Deconvolution Map-Making for CMB Observations
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ABSTRACT

In our recent paper (Armitage & Wandelt 2004)[1, we describe a new
map-making code for cosmic microwave background (CMB) observations
from scanning telescopeswhich removes artifacts due to beam asymme-
tries and far sidelobes. The deconvolution map-making method imple-
ments the fast algorithms for convolution and transpose convolution of
two functions on the sphere (Wandelt & Gorski 2001)[2]. Our approach
is a generalization of existing CMB map-making techniques to solve the
maximum likelihood map-making problem for arbitrary beamshapes.We
guantitatively compare our results with a standard map-making method
and demonstrate that the true sky is recovered with high accuracyvia the
deconvolution method.

2 Test Cases

We test threepossible beam shapeswhich breakazimuthal symmetry pro-
gressively strongly, two scanning patterns, and skies with and without
Galactic emission.

1 Deconvolution Map-Making

We aim to solve the normal equation
ATAs=ATd 1)
for the least-squaresestimate of the true sky, 4.

A is the observation matrix and encodesboth the scanning strategy
and the optics of the CMB instrument

d is avector containing the ntop samplesof the time-ordered data

1.1 Fast convolution on the sphere

The convolution of a band-limited beam function b(~) with the sky
s(~) is given by
z
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— D is the operator of nite rotations

In spherical harmonic spacethis becomes
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Analogously, the transpose convolution of T( 2; ; 1) isgiven by
z
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In spherical harmonic spacethis becomes
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We now rewrite Eq. (1) in the compact spherical-harmonic basis
(summing over repeatedindices)
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1.2 Solving the decon volution equations

The Conjuage Gradient (CG) iterative method is used to numerically
solve the linear system of equations in Eq. (1) for s, .

The number of iterations the CG method requiresto converge to a
given level of accuracy is minimized by multiplying on both sides
with an approximation of the inverse of the coefcient matrix ATA
(known as“pr econditioning”).

We use the diagonal matrix [diag(AT A)] ! asapreconditioner.

We assessconvergenceat eachiteration by computing the ratio of L ,
norms

L[ATAs ATd] @
Lo[ATd]

- Lao[x]

1.3 Standar d map-making review

In order to compare our results to traditional techniques we also imple-
mented a traditional map-making code that solves the normal equation
(Eq. (1)) assuming an azimuthally symmetric beam.
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2.1 Beams

Sidelobe (shown below on the left) — composed of a Gaussianbeam
of FWHM = 180Q rotated at 90 to another Gaussian beam of
FWHM = 18

Elliptical (shown below on the right) — composed of two identical
Gaussianbeamswith FWHM = 180°whose centersare on both sides
of the optical axis, separatedby 180

Two-beam (not shown) —composed of two identical Gaussianbeams
(FWHM = 180 rotated at 140 from eachother.

-o04 10,0 -1 at0
(00, 46.0) Cataotic (0.0, 50.3) Gatactio

2.2 Scanning strategies

Basic scan (shown below asnumber of hits per pixel in linear scale
on the left and log scaleon the right) — beam scansthe full sky on
rings of constant longitude with no rotation about its outwar d axis.

WMAP-like scan(shown below asnumber of hits per pixel in linear
scaleon the left and log scaleon the right) — a coarsemodel of the
one-year WMAP scanpath followed by one horn.

Basic scan Baslc scan

3 Results

3.1 Power spectra

Ratios of the power spectraof the residuals maps and the power spectrum
of the input map. The BSP(WSP) results are plotted in the left (right)
column. The solid (dashed) lines representthe relative differencein C-
between the deconvolved (standard) map and true sky map. The standard
map-making algorithm failed to give meaningful results for the two-beam
testand is thus excluded from the plot.
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3.2 Residual maps

Residuals after the rst 100 iterations are shown in the rst threerows.
The gur eson the left are for the basic scan path the ones on the right
for the WMAP-like scanpath. First, second,and third rows correspond to
the sidelobe, elliptical and two-beam beams, respectively. The true sky is
shown in the fourth row.
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3.3 Convergence rates

Convergencerates of the preconditioned CG solver for eachtest case.The
left panel refersto the basic scanpath and the right panel to the WMAP-
like scanpath. The solid lines correspond to the sidelobe beam, dotted
lines to the elliptical beam, and dot-dashed to the two-beam model.
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3.4 Galaxy maps

Deconvolving the effects of a large sidelobe in simulated observations of
the WMAP Ka band map, using the coarsened WMAP-like scan. The top
left map is the input sky map, the top right map is the standard map-
making result, and the bottom map is the deconvolved result.
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4 Conclusions

Deconvolution map-making:
removesartifacts due to beam asymmetries and far sidelobes

recovers the true sky with greater accuracy than standard map-
making

enablesnew applications, e.g. evaluating scanning strategies taking
into accountimperfect satellite optics
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