
The	
  CMB…	
  

…and	
  its	
  polariza4on!!	
  



Slight	
  Review	
  

•  What	
  is	
  polariza4on?	
  
•  Stokes	
  Parameters	
  (measured	
  wrt):	
  
–  I	
  :	
  total	
  field	
  
– Q	
  :	
  along	
  x	
  (or	
  y)	
  axis	
  
– U	
  :	
  along	
  45o	
  axis	
  
– V	
  :	
  circular	
  

•  So…how	
  is	
  light	
  unpolarized?	
  



What	
  causes	
  the	
  CMB	
  Polariza4on?	
  

•  Classical	
  Thomson	
  ScaNering	
  
•  What’s	
  the	
  difference	
  between	
  Compton	
  and	
  
Thomson?	
  
– Recall:	
  

•  Primarily	
  electric	
  field	
  
– Recall	
  B=E/c	
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What	
  should	
  it	
  look	
  like?	
  

•  Polariza4on	
  is	
  propor4onal	
  to	
  the	
  quadrupole	
  
moment	
  of	
  the	
  plasma.	
  

•  Primary	
  genera4on	
  of	
  quadrupole	
  is	
  due	
  to	
  
Doppler	
  shiYs,	
  i.e.	
  it	
  is	
  dependent	
  on	
  the	
  
velocity	
  of	
  the	
  field.	
  

•  Expect	
  correla4on	
  between	
  temperature	
  
fluctua4ons	
  and	
  polariza4on.	
  

•  Do	
  we	
  expect	
  temperature	
  and	
  polariza4on	
  to	
  
be	
  in	
  phase	
  or	
  out	
  of	
  phase?	
  



	
  	
  

from	
  Hu	
  &	
  White,	
  1997	
  





Modes	
  

•  So	
  do	
  we	
  measure	
  polariza4on	
  in	
  units	
  of	
  Stokes	
  
parameters?	
  

•  No!	
  
•  Instead,	
  we	
  use	
  linear	
  combina4ons	
  of	
  Q	
  and	
  U	
  
to	
  form	
  E	
  and	
  B	
  modes.	
  

•  Why?	
  
•  Answer:	
  Convenience.	
  
•  Polariza4on	
  from	
  Thomson	
  scaNering	
  of	
  
primordial	
  plasma	
  should	
  be	
  all	
  E-­‐mode.	
  



Also…	
  

•  Gravita4onal	
  wave	
  polariza4on	
  
•  Leads	
  to	
  E-­‐mode	
  polariza4on	
  but…	
  
•  Also	
  leads	
  to	
  B-­‐mode	
  polariza4on.	
  
•  What	
  causes	
  the	
  B-­‐mode?	
  



In	
  this	
  paper	
  

•  Previously,	
  only	
  upper	
  limits	
  placed	
  on	
  
polariza4on	
  

•  First	
  done	
  by	
  Wilson	
  and	
  Penzias,	
  improved	
  by	
  
others	
  

•  But	
  now,	
  polariza4on	
  has	
  been	
  detected!	
  
•  Degree	
  Angular	
  Scale	
  Interferometer	
  (DASI)	
  
	
  



DASI!!!	
  



Measurements	
  

•  Two,	
  3.4o	
  fields	
  separated	
  by	
  1h	
  in	
  RA	
  
(RA=23h	
  30min,	
  RA=00h	
  30min,	
  DEC=-­‐55o)	
  

•  Why	
  these	
  fields?	
  
•  Results:	
  	
  
– high	
  confidence	
  of	
  detec4on	
  (	
  ≥4.9σ)	
  
– E-­‐mode	
  level	
  of	
  .8	
  (predicted	
  is	
  from	
  .9	
  to	
  1.1)	
  
– Upper	
  limit	
  of	
  .59	
  for	
  B-­‐mode	
  
– TE	
  correla4on	
  detected	
  and	
  consistent	
  



Measurements	
  

•  One	
  measures	
  leY	
  polarized,	
  one	
  measures	
  
right	
  polarized.	
  	
  From	
  this	
  and	
  from	
  knowing	
  
the	
  intensity	
  (found	
  from	
  measuring	
  right	
  or	
  
leY	
  circularly	
  polarized	
  in	
  both),	
  we	
  can	
  
measure	
  the	
  degree	
  of	
  linear	
  polariza4on.	
  

•  Calibra4on	
  from	
  RCW38	
  



Measurements	
  

•  Every	
  data	
  point	
  is	
  considered	
  to	
  be	
  signal	
  
plus	
  noise:	
  Δ	
  =	
  s	
  +	
  n	
  

•  Noise,	
  n,	
  is	
  assumed	
  to	
  be	
  Gaussian	
  with	
  
known	
  zero	
  mean.	
  

•  Why	
  is	
  this	
  a	
  good	
  assump4on?	
  
•  What	
  happens	
  if	
  this	
  is	
  not	
  a	
  good	
  
assump4on?	
  



Measurements	
  

•  How	
  do	
  we	
  know	
  if	
  what	
  we	
  find	
  is	
  the	
  true	
  
signal	
  of	
  the	
  CMB?	
  

•  χ2	
  tests!	
  
•  	
  	
  �2 = �TCN�



χ2	
  	
  Results	
  

structed using the same 34 modes with s/n . 1 of the polarization
data in the concordance model s/n eigenmode basis that appear in
Table 1. The summap shows a repeatable polarized signal, while the
difference map is consistent with instrument noise.

It is possible to calculate a similar x2 statistic for the data vector
formed from the complete, unsplit data set. Combining all the data
without the requirement of forming two equally weighted subsets
should yieldminimal noise, albeit without an exactly corresponding
null (that is, difference) test. Recalculating the s/n eigenmodes for
this complete cross-polar data vector gives 36 modes with expected
s/n . 1, for which x2 ¼ 98.0 with a PTE ¼ 1.2 £ 1027. This sig-
nificance is similar to those from the sum data vectors under the
various splits, which actually divide the data fairly equally and so are
nearly optimal. It should be noted that our focus so far has been to
test the instrumental noise model, and we have not dealt with the
small cross-polar signal expected as a result of the off-axis leakage.
As noted in the ‘Off-axis leakage’ subsection, it is not possible to
correct the data elements directly for this effect, but we can account
for it in calculating these x2 results by including the expected

covariance of this leakage signal (see ‘Theory covariance matrix’
subsection) in the noise matrix CN. Again recalculating the s/n
eigenmodes, we find 34 cross-polarmodes with s/n . 1which give a
x2 ¼ 97.0 and a PTE ¼ 5.7 £ 1028, a significance similar to before.
The off-axis leakage is also included in the likelihood analyses,
where it is again found to have an insignificant impact on the results.
The likelihood analysis described in the following sections makes

use of all of the information in our data set. Such an analysis, in
principle, may yield statistically significant evidence of a signal even
in cases of data sets for which it is not possible to isolate any
individual modes which have average s/n . 1. However, the exist-
ence of such modes in our data set, which has resulted from our
strategy of integrating deeply on a limited patch of sky, allows us to
determine the presence of the signal with the very simple analysis
described above. It also reduces sensitivity to the noise model
estimation in the likelihood results that we report next. Finally, it
gives our data set greater power to exclude the possibility of no
signal than it might have had if we had observed more modes but
with less s/n in each.

Likelihood analysis formalism
The preceding section gives strong evidence for the presence of a
signal in our polarization data. We now examine that signal using
the standard tool of likelihood analysis. In such an analysis, the
covariance of the signal,CT (k), is modelled in terms of parameters k
appropriate for describing the temperature and polarization aniso-
tropy of the CMB. The covariance of the data vector is modelled
CðkÞ; CTðkÞ þCN;where CN is the noise covariance matrix. Given
our data vector D, the likelihood of the model specified by the
parameter vector k is the probability of our data vector given that
model:

LðkÞ ¼ PðD j kÞ

/ detðCðkÞÞ21=2 exp 2
1

2
DtCðkÞ21D

! " ð1Þ

Although the full likelihood function itself is the most basic result
of the likelihood analysis, it is useful to identify and report the values
of the parameters that maximize the likelihood (so-called maxi-
mum likelihood (ML) estimators). Uncertainties in the parameter
values can be estimated by characterizing the shape of the likelihood
surface, as discussed further in the ‘Reporting of likelihood results’
subsection.

The CMB power spectra

The temperature and polarization anisotropy of the CMB can be
characterized statistically by six angular power spectra: three that
give the amplitudes of temperature, E-mode and B-mode polariz-
ation anisotropy as a function of angular scale, and three that
describe correlations between them. These spectra are written CX

l ;
with X ¼ {T;E;B;TE;TB;EB}: In our likelihood analyses, we
choose various parameterizations of these spectra to constrain.
For a given cosmological model, these spectra can be readily

calculated using efficient, publicly available Boltzmann codes54.
Details of how to define these spectra in terms of all-sky multipole
expansions of the temperature and linear polarization of the CMB
radiation field are available in the literature (see refs 15 and 16). For
DASI’s 3.48 field of view, a flat sky approximation is appropriate55,
so that the spectra may be defined somewhat more simply26. In this
approximation the temperature angular power spectrum is defined:

CT
l . CTðuÞ;

~TVðuÞ ~TðuÞ
T2
CMB

# $
ð2Þ

where T̃(u) is the Fourier transform of T(x), TCMB is the mean
temperature of the CMB, and l=2p¼ u gives the correspondence
betweenmultipole l and Fourier radius u ¼ juj. The other spectra in

Figure 1 Polarization maps formed from high signal/noise eigenmodes. Shown are maps

constructed from polarized data sets that have been split by epoch, and formed into sum

(a) or difference (b) data vectors, as reported in section ‘x 2 tests’. In order to isolate the

most significant signal in our data, we have used only the subset of 34 eigenmodes which,

under the concordance model, are expected to have average signal/noise (s/n) . 1.

Because the maps have only 34 independent modes, they exhibit a limited range of

morphologies, and unlike conventional interferometer maps, these s/n selected

eigenmodes reflect the taper of the primary beam, even when no signal is present. This is

visually apparent in the difference map (b), which is statistically consistent with noise.
Comparison of the difference map to the sum map (a) illustrates a result also given
numerically for this split/subset in Table 1: that these individual modes in the polarized

data set show a significant signal.
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•  These	
  two	
  plots	
  show	
  the	
  result	
  of	
  
summing	
  (upper)	
  and	
  differencing	
  (lower)	
  
the	
  data	
  with	
  s/n	
  >	
  1	
  in	
  the	
  “split	
  by	
  year”	
  
χ2	
  data	
  

•  Sum	
  (upper)	
  is	
  consistent	
  with	
  a	
  polarized	
  
signal	
  

•  Difference	
  (lower)	
  is	
  consistent	
  with	
  
Gaussian	
  noise	
  

	
  



Likelihood	
  Analysis	
  

•  CMB	
  can	
  be	
  characterized	
  sta4s4cally	
  by:	
  T,	
  E,	
  
and	
  B	
  amplitudes,	
  and	
  the	
  correla4ons	
  TE,	
  TB,	
  
and	
  EB.	
  

•  Assumed	
  model	
  :	
  ΛCDM,	
  flat	
  curvature,	
  5%	
  
baryonic	
  maNer,	
  35%	
  dark	
  maNer,	
  60%	
  dark	
  
energy,	
  H0	
  =	
  65	
  km/s/Mpc.	
  



measure temperature as well as polarization anisotropy. Note that
these results and those for T/bT have not been corrected for residual
point sources.

Joint analyses and cross spectra results

T/E/TE. Figure 6 shows the results of a three-parameter single
bandpower analysis of the amplitudes of the T and E spectra, and
the TE cross-correlation spectrum. As before, bandpower shapes
based on the concordance model are used. The T and E constraints
are, as expected, very similar to those from the E/B, E/bE and T/bT

analyses described above. The new result here is TE which has a
maximum likelihood value of 0.91 (0.45 to 1.37). Note that in
contrast to the two-dimensional likelihoods shown in other figures,
here the contours show apparent evidence of correlation between
the two parameters; the parameter correlation coefficients from
Table 4 are 0.28 for E/TE and 0.21 for T/TE.

Marginalizing over T and E, we find that the likelihood of TE
peaks very near 1, so that L(TE ¼ 1) ¼ 0.02 with a PTE of 0.857.
For the ‘no cross-correlation’ hypothesis, LðTE¼ 0Þ ¼ 1:85 with an
analytic PTE of 0.054 (the PTE calculated from Monte Carlo
simulations is 0.047). This result represents a detection of the
expected TE correlation at 95% confidence and is particularly
interesting in that it suggests a common origin for the observed
temperature and polarization anisotropy.

It has been suggested that an estimator of TE cross-correlation
constructed using a TE ¼ 0 prior may offer greater immunity to
systematic errors59. We have confirmed that applying such a
technique to our data yields similar results to the above likelihood
analysis, with errors slightly increased as expected.
T/E/TE5. We have performed a seven-parameter analysis using
single shaped band powers for T and E, and five flat bandpowers
for the TE cross-correlation; the TE results from this are shown in
Fig. 4d. In this analysis the B-mode polarization has been explicitly
set to zero. Again, the T and E constraints are similar to the values
for the other analyses where these parameters appear. The TE

bandpowers are consistent with the predictions of the concordance
model.
T/E/B/TE/TB/EB. Finally, we describe the results of a six shaped
bandpower analysis for the three individual spectra T, E and B,
together with the three possible cross-correlation spectra TE, TB
and EB. We include the B cross-spectra for completeness, though
there is little evidence for any B-mode signal. Because there are no
predictions for the shapes of the TB or EB spectra (they are expected
to be zero), we preserve the symmetry of the analysis between E and
B by simply parameterizing them in terms of the TE and E spectral
shapes. The results for T, E, B and TE are similar to those obtained
before, with no detection of EB or TB.

Systematic uncertainties
Noise, calibration, offsets and pointing

To assess the effect of systematic uncertainties on the likelihood
results, we have repeated each of the nine analyses with alternative
assumptions about the various effects that we have identified which
reflect the range of uncertainty on each.
Much of the effort of the data analysis presented in this paper has

gone into investigating the consistency of the data with the noise
model as discussed in the ‘Noise model’ subsection. We find no
discrepancies between complementary noise estimates on different
timescales, to a level ,, 1%. As discussed in the ‘x2 tests’ subsec-
tion, numerous consistency tests on subsets of the co-polar and

Figure 3 Results from the two-parameter shaped bandpower E/B polarization analysis.

An E-mode power spectrum shape as predicted for the concordance model is assumed,

and the units of amplitude are relative to that model. The same shape is assumed for the

B-mode spectrum. c, The point shows the maximum likelihood value with the cross

indicating Fisher matrix errors. Likelihood contours are placed at levels exp(2n 2/2),

n ¼ 1,2. . ., relative to the maximum, that is, for a normal distribution, the extrema of

these contours along either dimension would give the marginalized n-sigma interval.

a, b, The corresponding single parameter likelihood distributions marginalized over the
other parameter. Note the steep fall in likelihood toward low power values; this likelihood

shape (similar to a x 2 distribution) is typical for positive-definite parameters for which a

limited number of high s/n modes are relevant. The grey lines enclose 68% of the total

likelihood. The red line indicates the 95% confidence upper limit on B-mode power. The

green band shows the distribution of E expectation values for a large grid of cosmological

models weighted by the likelihood of those models given our previous temperature result

(see ref. 50).

Figure 4 Results from several likelihood analyses. The ten-parameter E 5/B5 polarization

analysis is shown in a and b. The T 5 temperature analysis is shown in c and the five TE
bands from the T/E/TE 5 joint analysis are shown in d. All the results are shown in flat
bandpower units of lðl þ 1ÞC l=ð2pÞ: The blue line shows the piecewise flat bandpower
model for the maximum likelihood parameter values, with the error bars indicating the

68% central region of the likelihood of each parameter, marginalizing over the other

parameter values (analogous to the grey lines in Fig. 3a and b). In each case the green line

is the concordance model.
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•  What	
  do	
  you	
  no4ce	
  about	
  the	
  
rela4onship	
  between	
  E	
  and	
  T?	
  

•  Is	
  this	
  what	
  we	
  expect?	
  
•  Why	
  is	
  the	
  theore4cal	
  value	
  for	
  B	
  

set	
  to	
  zero?	
  
•  What	
  are	
  the	
  current	
  values	
  for	
  the	
  

parameters	
  in	
  the	
  ΛCDM	
  model,	
  
and	
  would	
  that	
  change	
  the	
  result?	
  



Likelihood	
  Analysis	
  Results	
  
•  E/B	
  Results	
  
•  ML(E)=.80	
  (.56,	
  1.1)	
  
•  For	
  B:	
  95%	
  confidence	
  is	
  less	
  than	
  .56,	
  

so	
  we	
  can	
  regard	
  this	
  as	
  an	
  upper	
  
limit.	
  

•  Significance	
  of	
  E	
  detec4on	
  is	
  4.92σ	
  

measure temperature as well as polarization anisotropy. Note that
these results and those for T/bT have not been corrected for residual
point sources.

Joint analyses and cross spectra results

T/E/TE. Figure 6 shows the results of a three-parameter single
bandpower analysis of the amplitudes of the T and E spectra, and
the TE cross-correlation spectrum. As before, bandpower shapes
based on the concordance model are used. The T and E constraints
are, as expected, very similar to those from the E/B, E/bE and T/bT

analyses described above. The new result here is TE which has a
maximum likelihood value of 0.91 (0.45 to 1.37). Note that in
contrast to the two-dimensional likelihoods shown in other figures,
here the contours show apparent evidence of correlation between
the two parameters; the parameter correlation coefficients from
Table 4 are 0.28 for E/TE and 0.21 for T/TE.

Marginalizing over T and E, we find that the likelihood of TE
peaks very near 1, so that L(TE ¼ 1) ¼ 0.02 with a PTE of 0.857.
For the ‘no cross-correlation’ hypothesis, LðTE¼ 0Þ ¼ 1:85 with an
analytic PTE of 0.054 (the PTE calculated from Monte Carlo
simulations is 0.047). This result represents a detection of the
expected TE correlation at 95% confidence and is particularly
interesting in that it suggests a common origin for the observed
temperature and polarization anisotropy.

It has been suggested that an estimator of TE cross-correlation
constructed using a TE ¼ 0 prior may offer greater immunity to
systematic errors59. We have confirmed that applying such a
technique to our data yields similar results to the above likelihood
analysis, with errors slightly increased as expected.
T/E/TE5. We have performed a seven-parameter analysis using
single shaped band powers for T and E, and five flat bandpowers
for the TE cross-correlation; the TE results from this are shown in
Fig. 4d. In this analysis the B-mode polarization has been explicitly
set to zero. Again, the T and E constraints are similar to the values
for the other analyses where these parameters appear. The TE

bandpowers are consistent with the predictions of the concordance
model.
T/E/B/TE/TB/EB. Finally, we describe the results of a six shaped
bandpower analysis for the three individual spectra T, E and B,
together with the three possible cross-correlation spectra TE, TB
and EB. We include the B cross-spectra for completeness, though
there is little evidence for any B-mode signal. Because there are no
predictions for the shapes of the TB or EB spectra (they are expected
to be zero), we preserve the symmetry of the analysis between E and
B by simply parameterizing them in terms of the TE and E spectral
shapes. The results for T, E, B and TE are similar to those obtained
before, with no detection of EB or TB.

Systematic uncertainties
Noise, calibration, offsets and pointing

To assess the effect of systematic uncertainties on the likelihood
results, we have repeated each of the nine analyses with alternative
assumptions about the various effects that we have identified which
reflect the range of uncertainty on each.
Much of the effort of the data analysis presented in this paper has

gone into investigating the consistency of the data with the noise
model as discussed in the ‘Noise model’ subsection. We find no
discrepancies between complementary noise estimates on different
timescales, to a level ,, 1%. As discussed in the ‘x2 tests’ subsec-
tion, numerous consistency tests on subsets of the co-polar and

Figure 3 Results from the two-parameter shaped bandpower E/B polarization analysis.

An E-mode power spectrum shape as predicted for the concordance model is assumed,

and the units of amplitude are relative to that model. The same shape is assumed for the

B-mode spectrum. c, The point shows the maximum likelihood value with the cross

indicating Fisher matrix errors. Likelihood contours are placed at levels exp(2n 2/2),

n ¼ 1,2. . ., relative to the maximum, that is, for a normal distribution, the extrema of

these contours along either dimension would give the marginalized n-sigma interval.

a, b, The corresponding single parameter likelihood distributions marginalized over the
other parameter. Note the steep fall in likelihood toward low power values; this likelihood

shape (similar to a x 2 distribution) is typical for positive-definite parameters for which a

limited number of high s/n modes are relevant. The grey lines enclose 68% of the total

likelihood. The red line indicates the 95% confidence upper limit on B-mode power. The

green band shows the distribution of E expectation values for a large grid of cosmological

models weighted by the likelihood of those models given our previous temperature result

(see ref. 50).

Figure 4 Results from several likelihood analyses. The ten-parameter E 5/B5 polarization

analysis is shown in a and b. The T 5 temperature analysis is shown in c and the five TE
bands from the T/E/TE 5 joint analysis are shown in d. All the results are shown in flat
bandpower units of lðl þ 1ÞC l=ð2pÞ: The blue line shows the piecewise flat bandpower
model for the maximum likelihood parameter values, with the error bars indicating the

68% central region of the likelihood of each parameter, marginalizing over the other

parameter values (analogous to the grey lines in Fig. 3a and b). In each case the green line

is the concordance model.
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Likelihood	
  Analysis	
  Results	
  
•  T/βT	
  Results	
  
•  Normalized	
  to	
  2.73	
  K	
  

Planck,	
  so	
  ideally	
  we	
  
expect	
  βT	
  =	
  0	
  

•  ML(T)	
  =	
  1.19	
  (1.09,	
  1.30)	
  
•  ML(βT)	
  =	
  -­‐.01	
  (-­‐.16,	
  .14)	
  

cross-polar visibility data show no evidence for an error in the noise
scaling to a similar level. When we re-evaluate each of the analyses
described in the ‘Likelihood results’ section with the noise scaled by
1%, the shift in the maximum likelihood values for all parameters is
entirely negligible.
In the ‘Noise model’ subsection, we reported evidence of some

detectable noise correlations between real/imaginary visibilities and
between visibilities from different bands of the same baseline. When
either or both of these noise correlations are added to the covariance
matrix at the measured level, the effects are again negligible: the
most significant shift is in the highest-l band of the E spectrum from
the E5/B5 analysis (see the ‘E5/B5’ subsection), where the power
shifts by about 2mK2.
Errors in the determination of the absolute cross-polar phase

offsets will mix power between E and B; these phase offsets have
been independently determined from wire-grid calibrations and
observations of the Moon, and found to agree to within the
measurement uncertainties of about 0.48 (ref. 51). Reanalysis of
the data with the measured phase offsets shifted by 28 demonstrates
that the likelihood results are immune to errors of this magnitude:
the most significant effect occurs in the highest-l band of the TE
spectrum from the T, E, TE5 analysis (see the ‘T/E/TE5’ subsection),
where the power shifts by about 30 mK2.
The on-axis leakages described in the ‘On-axis leakage’ subsec-

tion will mix power from T into E and B, and the data are corrected
for this effect in the course of reduction, before input to any
analyses. When the likelihood analyses are performed without the
leakage correction, the largest effects appear in the shaped TE
amplitude analysis (see ‘T/E/TE’ subsection), and the lowest-l
band of TE5 from the T, E, TE5 analysis (see the ‘T/E/TE5’
subsection); all shifts are tiny compared to the 68% confidence

intervals. As the leakage correction itself has little impact on the
results, the uncertainties in the correction, which are at the , 1%
level, will have no noticeable effect.

As described in the ‘Off-axis leakage’ subsection, the off-axis
leakage from the feeds is a more significant effect, and is accounted
for in the likelihood analysis by modelling its contribution to the
covariance matrix. When this correction is not applied, the E, B
results (see ‘E/B analysis’ subsection) shift by about 4% and 2%,
respectively, as expected from simulations of this effect. Although
this bias is already small, the simulations show that the correction
removes it completely to the degree to which we understand the off-
axis leakage. Uncertainties in the leakage profiles of the order of the
fit residuals (see ref. 51) lead to shifts of less than 1%.

The pointing accuracy of the telescope is measured to be better
than 2 arcmin and the root-mean-square tracking errors are , 20
arcsec; as we discussed in refs 49 and 6, this is more than sufficient
for the characterization of CMB anisotropy at the much larger
angular scales measured by DASI.

Absolute calibration of the telescope was achieved through
measurements of external thermal loads, transferred to the cali-
brator RCW38. The dominant uncertainty in the calibration is due
to temperature and coupling of the thermal loads. As reported in
ref. 6, we estimate an overall calibration uncertainty of 8% (1j),
expressed as a fractional uncertainty on the Cl bandpowers (4% in
DT/T). This applies equally to the temperature and polarization
data presented here.

Foregrounds

Point sources. The highest-sensitivity point-source catalogue in
our observing region is the 5-GHz PMN survey62. For our first-
season temperature analysis described in refs 49 and 6 we projected
out known sources using this catalogue. We have kept this pro-
cedure for the temperature data presented here, projecting the same
set of sources as before.

Unfortunately the PMN survey is not polarization sensitive. We
note that the distribution of point-source polarization fractions is
approximately exponential (see below). Total intensity is thus a
poor indicator of polarized intensity and it is therefore not sensible
to project out the PMN sources in our polarization analysis.

Our polarization fields were selected for the absence of any
significant point-source detections in the first-season data. No
significant detections are found in the 2001–02 data, either in the

Figure 6 Results from the three-parameter shaped bandpower T/E/TE joint analysis.

Spectral shapes as predicted for the concordance model are assumed (a–c) and the units
are relative to that model. The layout of the plot is analogous to Fig. 3. The two-

dimensional distribution in d is marginalized over the T dimension.

Figure 5 Results of shaped bandpower amplitude/spectral-index analyses. a, b, e, The
T /bT temperature analysis assuming the T power spectrum shape as predicted for the

concordance model, and in units relative to that model. The layout of the plot is analogous

to Fig. 3. Spectral index is relative to the CMB blackbody—in these units, synchrotron

emission would be expected to have an index of approximately23. c, d, f, Results of the
similar E/bE analysis performed on the polarization data.
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Likelihood	
  Analysis	
  Results	
  

cross-polar visibility data show no evidence for an error in the noise
scaling to a similar level. When we re-evaluate each of the analyses
described in the ‘Likelihood results’ section with the noise scaled by
1%, the shift in the maximum likelihood values for all parameters is
entirely negligible.
In the ‘Noise model’ subsection, we reported evidence of some

detectable noise correlations between real/imaginary visibilities and
between visibilities from different bands of the same baseline. When
either or both of these noise correlations are added to the covariance
matrix at the measured level, the effects are again negligible: the
most significant shift is in the highest-l band of the E spectrum from
the E5/B5 analysis (see the ‘E5/B5’ subsection), where the power
shifts by about 2mK2.
Errors in the determination of the absolute cross-polar phase

offsets will mix power between E and B; these phase offsets have
been independently determined from wire-grid calibrations and
observations of the Moon, and found to agree to within the
measurement uncertainties of about 0.48 (ref. 51). Reanalysis of
the data with the measured phase offsets shifted by 28 demonstrates
that the likelihood results are immune to errors of this magnitude:
the most significant effect occurs in the highest-l band of the TE
spectrum from the T, E, TE5 analysis (see the ‘T/E/TE5’ subsection),
where the power shifts by about 30 mK2.
The on-axis leakages described in the ‘On-axis leakage’ subsec-

tion will mix power from T into E and B, and the data are corrected
for this effect in the course of reduction, before input to any
analyses. When the likelihood analyses are performed without the
leakage correction, the largest effects appear in the shaped TE
amplitude analysis (see ‘T/E/TE’ subsection), and the lowest-l
band of TE5 from the T, E, TE5 analysis (see the ‘T/E/TE5’
subsection); all shifts are tiny compared to the 68% confidence

intervals. As the leakage correction itself has little impact on the
results, the uncertainties in the correction, which are at the , 1%
level, will have no noticeable effect.

As described in the ‘Off-axis leakage’ subsection, the off-axis
leakage from the feeds is a more significant effect, and is accounted
for in the likelihood analysis by modelling its contribution to the
covariance matrix. When this correction is not applied, the E, B
results (see ‘E/B analysis’ subsection) shift by about 4% and 2%,
respectively, as expected from simulations of this effect. Although
this bias is already small, the simulations show that the correction
removes it completely to the degree to which we understand the off-
axis leakage. Uncertainties in the leakage profiles of the order of the
fit residuals (see ref. 51) lead to shifts of less than 1%.

The pointing accuracy of the telescope is measured to be better
than 2 arcmin and the root-mean-square tracking errors are , 20
arcsec; as we discussed in refs 49 and 6, this is more than sufficient
for the characterization of CMB anisotropy at the much larger
angular scales measured by DASI.

Absolute calibration of the telescope was achieved through
measurements of external thermal loads, transferred to the cali-
brator RCW38. The dominant uncertainty in the calibration is due
to temperature and coupling of the thermal loads. As reported in
ref. 6, we estimate an overall calibration uncertainty of 8% (1j),
expressed as a fractional uncertainty on the Cl bandpowers (4% in
DT/T). This applies equally to the temperature and polarization
data presented here.

Foregrounds

Point sources. The highest-sensitivity point-source catalogue in
our observing region is the 5-GHz PMN survey62. For our first-
season temperature analysis described in refs 49 and 6 we projected
out known sources using this catalogue. We have kept this pro-
cedure for the temperature data presented here, projecting the same
set of sources as before.

Unfortunately the PMN survey is not polarization sensitive. We
note that the distribution of point-source polarization fractions is
approximately exponential (see below). Total intensity is thus a
poor indicator of polarized intensity and it is therefore not sensible
to project out the PMN sources in our polarization analysis.

Our polarization fields were selected for the absence of any
significant point-source detections in the first-season data. No
significant detections are found in the 2001–02 data, either in the

Figure 6 Results from the three-parameter shaped bandpower T/E/TE joint analysis.

Spectral shapes as predicted for the concordance model are assumed (a–c) and the units
are relative to that model. The layout of the plot is analogous to Fig. 3. The two-

dimensional distribution in d is marginalized over the T dimension.

Figure 5 Results of shaped bandpower amplitude/spectral-index analyses. a, b, e, The
T /bT temperature analysis assuming the T power spectrum shape as predicted for the

concordance model, and in units relative to that model. The layout of the plot is analogous

to Fig. 3. Spectral index is relative to the CMB blackbody—in these units, synchrotron

emission would be expected to have an index of approximately23. c, d, f, Results of the
similar E/bE analysis performed on the polarization data.
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•  T/E	
  Results	
  
•  ML(TE)	
  =	
  .91	
  (.45,	
  1.37)	
  
	
  



Conclusions	
  

•  It	
  has	
  been	
  sta4s4cally	
  confirmed	
  that	
  the	
  
CMB	
  is	
  in	
  fact	
  linearly	
  polarized.	
  

•  It	
  was	
  also	
  found	
  that	
  there	
  exists	
  a	
  strong	
  
correla4on	
  between	
  temperature	
  fluctua4ons	
  
and	
  polariza4on	
  amplitude.	
  

•  No	
  determina4on	
  of	
  the	
  B-­‐modes	
  have	
  been	
  
made.	
  

•  Theory	
  is	
  preserved!	
  


