —3.01 £ 0.17—-3.08 £ 0.08 300 60
090 69 +£07 119+ 1.0 47 £ 1.3 0.9 —3.18 £ 0.06 —3.16 + 0.04 340 60
091 41 £ 1.0 8.6 + 1.8 562 £ 12.7 3.8 —3.51 £ 0.16-3.15 £ 0.06 10 40
092 50 £ 04 146 £ 0.6 25+ 1.5 24 —3.38 +£ 0.05—-3.15 +£ 0.03 40 —-20
093 51 £05 157 £ 0.9 42 £52 6.6 —3.37 £ 0.06 —3.08 &+ 0.03 60 —40
094 7.6 £ 1.0 144 + 09 7.2 + 3.8 1.1 —3.11 £ 0.08 —3.1 = 0.04 80 —-50
095 79 +£ 0.8 83 +£28 —1.7+87 1.8 —3.09 + 0.06 —3.01 = 0.03 90 —-70
096 3.1 £ 1.1 235 &£ 1.1 143 £ 5.0 1.3 —3.69 + 0.22-2.97 + 0.03 150 -70
097 49 £05 146 £ 0.8 52 +£ 0.3 0.9 —34 +0.07—-295 +£ 0.03 190 —-50
098 1.3£22 220+ 14 5.6 £ 0.7 3.6 —426 + 1.13 - 200 -30
099 121 £ 1.9 7.0 £ 0.5 46 £ 04 221 —282+01 —294 £ 0.12 220 —10
100 34 £ 1.6 79 £ 04 85+£09 130 —3.62 +0.29-3.15 4+ 0.11 220 10
101 27+ 14 182 + 1.2 85 +23 1.1 —3.78 £ 033 —-3.19 + 0.06 240 20
102 79 £07 101 +£1.0 —18 +£28 0.7 —3.09 + 0.06 —3.26 + 0.12 250 40
103 6705 21.7+19 —-285+94 1.5 —3.2 +0.05-2.92 + 0.02 280 50
104 47 £23 317 £ 4.0 13.9 + 3.1 4.3 —3.42 + 0.31 —3.06 + 0.1 320 50
105 96 £ 1.1 169 + 1.3 —1.1 +£ 104 43 —297 + 0.08 —2.87 + 0.03 350 40
106 —34+£23 215+ 1.7 124 £ 1.5 193 - - 10 30
107 55+ 10 123 £0.8 5.5+ 39 1.5 —3.32 +0.11 =3.07 = 0.04 40 -30
108 6.1 £26 261 £64 —253+149 98 —3.25 +028—-321 +£0.12 60 -50

This paper has been typeset from a TeX/IATEX file prepared by the author.
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