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I summarise current results from the QUaD experiment, a recently completed ground-based ex-
periment designed to measure the polarisation of the Cosmic Microwave Background (CMB).
Our results break new ground in the field, where for the first time, we detect multiple acoustic
peaks in the E-mode polarisation CMB power spectrum. Moreover, the QUaD data signifi-
cantly lower the upper limit on the lensing-induced B-mode signal.

1 Introduction

With the CMB temperature fluctuations exquisitely mapped and characterised by the WMAP
experiment1, interest is increasingly being focused on the polarised component of the CMB.
The CMB is expected to be polarised at the ∼ 10% level due to Thomson scattering of CMB
photons off the local quadrupole in the CMB radiation field at the time of last scattering. The
resulting polarisation signal can be decomposed into two independent modes. At the time of last
scattering, even parity E-modes are generated by both scalar and tensor (gravitational waves)
metric perturbations while odd-parity B-modes are generated only by gravitational waves. A
secondary source of B-mode polarisation comes from the weak gravitational lensing effect of
the intervening large scale structure, which converts E-modes into B-modes on small scales.
On all scales, the B-mode signal is expected to be at least an order of magnitude smaller than
the E-mode signal for reasonable values (≤ 0.2) of the primordial tensor-to-scalar ratio from
inflation.

The first detection of the E-mode polarisation signal was made by the DASI group in 20022.
Since then the measurements have steadily improved in precision3,4. High-precision measure-
ments of the E-mode signal represent a non-trivial test of the standard cosmological model
since the polarisation of the CMB probes the velocity field at the time of last scattering, as
opposed to the matter field probed by CMB temperature measurements. Such a high resolu-
tion measurement of the E-mode polarisation signal was the primary science goal of the QUaD
experiment.

2 The QUaD experiment

QUaD was a 2.6 m Cassegrain radio telescope on the mount originally constructed for the DASI
experiment5. The QUaD receiver consisted of 31 pairs of polarisation sensitive bolometers
(PSBs), 12 at 100 GHz, and 19 at 150 GHz. The mount is enclosed in a large bowl shaped
reflective ground shield on top of a tower approximately 1 km from the geographic South Pole.
The bolometers were read out using AC bias electronics, and digitised by a 100 Hz, 16 bit ADC.
The raw data was staged on disk at Pole, and transferred out daily via satellite. QUaD was
decommissioned in the fall of 2007. Fig. 1 shows a photograph of the QUaD telescope inside the
ground shield.

The observations reported on here were made during the Austral winter seasons of 2006 and
2007 — the QUaD telescope was not able to observe during the summer. The CMB observations
consisted of scanning the telescope back and forth five times over a 7.5 deg throw in azimuth,
with the scan being applied as a modulation on top of sidereal tracking. The scan rate was
0.25 deg per second in azimuth translating to around 0.16 deg per second on the sky at our
observing elevation. The pointing position was then stepped by 0.02 deg in declination and the



Figure 1: The QUaD telescope inside its reflective ground shield at the South Pole.

process repeated. Each day, the observation region was stepped 0.64 deg in declination and in
this way a simple raster map of our chosen CMB field was built up over many days.

To permit the removal of possible polarised ground emission, the scanning strategy employed
a lead-trail scheme whereby each hour of observations was split equally between a “lead” field
and a “trail” field, separated by 0.5 hrs in Right Ascension. By subtracting the lead and trail
data one therefore cancels any signal coming from the ground which is constant over the half
hour, while producing a difference map of the sky. We do see significant ground pickup and
lead-trail differencing has been used for the analysis presented here. A complete description of
the QUaD telescope and observations is given in Hinderks et al. (2008)6.

3 Data analysis and results

Processing of the raw time-ordered data (TOD) consisted of flagging bad data, finding a pointing
solution, deconvolution for the electronics filter, applying a relative calibration between channels
and down-sampling the data. The relative calibration between channels is derived from the
analysis of short scans in elevation which introduce a strong atmospheric gradient into the
TOD. Absolute calibration factors are derived by comparison with B2K maps covering the same
area of sky. Various quality control cuts were applied to the TOD at this stage. Days with
bad weather, or bad pointing solutions, were discarded, as were days on which the moon was
apparent in the data. After applying these cuts, 143 days of CMB observations survived and
were used for the science analysis. To construct maps of the polarisation Stokes parameters, Q

and U , we have used a “naive” map-maker. Before mapping, 3rd order polynomial filtering is
applied to the TOD to remove large scale atmospheric signals. When making maps, each TOD
sample is weighted by the inverse-variance of its parent scan. In this way, noisy data is assigned
a small weight and contributes negligibly to the final coadded map. The top panel of Fig. 2
shows the 150 GHz field differenced maps of the Stokes parameters showing the characteristic
Q and U patterns expected from the CMB polarisation signal. Note that these maps have been
smoothed with a 6 arcmin FWHM Gaussian for display purposes. Strictly for visual inspection
only, we have also decomposed the Q and U maps into maps of E and B-modes using a Wiener
filter assuming a Lambda-CDM E-mode signal. These maps, which are shown in the bottom
panel of Fig.2, clearly demonstrate that the amount of E-mode type structure in our polarisation
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Figure 2: Top: The QUaD field differenced Q and U -polarisation maps. The maps cover an area of ∼ 60 deg2

and have been smoothed with a 6 arcmin FWHM Gaussian. Bottom: Wiener filtered E and B maps as derived
from the Q and U polarisation maps displayed in the top panel. Note that the E and B maps are used for display

purposes only and are not used for the power spectrum analysis.

maps is much larger than any B-mode structure present.

We measure E and B-mode polarisation power spectra directly from our Q and U maps using
a Monte-Carlo technique7,8 which relies on accurate simulations of the entire QUaD experiment
to subtract noise biases, correct for the TOD filtering and estimate errors and covariances. Our
final measurements of the E- and B-mode CMB power spectra are shown in Fig. 3. Also plotted
as the smooth curve is the expected E-mode power spectrum in the concordance Lambda-
CDM model. A series of acoustic peaks in the E-mode spectrum is detected with QUaD with
high significance, just as expected in the Lambda-CDM model with which we are completely
consistent. Our measurement of B-mode power is consistent with zero and represents the most
stringent upper limit of the lensing-induced B-mode signal to date. Further details on our
analysis of the QUaD data and our results are given in Pryke et al. (2008)9.
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Figure 3: E-mode and B-mode CMB polarisation power spectra as measured by the QUaD. For the first time,
multiple acoustic peaks are detected in the E-mode power spectrum with high significance. The B-mode signal

is consistent with zero.

4 Conclusions

We have given a summary of the observations, analysis and results of the QUaD CMB polarisa-
tion experiment which was recently decommissioned. The QUaD results on CMB polarisation
break new ground in the field — for the first time, multiple acoustic peaks are detected in the
E-mode polarisation power spectrum with high significance and our constraints on the B-mode
signal represent world-leading upper limits. The QUaD experiment and observations are further
described in Hinderks et al.6 and our analysis and results are presented in Pryke et al.9.
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