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C-BASS - Overview
Sky-coverage All-sky

Angular resolution 0.75 deg (45 arcmin)

Sensitivity < 0.1mK r.m.s in 1 deg beam (confusion 
limited in I)
6000 µK-arcmin @ 5GHz == 0.75 µK-
arcmin @ 100 GHz, b = -3

Stokes coverage I, Q, U, (V)

Frequency 1 (0.5) GHz bandwidth, centered at 5 
GHz

Northern site OVRO, California
Latitude, 37.2 deg

Southern site MeerKAT/SKA site, Karoo, South Africa 
Latitude -30.7 deg

See Jones et al 2018 MNRAS 480, 32224



C-BASS North Telescope

• 6.1-m dish, with Gregorian optics 
• Secondary supported on foam cone
• Receiver sat forward of the dish
• Very clean, circularly-symmetric optics
• Absorbing baffles to minimize spillover



• CBASS South at 
Klerefontein, Karoo desert, 
South Africa (SKA support 
site)

• 7.6m ex-telecoms dish
• Cassegrain optics

• Similar receiver to north –
but frequency resolution 
(128 ch)

C-BASS South Telescope



C-BASS Receiver 

Both receivers use correlation polarimeter and continuous comparison 
radiometer:
• Correlate RCP & LCP ® Q, U
• Difference RCP & LCP separately against internal load ® I, V
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C-BASS North Receiver 

Analogue polarimeter/radiometer – all done with hybrids and diodes…
Sky and load signals separated post-amplification, squared and 
differenced – gives I relative to loads
RCP and LCP complex multiplied – gives Q + iU

2 MHz

φ

φ

φ

φ

Acc

Acc

ADC

φ

φ

φ

φ

ADC ∆ φ Acc

ADC ∆ Accφ

CMUL
storage
Data

FPGA

RCP

LCP

Q

U

|LCP| − |L2|

2
|RCP| − |L1|

2

∆

Σ

Σ

Σ

∆

∆

= I + V − |L1|

= I − V − |L2|

(RCP + L1)

(RCP  − L1)

(LCP + L2)

(LCP − L2)

∆

Σ

2

2

2

2



C-BASS South Receiver 

Digital system in two bands:
Downconversion to 0 – 0.5, 0.5 – 1 GHz
Sample at 1 GHz, channelise to 64 channels each, calibrate gains 
Square and difference sky and load → I ; correlate RCP, LCP → Q, U

0 − 0.5 GHz

BPF

LPF

BPF

BPF

BPF

LPF

LPF

LPF

ADC

ADC

Ch

Ch

Ch

Ch

∆
Σ

∆
Σ

Sq

Sq

Sq

Sq

Acc

Acc

Acc

Acc

CMUL

Acc

Acc

Q

U

storage
Data

ADC / FPGA

Low band 0 − 0.5 GHz IF
As above

I−V

I+V

|L2|

|L1|

Ge
iφ

Ge
iφ

Ge
iφ

Ge
iφ

2

2

FPGA

High band 0.5 − 1 GHz IF

1 GHz

(RCP + L1)

(RCP  − L1)

(LCP + L2)

(LCP − L2)

5.5 GHz

0.5 − 1.0 GHz



Scan Strategy
• 360 deg azimuth scans at elevation of 

poles + 10, 20, 30…
• Scan as fast as possible: ~4 deg/s
• One scan ~90 s
• Use 5 slightly different scan speeds 

so fixed frequency ≠ same sky modes



CBASS-N data: Null tests
Alternate observations; I, Q, U weighted difference maps and power spectra



TaTa

CBASS-N I

Taylor et al in prep

Cumulative S/N



408 MHz - 5 GHz – 23 GHz

Jew et al in prep



Free

408 MHz - 5 GHz – 23 GHz
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3-colour zoom-ins



3-colour zoom-ins



Point sources

• Spherical Mexican-
hat wavelet filter plus 
blob detection 
algorithm

• 1729 sources
• Calibration correlates 

with GB6 to < 3%
• Grumitt et al 

submitted
• Also map made with 

GB6+ sources 
removed down to 
GB6 flux limit

12 R.D.P. Grumitt et al.

Figure 9. Positions of the northern sky, total intensity C-BASS point sources. Positions shown here are in Galactic coordinates. Filled
purple circles denote sources that fall within the 20% Galactic plane mask. Open cyan circles denote sources outside the mask, with a
fitted flux density below the 90% completeness level (630 mJy), and red crosses denote the remaining sources with fitted flux densities
above the 90% completeness level.

Figure 10. A histogram of the absolute positional o↵sets of C-
BASS sources from matched GB6 and PMN sources, applying a
20% Galactic plane mask. We use the photocentres of matched
GB6 and PMN sources for comparison. Positional o↵sets cluster
below 10 arcmin, peaking at approximately 3.5 arcmin. We obtain
similar distributions for the absolute positional o↵sets with both
GB6 and PMN.

GB6 and PMN, are given in Table 3. The C-BASS flux
density scale is consistent with the GB6/PMN flux density
scales to within ⇠ 3%. We note here that the fitted values
µin are largely independent of the Galactic plane mask be-
ing applied. This is simply a result of the Gaussian mixture

Table 3. Fitted values for µin. Values were obtained by comparing
flux density ratios between C-BASS and GB6/PMN, applying 0%

and 20% Galactic plane masks. Alongside the mean fitted value
for µin, we also give the 95% highest posterior density (HPD)
interval. The C-BASS and GB6/PMN flux densities are found to
be consistent to within ⇠ 3%.

Comparison hµin i 95% HPD[µin]

Catalogue

GB6 0% mask 0.99 {0.96, 1.02}

GB6 20% mask 0.97 {0.93, 1.00}

PMN 0% mask 1.00 {0.95, 1.07}

PMN 20% mask 1.01 {0.95, 1.08}

model accounting for the outlier population, which is much
more significant when no Galactic plane mask is applied.
Di↵erences between the flux density scales will result from
a number of complicating factors e.g., the fact that C-BASS
sources are really blends of multiple GB6/PMN sources, dif-
fering pass-bands, source variability etc. Given this, and the
additional ⇠ 5% uncertainties in the GB6 and PMN flux den-
sity scales, we conclude that the C-BASS flux density scale
is consistent with these flux density scales (Gregory et al.
1996; Gri�th & Wright 1993; Wright et al. 1994; Gri�th
et al. 1994, 1995; Wright et al. 1996a). We do not include any
colour corrections in this analysis. The choice of 4.76 GHz as
the e↵ective frequency for C-BASS minimizes colour cor-
rections to ⇠ 1%, meaning any corrections in extrapolating
flux densities from 4.76 GHz to 4.85 GHz will have negligible
impact on the analysis presented here.

MNRAS 000, 1–17 (2019)



Template fitting
• Multi-frequency 

template-fitting 
analysis of  NCP 
region (Dickinson et 
al 2018)

• AME-dust coeffs 
unchanged when 
using C-BASS rather 
than Haslam

• Rules out hard 
synchrotron as source 
of AME

• Follow-up on whole 
survey area in 
progress (Harper et al 
in prep)

8 C. Dickinson et al.

Figure 3. Multi-frequency maps of the NCP region at a common resolution of 1� (see Table 2 for details). The panels are arranged in
increasing frequency order: 0.4, 1.42, 4.7, 22.8, 28.4, 33.0, 41.0, 545, 3000 GHz (100µm). The last three panels are ⌧353, followed by two
versions of the H↵ map (D03 and F03). The colour scales are all on a linear stretch. Radio sources are indicated by circles as in previous
figures. The dust-correlated AME structure (e.g., at 545GHz, 100µm, ⌧353) is clearly visible at 22.8 and 28.4GHz but not at 4.7GHz.
Striations and other artifacts are also visible in the 0.408/1.42GHz maps that are not seen in the C-BASS data.

reassuring to see that there is good correlation of the radio
maps at 0.408, 1.42 and 4.7GHz. However, there is signifi-
cant scatter (Pearson correlation coe�cient, r ⇡ 0.7) which
would not be expected given the high signal-to-noise ratio of
these maps. Part of this may be due to variations in the syn-
chrotron spectral index across the map and free-free emis-
sion, or to di↵erences in source subtraction in the maps.
However, inspection of the maps (Fig. 3) clearly reveals arte-
facts in the maps that are likely responsible for the majority
of the scatter. The brightest sources (red stars) can be seen
to have some e↵ect in some of the radio maps, pushing the
intensities to larger values, but in general they are not a ma-

jor issue; the C-BASS data have been source-subtracted and
those pixels containing sources above 600mJy are masked in
the analysis.

The best-fitting straight line, y = mx+ c, is plotted for
each combination of datasets, taking into account uncertain-
ties in both coordinates using the mpfitexy4 routine (Mark-
wardt 2009; Williams, Bureau & Cappellari 2010). Only un-
masked pixels are included in the fit. The slope, m, of each
T-T plot between frequencies ⌫1 and ⌫2, is related to the

4 http://purl.org/mike/mpfitexy

c� 2014 RAS, MNRAS 000, 1–18



AME - l Orionis
• Detection of 

spectral variations 
in AME in 
photodissociation 
region

• AME emissivity 
controlled by local 
radiation field

• AME peak 
frequency 
proportional to 
dust temperature

• First collaborative 
paper between C-
BASS and 
QUIJOTE!

• Cepeda-Arroita et 
al imminient…



Intensity spectral indices 

12 L. R. P. Jew et al.

Figure A1. Continued

MNRAS 000, 1–29 (2018)

• Divide sky in to 
regions grouped by 
position in position, 
colour-colour space

• Fit TT scatter plots 
with unbiassed line-
fitting with outliers.

• Returns spectral 
index in each region 
along with an 
indication of how 
complex spectrum 
actually is (outlier 
fraction)

• Jew et al in prep



CBASS-Haslam spectraC-BASS: Total intensity spectral index 7

(a) Maximum posterior estimates of the Haslam/C-BASS
spectral index.

(b) Standard deviation of the Haslam/C-BASS spectral
index posterior distribution.

(c) Maximum posterior estimates of the Haslam/C-BASS
outlier fraction.

(d) Standard deviation of the Haslam/C-BASS outlier
fraction posterior distribution.

(e) Maximum posterior estimates of the C-BASS/WMAP
spectral index.

(f) Standard deviation of the C-BASS/WMAP spectral
index posterior distribution.

(g) Maximum posterior estimates of the C-BASS/WMAP
outlier fraction.

(h) Standard deviation of the C-BASS/WMAP outlier
fraction posterior distribution.

Figure 5. Maps of the maximum posterior estimates (left) and marginalized posterior standard deviations (right) of the spectral indices
and outlier fractions between Haslam/C-BASS and C-BASS/WMAP K-band.

MNRAS 000, 1–29 (2018)



CBASS-WMAP K spectra

C-BASS: Total intensity spectral index 7

(a) Maximum posterior estimates of the Haslam/C-BASS
spectral index.

(b) Standard deviation of the Haslam/C-BASS spectral
index posterior distribution.

(c) Maximum posterior estimates of the Haslam/C-BASS
outlier fraction.

(d) Standard deviation of the Haslam/C-BASS outlier
fraction posterior distribution.

(e) Maximum posterior estimates of the C-BASS/WMAP
spectral index.

(f) Standard deviation of the C-BASS/WMAP spectral
index posterior distribution.

(g) Maximum posterior estimates of the C-BASS/WMAP
outlier fraction.

(h) Standard deviation of the C-BASS/WMAP outlier
fraction posterior distribution.

Figure 5. Maps of the maximum posterior estimates (left) and marginalized posterior standard deviations (right) of the spectral indices
and outlier fractions between Haslam/C-BASS and C-BASS/WMAP K-band.

MNRAS 000, 1–29 (2018)



Intensity spectral indiciesC-BASS: Total intensity spectral index 9

Table 3. Continued

C-BASS/Haslam WMAP/C-BASS
ID (l, b) Size � f � f

179 (-70.4,142.4) 98 3.19 ± 0.76 1.00 ± 0.01 2.60 ± 0.18 0.45 ± 0.11
180 (19.9,233.4) 134 2.94 ± 0.04 0.00 ± 0.00 2.44 ± 0.03 0.33 ± 0.06
181 (23.8,6.3) 84 2.04 ± 0.07 0.41 ± 0.09 1.96 ± 0.01 0.75 ± 0.07
182 (19.9,207.7) 87 3.03 ± 0.03 0.00 ± 0.01 2.46 ± 0.02 0.34 ± 0.07
183 (27.7,205.7) 90 2.96 ± 0.06 0.00 ± 0.01 2.59 ± 0.03 0.00 ± 0.01
184 (49.7,41.5) 81 3.07 ± 0.02 0.08 ± 0.05 2.12 ± 0.06 0.51 ± 0.07
185 (3.8,112.0) 73 2.46 ± 0.03 0.21 ± 0.09 2.03 ± 0.01 0.76 ± 0.08
186 (29.0,235.5) 95 2.80 ± 0.08 0.00 ± 0.01 2.43 ± 0.05 0.00 ± 0.08
187 (-31.6,159.9) 113 2.68 ± 0.06 0.00 ± 0.01 2.36 ± 0.02 0.67 ± 0.06
188 (-6.3,50.4) 63 2.96 ± 0.02 0.40 ± 0.08 2.69 ± 0.01 0.49 ± 0.07
189 (-22.5,80.7) 62 2.74 ± 0.07 0.00 ± 0.02 2.20 ± 0.12 0.51 ± 0.12
190 (38.4,61.7) 52 2.68 ± 0.11 0.00 ± 0.03 2.91 ± 0.08 0.00 ± 0.12
191 (6.8,64.9) 60 2.77 ± 0.05 0.30 ± 0.11 2.39 ± 0.01 0.65 ± 0.09
192 (-5.7,143.7) 60 2.71 ± 0.03 0.00 ± 0.01 2.09 ± 0.05 0.77 ± 0.07
193 (28.2,120.0) 71 2.81 ± 0.10 0.07 ± 0.03 2.33 ± 0.02 0.29 ± 0.09
194 (-49.3,140.0) 117 2.68 ± 0.06 0.00 ± 0.01 2.40 ± 0.04 0.44 ± 0.09
195 (41.6,229.5) 103 2.59 ± 0.09 0.00 ± 0.01 3.00 ± 0.06 0.00 ± 0.03
196 (-7.1,160.1) 96 2.80 ± 0.02 0.13 ± 0.05 2.09 ± 0.02 0.81 ± 0.06
197 (57.5,181.4) 97 2.68 ± 0.09 0.00 ± 0.01 2.70 ± 0.04 0.01 ± 0.06
198 (36.0,252.7) 55 2.66 ± 0.11 0.01 ± 0.02 2.31 ± 0.06 0.40 ± 0.12
199 (-26.3,69.5) 109 2.75 ± 0.05 0.00 ± 0.01 2.53 ± 0.14 0.52 ± 0.09
200 (-35.2,68.2) 111 3.07 ± 0.04 0.00 ± 0.02 2.51 ± 0.05 0.24 ± 0.08
201 (0.0,196.7) 131 2.77 ± 0.03 0.49 ± 0.08 2.20 ± 0.01 0.78 ± 0.05
202 (14.2,105.8) 79 2.78 ± 0.02 0.01 ± 0.01 1.83 ± 0.04 0.75 ± 0.05
203 (-4.3,200.8) 55 2.71 ± 0.04 0.00 ± 0.01 2.08 ± 0.02 0.63 ± 0.06
204 (-24.3,92.6) 128 2.84 ± 0.03 0.03 ± 0.01 2.47 ± 0.03 0.60 ± 0.06
205 (2.4,106.0) 86 – – – –
206 (5.2,105.1) 82 2.56 ± 0.03 0.18 ± 0.11 2.13 ± 0.14 0.77 ± 0.07
207 (-36.8,140.4) 103 2.78 ± 0.05 0.00 ± 0.02 2.21 ± 0.02 0.60 ± 0.07
208 (-0.3,142.9) 63 2.46 ± 0.08 0.00 ± 0.03 2.02 ± 0.91 0.76 ± 0.13
209 (5.6,34.0) 91 2.71 ± 0.03 0.27 ± 0.07 2.40 ± 0.01 0.71 ± 0.05
210 (33.5,228.8) 109 2.59 ± 0.10 0.00 ± 0.01 2.51 ± 0.06 0.08 ± 0.09
211 (-8.1,179.4) 50 2.77 ± 0.04 0.00 ± 0.02 2.02 ± 0.56 0.77 ± 0.13
212 (49.6,322.6) 73 2.77 ± 0.11 0.00 ± 0.01 2.42 ± 0.26 0.49 ± 0.18
213 (9.4,228.9) 118 2.93 ± 0.02 0.00 ± 0.01 2.41 ± 0.05 0.74 ± 0.05
214 (58.6,107.8) 125 3.75 ± 0.76 1.00 ± 0.01 2.72 ± 0.10 0.31 ± 0.12
215 (1.3,88.1) 131 2.66 ± 0.01 0.33 ± 0.08 2.01 ± 0.02 0.85 ± 0.05
216 (6.6,216.7) 86 2.79 ± 0.04 0.00 ± 0.01 2.22 ± 0.01 0.56 ± 0.07
217 (-20.9,153.0) 91 2.83 ± 0.07 0.00 ± 0.01 2.23 ± 0.16 0.77 ± 0.09
218 (9.0,178.3) 57 2.52 ± 0.12 0.00 ± 0.03 2.05 ± 0.02 0.52 ± 0.09
219 (-39.6,191.0) 572 2.88 ± 0.02 0.14 ± 0.03 1.81 ± 0.04 0.69 ± 0.02
220 (46.5,210.7) 83 2.91 ± 0.09 0.00 ± 0.01 2.73 ± 0.07 0.00 ± 0.01
221 (8.7,120.0) 72 2.83 ± 0.02 0.00 ± 0.01 2.13 ± 0.07 0.67 ± 0.08
222 (-14.4,129.7) 42 2.36 ± 0.12 0.00 ± 0.02 2.53 ± 0.28 0.35 ± 0.15
223 (62.5,139.5) 72 2.68 ± 0.64 1.00 ± 0.44 2.73 ± 0.05 0.00 ± 0.13
224 (-27.0,199.4) 118 2.82 ± 0.04 0.00 ± 0.01 2.34 ± 0.03 0.48 ± 0.08
225 (-67.9,169.3) 63 2.86 ± 0.05 0.00 ± 0.01 2.66 ± 0.04 0.01 ± 0.02
226 (17.7,93.5) 72 2.99 ± 0.02 0.18 ± 0.04 2.40 ± 0.01 0.78 ± 0.06
227 (30.0,242.8) 131 2.93 ± 0.05 0.00 ± 0.01 2.49 ± 0.06 0.43 ± 0.08
228 (-1.1,64.1) 81 2.58 ± 0.02 0.31 ± 0.11 1.94 ± 0.01 0.67 ± 0.12
229 (18.0,109.8) 75 2.85 ± 0.02 0.00 ± 0.01 2.26 ± 0.01 0.57 ± 0.09
230 (-6.6,59.2) 66 2.91 ± 0.04 0.05 ± 0.05 2.42 ± 0.02 0.82 ± 0.06
231 (-44.4,118.5) 406 2.69 ± 0.02 0.00 ± 0.00 2.20 ± 0.07 0.84 ± 0.03
232 (1.2,80.8) 74 – – – –
233 (8.4,190.4) 77 2.74 ± 0.05 0.00 ± 0.01 1.95 ± 0.19 0.71 ± 0.09
234 (38.7,196.9) 107 2.61 ± 0.09 0.00 ± 0.02 2.57 ± 0.04 0.00 ± 0.08
235 (6.6,172.5) 44 2.35 ± 0.49 0.00 ± 0.47 1.84 ± 0.04 0.40 ± 0.11
236 (28.8,218.4) 134 2.69 ± 0.08 0.00 ± 0.01 2.26 ± 0.05 0.27 ± 0.09
237 (30.7,130.9) 139 2.75 ± 0.04 0.30 ± 0.11 2.24 ± 0.02 0.67 ± 0.05
238 (13.3,93.7) 65 2.89 ± 0.02 0.03 ± 0.03 2.31 ± 0.01 0.70 ± 0.07
239 (76.2,263.2) 116 2.81 ± 0.07 0.00 ± 0.01 2.73 ± 0.09 0.54 ± 0.10
240 (-56.6,79.0) 419 2.87 ± 0.03 0.00 ± 0.00 2.21 ± 0.05 0.81 ± 0.03
241 (23.7,17.8) 72 2.70 ± 0.02 0.04 ± 0.04 2.19 ± 0.05 0.80 ± 0.06
242 (21.2,112.4) 43 2.83 ± 0.03 0.12 ± 0.06 2.23 ± 0.01 0.45 ± 0.09
243 (37.2,206.6) 111 2.81 ± 0.07 0.00 ± 0.01 2.33 ± 0.05 0.26 ± 0.10
244 (0.6,171.1) 72 2.47 ± 0.25 0.00 ± 0.25 1.78 ± 0.61 0.48 ± 0.30
245 (6.8,74.2) 81 2.71 ± 0.04 0.25 ± 0.13 2.20 ± 0.01 0.61 ± 0.10
246 (-68.1,128.9) 72 2.87 ± 0.13 0.00 ± 0.02 1.77 ± 0.19 0.57 ± 0.11
247 (82.8,47.5) 103 3.06 ± 0.05 0.01 ± 0.02 3.01 ± 0.05 0.12 ± 0.07
248 (-20.7,198.0) 110 2.82 ± 0.04 0.03 ± 0.03 2.38 ± 0.40 0.91 ± 0.06
249 (-45.6,185.3) 132 3.05 ± 0.03 0.25 ± 0.08 2.10 ± 0.01 0.24 ± 0.05
250 (-6.0,189.8) 54 2.62 ± 0.04 0.00 ± 0.02 1.97 ± 0.02 0.71 ± 0.07
251 (5.6,54.9) 50 2.79 ± 0.03 0.38 ± 0.08 2.04 ± 0.01 0.70 ± 0.07
252 (-5.6,71.5) 63 2.68 ± 0.11 0.23 ± 0.17 2.05 ± 0.03 0.75 ± 0.08
253 (-45.3,46.3) 104 2.76 ± 0.25 0.00 ± 0.38 2.20 ± 0.45 0.91 ± 0.03
254 (-0.3,58.2) 61 2.57 ± 0.03 0.00 ± 0.05 1.93 ± 0.13 0.65 ± 0.12
255 (-46.4,101.7) 283 2.80 ± 0.04 0.10 ± 0.04 2.08 ± 0.03 0.71 ± 0.04
256 (1.4,74.5) 84 2.06 ± 0.35 0.24 ± 0.30 2.06 ± 1.10 0.60 ± 0.14
257 (0.8,143.7) 50 – – – –
258 (6.6,205.7) 54 2.64 ± 0.04 0.00 ± 0.01 2.24 ± 0.04 0.53 ± 0.10
259 (-30.3,54.8) 74 2.79 ± 0.08 0.00 ± 0.02 2.64 ± 0.04 0.47 ± 0.10
260 (-17.1,209.2) 195 2.37 ± 0.07 0.22 ± 0.06 1.95 ± 0.00 0.83 ± 0.05
261 (39.8,2.8) 50 2.89 ± 0.06 0.00 ± 0.01 1.58 ± 0.22 0.75 ± 0.06
262 (-64.4,109.5) 107 2.92 ± 0.06 0.01 ± 0.02 2.26 ± 0.03 0.06 ± 0.05
263 (-0.0,41.3) 75 – – – –
264 (0.2,23.4) 58 2.39 ± 0.06 0.82 ± 0.08 1.87 ± 0.00 0.84 ± 0.06
265 (0.7,41.9) 107 2.64 ± 0.64 0.68 ± 0.15 2.10 ± 0.12 0.77 ± 0.13
266 (-7.2,196.4) 98 1.65 ± 0.54 0.00 ± 0.46 1.97 ± 0.99 0.64 ± 0.15
267 (-60.9,182.9) 78 2.72 ± 0.08 0.00 ± 0.01 2.84 ± 0.07 0.27 ± 0.13

Figure 8. Histograms of the spectral index between Haslam/C-
BASS (dashed blue line) and C-BASS/WMAP (solid yellow line).
From the posterior distribution for the spectral index in each re-
gion we drew 100 ⇥ Npix random samples to include in the his-
tograms, where Npix is the number of pixels in the region. The
histograms are therefore representative of the distribution of spec-
tral indices across the sky and are broadened by the uncertainties.

MNRAS 000, 1–29 (2018)

Haslam-C-BASS relatively simple story…higher frequencies much 
more complicated! Currently running COMMANDER analysis with Oslo 
group. Also working on new component separation method, No-U-Turn 
sampler and hierarchical fitting – see Richard Grummit poster.



Zero level from Arcade

Need zero level of I map for 
component fitting (zero level of 
raw map is arbitrary)
• Fit power law to Arcade2 

data – 3.15,3.41,8.33, 9.72, 
10.49 GHz data

• Fit C-BASS offset to match 
interpolated 4.76 GHz map

• Dipole subtracted gives 
better fit!

• Minimum brightness of 
fitted map is 31.8 mK cf
integrated source counts 
~4mK

• Likely due to diffuse local 
Galactic emission.

A calibration of the C-BASS zero level using ARCADE 2 3

Figure 1. Results of foreground model fitting to 5 ARCADE channels (excluding 7.97GHz). (a,c) ARCADE 2 maps at 3.15 and

10.49GHz after subtraction of the CMB model. (b) Interpolated map at 4.76GHz. (d) Fitted spectral index, �. (e) C-BASS maps after

subtraction of the CMB dipole and with corrected zero level (e) Di↵erence between panels (b) and (e).

Evidently the systematic errors from di↵erent data se-
lection choices are similar in size to the formal uncertainty,
and so we report the o↵set as (49± 5)mK. This is the best-
fit value either excluding the 7.97GHz channel, or including
all channels but with a 1-� correlated error subtracted.

Our derived o↵set is meaningless in itself as it depends
on the arbitrary zero level set by Descart. We could re-
port the e↵ective zero level as the brightness of the faintest
C-BASS pixel; however this is also not very informative as
at a HEALPix resolution of Nside = 1024 individual pix-
els are quite noisy. A more robust measure which can be
transferred between di↵erent versions of the C-BASS map
is the median brightness. Since the minimum declination
of the map is subject to change due to di↵erent data edit-
ing strategies, I report the median brightness for the north-
ern hemisphere, � � 0�, which is 43.5mK for our input C-
BASS map after adding our derived o↵set of 49mK and

subtracting the Planck CMB dipole. For the record, the
minimum pixel is # 6371507 at (l, b) = (15.�776,�0.�746),
at �180mK. It is on the southern border of the mapped
region and its low value is evidently a mapping artefact. Af-
ter re-binning to Nside = 128, the minimum brightness is
31.8mK at (238.�7, 31.�4).

4 DISCUSSION

4.1 Correction for extragalactic sources

The zero level derived in the previous section is relative to
the CMB monopole, and therefore includes both Galactic
and extragalactic foregrounds. The latter certainly includes
the known populations of extragalactic radio sources. Vern-
strom et al. (2014) use P (D) analysis of a deep JVLA field to
estimate an integrated brightness of (14.5± 1)mK at 3GHz

c� 0000 RAS, MNRAS 000, 000–000
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C-BASS: Comparison of di↵use polarized radio emission at GHz frequencies 3

Figure 2. Full-sky Mollweide Galactic maps of the Faraday depth
(radm�2) from Hutschenreuter & Enßlin (2019). The colour scale
is linear and is saturated at ±100 radm�2.

dow functions to give a 1� FWHM Gaussian e↵ective beam.
We then re-pixelise the data to Nside = 32 (⇡ 2� pixels) to
increase S/N, particularly in the lower S/N WMAP/Planck
data. This means details of the smoothing are not important
and that the noise can be considered independent in each
pixel. The polarization coordinate frame is Galactic, where
we adopt the IAU convention for the angle (e.g., Hamaker
& Bregman 1996) rather than the ”CMB” convention used
in the WMAP/Planck data. This simply means a sign flip
in Stokes U, i.e., UIAU = �UCMB. Noise estimates for Q,U ,
including their covariance, are available for all the datasets
except for S-PASS, where a single estimate for the noise
in Q and U is given. Fortunately the correlations are typ-
ically small (. 10%) for these datasets; for example, the
median correlation in the C-BASS maps is 7%. Thus the
Q,U maps can be assumed to be independent to a reason-
able approximation. We degrade the Q,U noise covariance
matrices, normalizing by (Nin/Nout)

2.
In Fig. 1 we present the polarization angle (�) maps at

Nside = 32 from S-PASS (2.3GHz), C-BASS (4.76GHz),
WMAP 22.5GHz and Planck 28.1GHz. Away from the
Galactic plane, there is considerable coherence in �, indica-
tive of a coherent magnetic field and limited depolarization
along the line-of-sight. There is su�cient S/N in these maps
to track � over much of the sky. There is a good corre-
spondence between all the maps at high latitudes, show-
ing that Faraday rotation is relatively small at these fre-
quencies. At lower latitudes, line-of-sight depolarization is
significant in all of the data while the low frequency data,
particularly at 2.3GHz, are clearly a↵ected by Faraday ro-
tation at |b| . 20�. In some parts of the sky, where the syn-
chrotron emission is weak, the S/N is low, particularly in
the WMAP/Planck data where fluctuations in � are visible
due to instrumental noise.

3 COMPARISON OF POLARIZATION

ANGLES

We first look at the comparison of the data in regions where
FR is expected to be minimal at these frequencies. For a
very simple model of a single spectral component of dif-

fuse polarized synchrotron emission, and if FR is negligible,
then one would expect � to be the same at all frequencies.
WMAP/Planck data are calibrated very precisely with in-
tensities calibrated to sub-percent precision, while the angle
calibration is certainly good to . 1�. Any di↵erences beyond
this could only be due to either instrumental noise (which
is known) or other systematic errors.

We use the model of Hutschenreuter & Enßlin (2019),
who used RMs from extragalactic sources to make a full-
sky map of the Faraday Depth (FD), in units radm�2, in-
cluding an estimate of the uncertainty. The map, which is
an updated and improved version of the original map by
Oppermann et al. (2012), represents the current knowledge
of the Faraday sky and informs us of what the maximum
FR we can expect along any given line-of-sight and can
be readily converted to a rotation angle for a given fre-
quency/wavelength. Note that extragalactic sources are af-
fected by the full integration through the Galaxy along a
line-of-sight and while Galactic radiation will by less-a↵ected
due to being inside the Galaxy. A naive estimate would be
that the observed FR would be approximately half that of
the prediction from the FD model.

Fig. 2 shows the FD map at Nside = 32, saturated at
a value of ±100 radm�2. For reference, 100 radm�2 corre-
sponds to a rotation angle �� = 97.�3, 22.�7, 1.�0, 0.�65, at
2.3, 4.76, 22.5, and 28.1GHz, respectively. This map clearly
shows that FR is significant even at frequencies of a few GHz
for large parts of the sky, particularly at |b| . 20�. Nev-
ertheless, away from the red/blue regions of Fig. 2, there
are large areas of the high latitude sky where the FD is
⇡ ±10 radm�2 or less, which would result in an almost neg-
ligible rotation (. 3�) above 5GHz and only a small e↵ect
(. 20�) at 2.3GHz. We will use this map to mask pixels
where FR is likely to be significant.

Fig. 3 presents maps of the polarized intensity, its un-
certainty, and the signal-to-noise ratio. We have applied a
simple noise debiasing of the observed polarized intensity,
Pobs, to estimate the true value P , using P 2 = P 2

obs � �2
P ,

where �P is the uncertainty on P , and is given by �2
P =p

1/P (Q2�2
Q+U2�2

U ). This simple estimator is reliable when
S/N& 3 when the likelihood of P is well-approximated by
a Gaussian distribution (Simmons & Stewart 1985; Vaillan-
court 2006). Here, we use it to define pixels above a thresh-
old of S/N= 4, where the error distributions are very close
to Gaussian and the details of the debiasing are not impor-
tant. Pixels below the S/N= 4 threshold are masked (grey)
in the S/N maps in Fig. 3. The S/N of the low frequency
data is significantly higher than that of WMAP and Planck.
S-PASS has very high S/N in all pixels due to the lower
frequency and higher angular resolution. C-BASS has high
S/N in the majority of the pixels in the northern sky, with
just a small number (2%) of pixels at S/N< 4 where there
is very little synchrotron emission. WMAP and Planck suf-
fer from low S/N in regions away from regions of relatively
bright synchrotron emission, resulting in 43.3% and 56.8%
being masked, respectively. This is one of the major limita-
tions of the current analysis. Note that WMAP K-band has
a higher S/N on average than Planck 30GHz channel.

In Fig. 4 we plot the di↵erence in polarization angles
for the various combinations of datasets. Di↵erences have
been wrapped at ±90� due to the n–⇡ ambiguity. We mask
pixels where no data exist and pixels with S/N< 4 in either

c� 2019 RAS, MNRAS 000, 1–11
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Table 3. Priors on the free parameters. sX, i is the brightness temperature of component X in map i. There are two sets of limits listed for the synchrotron and
thermal dust amplitude parameters, the first is for the total intensity case and the second is for the B-mode polarization case. In total intensity we imposed the
additional constraint �4  �s +

1
2Cs log

⇣
500 GHz
⌫s,0

⌘
 �2. F0 is the derivative (with respect to frequency) of the template spectrum. The total prior is obtained

by multiplying the prior for each parameter together.

✓ ⇡ (✓) Limits
Synchrotron

As / constant [0, 104]KRJ, [�50, 50]mKRJ

�s /
rÕ

i

⇣
1
�i

ss, i
As

log( ⌫i⌫0
)
⌘2

[�4, �2]

Cs /
rÕ

i

⇣
1
�i

ss, i
As

log2( ⌫i⌫0
)
⌘2

[�0.5, 0.5]

Thermal dust
Ad / constant [0, 104]KRJ, [�100, 100]µKRJ

�d /
rÕ

i

⇣
1
�i

sd, i
Ad

log( ⌫i⌫0
)
⌘2

[0.8, 2.2]

Td /

vutÕ
i

 
1
�i

sd, i
Ad

"
⌫0

1�exp(� h⌫0
kTd

)
� ⌫i

1�exp(� h⌫i
kTd

)

#
1
T 2

d

!2

[12, 45]K

Free-free

EM /
rÕ

i

⇣
1
�i

Te⌧
EM exp(�⌧)

⌘2
[0, 104] cm�6pc

(Note, ⌧ ⌘ f (Te) ⇥ EM)

Spinning dust
Asd / constant [0, 104]KRJ

⌫p /

sÕ
i

✓
1
�i

ssd, i
Asd

⌫p0
⌫2

p

h
F 0(⌫0⌫p0/⌫p)
F (⌫0⌫p0/⌫p) ⌫0 �

F 0(⌫i⌫p0/⌫p)
F (⌫i⌫p0/⌫p) ⌫i

i ◆2
[15, 70]GHz

CMB
ACMB / constant [�1, 1]KCMB

error, �i , on parameter ✓i is the sum of the bias and variance of the
posterior distribution,

�2
i = C2

i,i = E
h
(✓i � ✓̂i)2

i
= Bias2 [✓] + Var [✓] , (14)

where the bias and variance functions have their usual definitions;

Bias[✓] = E[✓ � ✓̂] (15)

Var[✓] = E[✓2] � E[✓]2. (16)

In the same way that we take the ratio of the total error volumes
to quantify the impact of the C-BASS data point, we take the ratios of
the total errors for individual parameters. Ratios greater than unity
indicate that the parameter constraint has been improved. Ratios
less than unity indicate that the parameter constraint has worsened.

4 TOTAL INTENSITY RESULTS

In this section we discuss the parameter estimates when fitting the
parametric model to the 1� total intensity pixels. The ratios of
the error volumes are listed in Table 4. In the following sections
the ratios of the total errors on individual parameters are listed in
Table 5.

In Section 4.1 we consider the case where the synchrotron
spectral curvature is fixed to the true value of zero during the fit-
ting. The C-BASS data point only has a small impact on the dust
parameters and we focus our discussion on the low-frequency fore-
ground parameters. In Section 4.2 we present the results when the
curvature is allowed to vary. In Section 4.3 we introduce a mod-

Table 4. Ratios of the total error volumes for the total intensity pixels
(top) and polarization pixels (bottom). Ratios greater than unity indicate a
reduction in the total error volume by the inclusion of the C-BASS data. The
total error volumes were calculated from two sets of simulated data, with the
true synchrotron curvature set to either 0 or 0.15. In the fitting process the
synchrotron curvature parameter was either fixed to zero or allowed to vary
freely. This introduces a modelling error in the case of simulated data with
true curvature of 0.15 and when fixing the curvature to zero in the fitting.

True Cs value 0.0 0.15
Cs free or fixed free fixed free fixed

Total intensity
Galactic Plane 9,000 2,000,000 5,000 4,000
Lambda Orionis 1,000,000 500,000 6,000 2,000
Barnard’s Loop 4,000,000 600,000 300,000 3,000
Near Orion 300 300 2,000 5
O� Plane 1,000 7,000 4,000 200
NPS 70,000 1,000,000 30,000,000 20,000
Polaris Flare 300,000 10,000 200,000 50

Geometric mean 50,000 70,000 100,000 600
Polarization

Galactic Plane 2,000,000 200,000 2,000,000 60,000
Lambda Orionis 90,000 60,000 100,000 2,000
Barnard’s Loop 10,000 100,000 10,000 7,000
Near Orion 10,000 100,000 20,000 4,000
O� Plane 5,000 60,000 5,000 6,000
NPS 2,000,000 10,000 2,000,000 600
Polaris Flare 50 700 60 1,000

Geometric Mean 10,000 20,000 10,000 3,000

MNRAS 000, 1–19 (2015)
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Real variations in polarized b (1)

Distribution of b vs error on b - Dashed lines indicate 1-, 2-s
deviations from mean. Histogram only of points with Db < 0.1



Real variations in polarized b (2)

Downgraded maps of b, sb – variations >> sb on large scales 
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E and B power spectra

• More power in E than 
B

• Overall amplitude ratio 
weak function of 
Galactic latitude

• Powers converge at 
high l (and look much 
more gaussian)



B power spectrum at 100 GHz

• Extrapolate this B spectrum to 100 GHz using b = 3.0…



B map extrapolated to 100 GHz

Using fixed b

C-BASS B map exptrapolated using C-BASS-WMAP K spectral index map
Errors not trivial and not properly worked out…so no power spectrum of this yet!



CBASS - status
• Northern data pipeline/mapping complete
• First set of data papers using all Northern data in 

next few months
• Public data release shortly after papers, but still 

keen to work directly with other groups with 
complementary data/analysis tools.

• Southern survey happening now – 1-2 yrs data 
taking expected in south

• Full data release once surveys completed and 
combine.



Beyond CBASS…

• Adding C-BASS data to current experiments can 
constrain straight synchrotron spectra…but not 
curved (see Jew et al 2019 MNRAS 490, 2958)

• QUIJOTE will help…but for equivalent sensitivity 
at ~30 GHz need ~100 pixels…

• …ideally in north and south on ~6-m telescopes
• Hence – ELFS: European Low-Frequency Survey. 
See https://indico.in2p3.fr/event/19414/contributions/73920/

https://indico.in2p3.fr/event/19414/contributions/73920/


• First/most important step in ELFS: 5-m 
telescope in South with 100-element 
array 20-30 GHz, ~10 elements 10-20 
GHz, 1 element 5-10 GHz

• Site alongside Simons Observatory for 
maximum synergy/collaboration in 
operations and science exploitation

• Budget €14M, proposal Nov 2019, 
decision October 2020, start Jan 2021, 
start observations 2024, finish Dec 
2026 

• Telescope potentially available for 
CMB-S4 low-frequency after 2026 

• ERC project limited to 4 PIs (Mennella, 
Milan; Baccigalupi, SISSA; Rubino-
Martin, IAC; Jones, Oxford) but wider 
ELFS concept is open

ERC Synergy Proposal – ELFS-South


