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C-BASS - Overview
Sky-coverage All-sky

Angular resolution 0.75 deg (45 arcmin)

Sensitivity < 0.1mK r.m.s (confusion limited in I)

Stokes coverage I, Q, U, (V)

Frequency 1 (0.7) GHz bandwidth, centered at 5 
GHz

Northern site OVRO, California
Latitude, 37.2 deg

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



C-BASS North: beam measurements

Simulated

Measured

Sidelobe
‘disappears’ with 
addition of baffles

(see Holler et al. 2011, arXiv:1111.2702v2 )



• 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
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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
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Receiver noise power spectra

• 1/f in single I channel is reduced by a factor of ~20 relative to raw sky signal
- knee frequency moved from ~ 4Hz to 0.2Hz

• Q and U have knee-frequencies < 10mHz

• The receiver is stable over full azimuth scans (90s) – can extract data over full-sky
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Continuous-comparison radiometer rejects 1/f noise by comparing the sky signal to 
a stabilized load signal.



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
I Q U

Figure 4.13: Even/odd numbered schedule jackknife angular power spectra. From
left to right; Stokes I, Q and U . The solid black line is the jackknife, the solid orange

line is the expected white noise and the solid purple line is the sky signal. The dashed
lines show the scaled white noise and sky signal that give the best least-squares fit to
the data.

Figure 4.14: Even/odd numbered schedule jackknife weighted di↵erence map his-
tograms. The dashed orange line is the expected white noise from the covariance
matrix and the dashed cyan line is the best fit gaussian to the data.

118

I Q U

Figure 4.12: Even/odd numbered schedule jackknife maps. From top to bottom are
the I, Q and U maps of odd numbered schedules (first row), maps of even numbered
schedules (second row), di↵erence maps (third row) and weighted di↵erence maps
(fourth row). From left to right the maps are of Stokes I, Q and U data.
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lines show the scaled white noise and sky signal that give the best least-squares fit to
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Initial data set – elevation 37 only (through NCP) – about 35% of N data
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First look at the spectral index – TT plots

Figure 5.14: Regions along the NPS, starting close to the Galactic plane and extending
up to the north Galactic pole. The graticules show lines of constant Galactic latitude
and longitude, separated by 10� intervals.

NPS but can not determine whether this is caused by a changing synchrotron spectral

index or varying mixtures of free-free and synchrotron emission in the pixels.

The NPS passes through or close to regions 30–46. It starts close to the Galactic

plane in regions 30 and 31. Most of the pixels in these regions are within 10� of the

Galactic plane. Travelling along the NPS away from the plane the region numbers

increase. Close to the north Galactic pole the NPS ends and the signal level drops.

The T-T plots for these regions are shown in Figures 5.15, 5.16 and 5.17. Underneath

the T-T plot for each region we also show the region in the 3-colour map.

The T-T plots for regions 30–35 are shown in Figure 5.15. The sky here is bright

and so the Voronoi binning method produces small regions. The spectral indices in

these regions are typically 2.7–2.8. Close to the plane pixels are not likely to be

dominated by a single emission mechanism and will contain both free-free and syn-

chrotron radiation. Region 35 contains part of SH2-27, which is strongly dominated

by free-free emission (the cyan pixels at the top right of the 3-colour map projection).

The T-T plot for this region demonstrates the success of the fitting method, there

are a collection of pixels in the plot that do not obey the straight-line relationship

179

• TT plots Haslam – C-BASS
• Fit for a single power law plus outliers (ignored in fit for b)
• Work our way up the North Polar Spur
• b generally gets steeper but lots of complication…



Figure 5.15: T-T plots between the C-BASS and Haslam maps from regions 30–
35. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Figure 5.15: T-T plots between the C-BASS and Haslam maps from regions 30–
35. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Figure 5.16: T-T plots between the C-BASS and Haslam maps from regions 36–
41. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Figure 5.16: T-T plots between the C-BASS and Haslam maps from regions 36–
41. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Figure 5.17: T-T plots between the C-BASS and Haslam maps from regions 42–
46. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Conclusions:
• Intensity spectral index seems to steepen with increasing Galactic 

latitude
• But it’s complicated and multiple components are mixed up on quite 

small scales
• Need to do a proper pixel-by-pixel analysis - Commander

Figure 5.17: T-T plots between the C-BASS and Haslam maps from regions 42–
46. A thinned subset of the converged MCMC chains are plotted. The purple lines
are component I. The mean and standard deviation of the posterior distribution of
the spectral index are labelled along with the maximum posterior value in brackets.
Beneath the T-T plots are gnomonic projections of the region in the 3-colour map.
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Zero level from source counts
(work in progress)

Need zero level of I map for component fitting (zero level of raw map is arbitrary)
• Select quiet patches of sky
• Calculate pixel distribution due to discrete sources (GB6) and confused sources (S3 model)
• Fit CBASS pixels plus offset
Seems to be consistent at least at ~1 mK level - TBC
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Polarized spectral indices 5 - 30 GHz

(a) C-BASS P map (b) C-BASS �

P

map

(c) Planck 30GHz P map (d) Planck 30GHz �

P

map

Figure 6.1: C-BASS and Planck 30GHz P and �P maps downgraded to Nside = 64.
All maps are in brightness temperature. The colour scales of the I maps are histogram
normalised to increase the dynamic range of the images. The �P maps are on linear
colour scales.

We have not used the WMAP polarization maps in this work. The WMAP Q and

U maps have a small number of poorly constrained modes at low ` that introduce

large scale gradients and o↵sets into the maps and as such P can not be directly

calculated (Jarosik et al., 2011; Bennett et al., 2013).

6.1.2 Checking the calibration of the C-BASS P map

The astronomical calibration subroutine in the pipeline calculates the amplitude of

the noise diode signal in I TOD from observations of the total intensity emission of

TauA, which is well known. This calibration is applied to the polarization data via

the internal temperature-stabilised load. This is the first attempt at the calibration

and to verify that it has worked we extract the polarization fraction of TauA from

the C-BASS maps. In this section we also briefly discuss future and ongoing work to

check and improve on the calibration of C-BASS North using C-BASS South data.
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Figure 6.9: Maps of the estimates of � (top) and �� (bottom) between the real C-BASS
and Planck 30GHz P maps.
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Figure 6.9: Maps of the estimates of � (top) and �� (bottom) between the real C-BASS
and Planck 30GHz P maps.
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The astronomical calibration subroutine in the pipeline calculates the amplitude of
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Spectral index map

Spectral index error map



Real variations in polarized b (1)

Figure 6.10: 2D histogram of the estimates of � against �� between the real C-BASS
and Planck 30GHz P maps. The colour of each histogram bin shows the number
count.

synchrotron loops and spurs the spectral index is typically 3.0–3.4. Further o↵ the

plane are larger fluctuations.

A histogram of � against �� is shown in Figure 6.10. The highest density of

points are those with small �� close to � = 3.2. The pixels with shallow spectral

indices and small error bars are those that correspond to the depolarized features

in the C-BASS maps. The weighted average spectral index across the whole sky is

� = 3.1658±0.0002. There are lots of pixels with � many �� away from this weighted

average value. The spectral index genuinely changes across the sky.

Histograms of the recovered estimates of �, only including pixels above several

Rgeo thresholds, and a 2D histogram of � against Rgeo are shown in Figure 6.11. The

small number of pixels with large Rgeo and small � correspond to depolarization in

the C-BASS map.

The histograms do not show the spatial structure of variations in the spectral

index. In the maps we see structure on both large and small scales. Towards the

Galactic centre and in small patches along the Galactic plane are shallower spectral

indices caused by depolarization at 5GHz. Along the rest of the Galactic plane and

in the spurs and loops the spectral index is typically close to 3.2. Further o↵ the

plane and away from loops and spurs the signal to noise drops and the uncertainties

on the estimated spectral indices increases.

To verify whether the large scale structure in the spectral index map is real or

208

Figure 6.13: The measured polarized spectral index and its uncertainty around the
NPS region between the real C-BASS and Planck 30GHz maps. The graticules show
lines of constant Galactic latitude and longitude and are separated by 10� intervals.

Table 6.3: Weighted average spectral indices in di↵erent Galactic latitude ranges
between the real C-BASS and Planck 30GHz maps.

�
Galactic latitude range Weighted average Error
Whole sky 3.1658 0.0002
|b| < 10� 3.1462 0.0004
10� < |b| < 20� 3.2078 0.0006
20� < |b| < 30� 3.1643 0.0007
30� < |b| < 50� 3.1856 0.0006
50� < |b| < 75� 3.1596 0.0009
75� < |b| < 90� 3.2391 0.0027

that the spectral index of total intensity emission in region 1 of Barnard’s Loop was

steeper between C-BASS and Planck 30GHz maps than typical free-free emission.

Any error in the calibration of the C-BASS maps would introduce global shifts into

the estimated polarized spectral indices but would not remove the spatial structure

that we have observed. To confirm these results we need to more rigorously test the

calibration of the C-BASS maps.
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that the spectral index of total intensity emission in region 1 of Barnard’s Loop was

steeper between C-BASS and Planck 30GHz maps than typical free-free emission.
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Distribution of b vs error on b
- Dashed lines indicate 1-, 2-s
deviations from mean

Adjacent regions with low sb
but very different b



Real variations in polarized b (2)

(a) Nside = 16

(a) Nside = 4

Figure 6.12: Downgraded � (left) and �� (right) maps between the real C-BASS and
Planck 30GHz P maps. The top maps are at Nside = 16 and the bottom maps are at
Nside = 4. The pixels in these maps are the weighted average of the original Nside = 64
maps.

persists further from the Galactic plane and away from loops and spurs.

Previous analysis by Fuskeland et al. (2014) found that the polarized spectral

index between the WMAP K and Ka-bands steepened from 2.88± 0.01 on the plane

to 3.12 ± 0.04 o↵ the plane. We calculated the weighted average spectral index in

di↵erent Galactic latitude ranges and they are listed in Table 6.3. We see no evidence

of the spectral index steepening with latitude.

We found steeper spectral indices than Fuskeland et al. (2014), this either means

that the synchrotron spectral index is shallower at higher frequencies or that the

C-BASS map is incorrectly calibrated. The measured polarization fraction of TauA

showed that the C-BASS P and I maps are consistently calibrated with one another

but not whether they are both on the same temperature scale as external datasets.

In both this analysis and the analysis of the previous chapter we found steeper

spectral indices between 5 and 30GHz than expected. In Section 5.2.8 we found
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Downgraded maps of b, sb – variations >> sb on large scales 



P maps extrapolated to 100 GHz

Using b map

Using fixed b

Difference



CBASS-All-Sky (first go!)



CBASS - status
• Reducing Northern data now – observations 

finished
• First set of data papers based on el=37 data only 

in next few months
• No public data release yet, but keen to work 

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.



Next-BASS
• Still not enough measurements to constrain all likely 

foreground components
– .408 – 5 – 23 – 30: 4 measurements,  vs
– Synch with curvature/self-absorbtion (5-6 params) – free-free 

(2) – AME with multiple components (3-4?): 10-12 params

• Ideally fill in complete frequency space between C-BASS 
and satellite frequencies: 6 – 30 GHz or higher.

• Sensitivity at least equivalent to CMB experiments at 
~100 GHz: 1 µK-arcmin x frequency lever-arm 

• Resolution at least as good as C-BASS: ~6 m telescope
• High frequency resolution for RFI/line emission removal 
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Next-BASS?
• 6-m aperture Compact Range 

antenna (aka Crossed Dragone)
– Large focal plane
– Easy to completely shield

• C-BASS-style 
radiometer/polarimeter for 
stability

• Two feed types
– 7 – 15 GHz
– 15 – 30 GHz

• Digital backend based on SKA 
designs

focal plane is still large and uniform. To investigate this, I have modelled both CD and OAG designs in GRASP
and I am taking cuts at various points in the focal plane to see the e↵ects of defocusing. This includes looking at
the severity of cross-polarisation and the loss of aperture e�ciency as a function of displacement from the focus.

(a) Cut at 6.0 GHz using the low frequency feed horn.

(b) Cut at 20.0 GHz using the high frequency feed horn.

Figure 16: Radiation pattern for a 6m o↵-axis Gregorian telescope. The primary and secondary are subtended at
an angle of 15� with F#⇡0.96.
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NextBASS+  – intensity 
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NextBASS+  – intensity 
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NextBASS+  – polarization 



NextBASS status

• Doing design work on optics, feeds, OMTs, 
digital receivers…

• Extending simulations to more realistic 
models/modelling errors

• Proposal with European Research Council 
(last chance before Brexit…)

• With more limited funding can use ex-
Clover 2-m telescope – better than nothing!




