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Abstract

Modern astronomical experiments offer many excit-
ing challenges in the field of statistical signal pro-
cessing. This paper gives an introduction to the
problem of imaging the cosmic microwave back-
ground (CMB). The CMB is a “fossil” electro-
magnetic radiation ubiquitous in the universe since
early times; its measurement and analysis currently
are very active research topics in cosmology.

The first part of this paper is a basic introduc-
tion to the physics behind the CMB and to its
place in Big Bang theory: we describe the origin
of the CMB and outline its relevance to cosmolog-
ical models and the current experimental efforts.

Accurately measuring and analyzing the CMB is
a daunting task. In particular, CMB measurements
are contaminated by other components from vari-
ous origins. These components —some of them also
of cosmological interest— can be separated by com-
bining the sky maps made at several frequencies.
This is the component separation problem which
is a classic problem of statistical signal processing.
The second part of this paper reviews specific as-
pects of the component separation problem in the
context of CMB analysis.

1 Introduction

Astronomy has always offered challenging signal
processing problems. This is even more true today
with new astronomical experiments, able to collect
enormous data sets, and with the implementation
on powerful computers of sophisticated algorithms
based on advanced statistical methods.

This paper briefly describes the problem of ex-
tracting ‘components’ from multi-spectral measure-

ments. This is motivated by the exploitation of
data to be collected by the Planck space mission
which will offer measurements of the cosmic mi-
crowave background in 10 spectral channels with
unprecedented sensitivity and spatial resolution.

The first part of this paper contains a brief de-
scription of the cosmological and experimental con-
text. The second gives an overview of the signal
processing aspects. Although my background is in
physics, I am not by any means an expert in cos-
mology: the paper should be taken as an invitation
to get to the widely available introductory litera-
ture on the fascinating topic of cosmology.

2 Some cosmology

The aim of cosmology is to provide a coherent
model for the formation of the Universe. The
‘Big Bang’ currently is the widely accepted concep-
tual framework for modeling the Universe’s history:
there are many debates going on in the cosmol-
ogy community, but the most controversial parts
deal with the first instants of the Universe. The
part of the story which concerns us is the forma-
tion of the cosmic microwave background (CMB)
which reflects events which occurred when the Uni-
verse was about 300.000 years old. This is an early
time compared to the 12 billions years which have
elapsed since then but this is still pretty late with
respect to the most tumultuous events of the early
Universe. Actually, CMB formation is governed by
non controversial physics, involving familiar par-
ticles (electrons, protons, photons...) at familiar
energy levels (3000K).

This section gives a very brief overview of some
CMB issues: its origin, significance, measurement
and statistical features.



2.1 The Big Bang

The ‘Big Bang’ scenario is that of an expanding
universe which starts very dense and very hot and
cools down as it expands. As temperature de-
creases over time, increasingly stable particles be-
come the dominant species of the universe. In the
standard scenario, after about a few hundred thou-
sand years, the temperature has reached an all-time
low of about 3000K and the universe appears essen-
tially as a gas of familiar particles: protons, neu-
trons —mostly bound in helium nuclei— electrons
and photons (as well as weakly interacting neutri-
nos).

As long as the temperature remains high enough,
electrically neutral atoms cannot form because they
would be shattered by thermal agitation. Thus,
the photons, carriers of the electromagnetic inter-
action, interact easily with the electrically charged
electrons and nuclei. The situation is that of a ther-
mal equilibrium between all these strongly interact-
ing particles. As a result, the Universe is opaque:
light cannot travel without quickly interacting with
charged particles.

However, an important milestone is reached
when the temperature further decreases due to
the continued expansion: a low temperature cor-
responds to photons with low energy (on the aver-
age). When photon energy becomes smaller than
the binding energy between electrons and nuclei
(this happens at a temperature of about 3000K),
photons are no longer energetic enough to break
apart the atoms formed by the combination of elec-
trons and nuclei. Thus, below this temperature, the
stable form of matter is that of a gas of electrically
neutral atoms rather than an ionized gas.

This ‘atomic recombination’! has a dramatic im-
pact on the subsequent course of events. Because
atoms are electrically neutral entities, the interac-
tion between matter (the atoms) and radiation (the
photons) becomes very weak after atomic recombi-
nation: the photons become free to travel through
the cosmos; the universe has become transparent
to photons. From then on, the photon gas and the
matter are essentially uncoupled and start evolving
independently.

T do not know why this is traditionally called ‘recom-
bination’ since the particles were not combined into atoms
before. The term ‘atomic combination’ would seem more
appropriate.

Matter, on one hand, in the form of clouds of
(mostly) hydrogen and helium, will continue ex-
panding after the atomic recombination, starting
from a highly homogeneous state. However, small
deviations from the average matter density are the
seeds for large scale structures in the universe: local
over-densities are gravitationally instable, tending
to collapse on themselves (in competition with the
global cosmic expansion), forming the precursors of
galaxies or galaxy clusters.

Radiation, on the other hand, has a much more
peaceful future after atomic recombination: in the
absence of any significant possibility of interaction,
it will essentially ‘stay there’. Today, most photons
in the Universe are CMB photons, i.e. photons
which were liberated by the atomic recombination
(the photons which were later produced by stars
actually are a weak minority with respect to CMB
photons). These CMB photons have had virtually
no interaction since the time of atomic recombina-
tion. For this reason, they are a ‘fossil light’ in a
very strong sense; they form the ‘cosmic microwave
background’ (CMB) that we still observe today.

Fossil radiation, however, has undergone one ma-
jor modification since atomic recombination: due
to cosmic expansion, the wavelengths of all pho-
tons have stretched by the same factor as the Uni-
verse itself. This factor is close to 1000 since atomic
recombination. As the energy of a photon is pro-
portional to its frequency, the average CMB pho-
ton now appears much colder, by a factor of about
1000. This is the reason why the fossil radiation is
to be found today in the microwave domain. Its dis-
covery in 1965 by Penzias and Wilson (1965) won
them a Nobel prize. Its existence is considered as
one of the most highly supportive facts in favor of
the standard cosmological model.

Very accurate statements can be made about the
spectral distribution of the fossil radiation. This is
because the energy distribution of light in thermal
equilibrium with matter at a given temperature T'
—the so called ‘black body’ spectrum— depends
only on temperature, as given by the celebrated
Planck’s formula. This spectrum has a single bump
centered around a frequency v such that hv = kT
where h is Planck’s constant and k is the Boltz-
mann’s constant. Since the time of atomic recombi-
nation, the fossil light no longer has anything to be
in equilibrium with, but it turns out that stretch-



ing the wavelengths of all photons from a Planck
distribution preserves the Planckian shape of the
spectrum. This is the reason why the energy of
the CMB, as observed today, still is distributed
as a black body radiation. Planck’s formula pre-
dicts with a very high accuracy (fig. 1) the ob-
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Figure 1: Measurements of the CMB spectrum
by various experiments (space-based, airborne and
ground based) and their fit as a black body spec-
trum at temperature T,=2.726K

served CMB spectrum as corresponding to photons
in thermal equilibrium with matter at temperature
T, =2.726K.

The fossil microwave background is highly
isotropic: whichever direction in the sky is turned
a microwave antenna, it picks up a background mi-
crowave radiation at temperature very close to T,.

2.2 CMB anisotropies

More recent technology, however, allows for better
measurements of the ‘sky temperature’: it is now
possible to measure the apparent temperature of
the CMB coming from a particular direction in the
sky with increased accuracy and improved angu-
lar resolution. The Cosmic Background Explorer
(NASA’s COBE satellite), launched in 1989 has
been the first instrument able to detect some intrin-
sic CMB ‘anisotropy’, at a level of a part in 100,000.
Figure 4 shows the spatial distribution over the sky
of these temperature fluctuations. Again, the am-
plitude of these fluctuations is very small, of the or-
der of a few micro-Kelvins (we note in the passing
that producing a sky map like 2 actually involves a
huge amount of data processing and model fitting
which is not described here).

Figure 2: COBE (1989) measurements of the tem-
perature fluctuations over the sky. The amplitude
of the fluctuations is of a few micro Kelvins with
respect to an average temperature of about 2.7 K.

These tiny variations in the intensity of the CMB
over the sky reveal how matter and energy were
spatially distributed at the time of atomic recom-
bination. These measurements came after several
unsuccessful (because of insufficient sensitivity) at-
tempts and much at the relief of Big Bang theory
supporters. If these initial inhomogeneities had not
been found (or if they had been found to be of an
even smaller amplitude), it would have been dif-
ficult to explain how the large scale structures of
the universe (galaxies, galaxy clusters) could have
formed: CMB anisotropies are understood as the
signatures of inhomogeneities in the distribution
of matter itself, inhomogeneities which have later
evolved and grown (due to gravitational instabil-
ity) in competition with the Universe’s expansion.

Cosmologists are interested in the statistical dis-
tribution of the CMB inhomogeneities because the
characteristics of their spatial spectrum can be di-
rectly related to some important physical quanti-
ties.

Harmonic spectrum. Let us be a bit more spe-
cific about the data. Measurements are done in
several electromagnetic bands £k = 1,..., K. Pro-
cessing the k-th band (and skipping lot of impor-
tant details regarding ‘map making’) yields a map
ATy (0, ¢) of the deviation, in direction (6, ), of
the apparent temperature of the CMB radiation
from its mean value T,. To a good approximation,
the temperature fluctuation AT (0, ¢) seen in the
kth band has the same spatial pattern in the other



bands. In other words, one expects the factoriza-
tion

ATk(ea (b) = Ak S(ev ¢) (1)

where Ay accounts for the (differential) strength of
the CMB emissivity in a given band and S(6, ¢) is
a spatial pattern common to all bands.

The spatial pattern can be decomposed into
spherical harmonics as

oo l
S(e,¢) = Z Z CleYlm(e,(ls), (2)

=1 m=—1

where the doubly indexed set Y}, (6, ¢) of spheri-
cal harmonic functions is to the sphere what sines
and cosines of the discrete Fourier transform are to
a one-dimensional interval. A spherical harmonic
Y, accounts for spatial patterns with an angular
resolution of 27 /I.

For a given multi-pole [, there are 2[4+ 1 spherical
harmonics whose coefficients a;,, are uncorrelated
with variance independent of m when S(6, ¢) is the
realization of an isotropic process on the sphere.
The so-called C; spectrum then is C; = E{|a,|*}
and its empirical estimate is

A 1 9

Let us stress at this point that the CMB sky stands
still (on the human time scale): there is only one
Universe and one realization of S(6, ¢) available to
us. If the CMB pattern is modeled as the realiza-
tion of a Gaussian isotropic process on the sphere,
the empirical spectrum {C;};>o is an exhaustive
statistic.

An example of the predicted CMB spectrum
is given at figure 3 which is an (appropriately
rescaled) plot of the C; for two values of a density
parameter in the standard model.

The peaks in the harmonic spectrum are signa-
tures of ‘acoustic oscillations’, so called because
they result from the competition between inertia
and elasticity of the medium. This is the rea-
son why the shapes and locations of the peaks
directly carry physical information. Cosmologists
have come up with various competing models for
the harmonic spectrum, all depending on key cos-
mological parameters like matter density and en-
ergy density at recombination time.
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Figure 3: The predicted shape of the harmonic

spectrum Cj for two values of the density parame-
ter.

2.3 Really the oldest data set?

Every paper needs a catchy title; claiming the ‘old-
est data set in the universe’ certainly sounds catchy
to me. But are the CMB anisotropy sky maps really
the oldest images that can be formed today? Recall
that before the atomic recombination the universe
was opaque to light and that since atomic recom-
bination, CMB photons have traveled through the
Universe, virtually unaffected (except by the ex-
pansion of the universe itself). Thus, CMB sky
maps certainly are the oldest images that can be
formed today from electromagnetic waves. What
other signal carriers could be available that would
have originated before atomic recombination? One
can think of gravitational waves and of neutrinos.
Current technology, however, does not offer the
possibility to form images from these signals (grav-
itational waves still are to be detected!). Thus it
seems safe to claim, that for some time at least,
CMB sky maps are the oldest images one can dream
of contemplating.

2.4 The Planck mission

We have already mentioned the first detection (and
imaging) of CMB anisotropies by the COBE satel-
lite in 1989. Since then, several experiments have
improved on these ground breaking results, either
ground based, space based or balloon borne. In
2007, ESA (the European Spatial Agency) plans
to launch the ultimate CMB experiment with un-



precedented sensitivity and angular resolution. An
intuitive view of the gain in resolution is offered by
figure 4. It illustrates (in simulated sky maps) how

Figure 4: Simulation of CMB anisotropies at
COBE’s resolution (top) and at Planck’s resolution
(bottom)

the COBE resolution compares to the expected res-
olution of Planck.

High angular resolution is of significance to CMB
studies for the following reason. Low resolution in-
struments (like those carried by COBE) give details
in the sky corresponding to regions so large that
they cannot have been causally connected in the
past. Therefore they cannot inform us about the
physics of the interactions at the time of recom-
bination. A striking example is the first acoustic
peak seen in figure 3. It is centered around ! = 200,
way above COBE’s resolution. This first peak has
been unambiguously detected by more recent ex-
periments but the Planck mission is expected to
yield even better estimates of the harmonic spec-
trum, confirming (or not) the presence of the fol-
lowing peaks and quantifying characteristics with
increased accuracy. It will place fundamental con-
straints on models of the birth and evolution of the
Universe.

Figure 5 shows the satellite with its tilted pri-
mary mirror and a large shield at its basis. The

Figure 5: The Planck satellite, standing up

shield is designed to protect the instruments from
the Sun. This is crucial because the high frequency
instruments will use bolometers to measure the in-
tensity of the microwave radiation in the direction
pointed to by the primary mirror. Each bolome-
ter essentially is a piece of silicon: when exposed to
microwave radiation, it should heat up, resulting in
a slight change of conductivity which can then be
electrically measured. Detecting variations in in-
tensity corresponding to micro-Kelvins from an av-
erage radiation temperature of 2.7K requires that
the silicon itself should be kept at an even lower
temperature. Actually, Planck also is an exercise
in high-tech cryogenics: it uses liquid helium to
reach and then maintain an operating temperature
close to 0.1K for the bolometers. The satellite will
only live as long as its helium supply. This also
is a major reason to place the satellite in orbit at
the ‘L2’ Lagrange point: this is a very special point
where on the Sun-Earth line where a satellite can
be stabilized and be always shielded from the Sun
by the Earth.

Another key aspect of the mission is its ability
to make multi-spectral images: Planck carries two
instruments: the LFI (low frequency instrument)
has four channels between 30 and 100 GHz; the
HFI (high frequency instrument) has six channels



Figure 6: The Planck satellite: the six arrays of
bolometers at the heart of the instrument

centered around 100, 143, 217, 353, 545 and 857
GHz (only the HFI uses bolometers, the LFI us-
ing radiometers). Figure 6 shows the six arrays
of bolometers, at the focal center of the secondary
mirror. More precisely it shows the filters and the
horns, conducting and filtering the EM waves to
the bolometers themselves.

Since a total of 10 spectral bands will be available
for imaging, an important issue is the combination
of the corresponding sky maps in a coherent fash-
ion in order to get the best out of the instruments.
In particular, the diversity offered by all the bands
can be used to extract from the data several ‘com-
ponents’ of physically distinct origins, including the
microwave background but also other potentially
interesting ‘foregrounds’. This is the topic of the
next section.

3 Looking for components

The previous section outlined a simple model (1) of
the CMB data. Among the many issues which have
been ignored is the problem of contamination: the
CMB radiation is not the only source of tempera-
ture anisotropy which is picked up by the detectors.
Actually several physical phenomena have already
been identified as contributing to the microwave
signals picked up by detectors. These are briefly
described below at section 3.1 together with some
indications of their statistical properties. Some of
these components, besides the CMB, are of inter-
est to cosmology. Thanks to the fact that sky maps

can be acquired in several frequency bands, there
is a possibility to separate these components using
techniques from the array processing tool-box. We
review some of the basics in section 3.2 and then
briefly discuss the use of blind source separation
techniques at section 3.3.

3.1 Components

When forming sky maps in the frequency range
of interest (millimeter and sub-millimeter wave-
length), there are several ‘foregrounds’ which
are superimposed to the cosmic microwave back-
ground. In this paper, we only list the two domi-
nant contaminations.

At lower frequencies, an important contaminat-
ing foreground is due to the thermal Sunyaev-
Zeldovich (SZ) emission. It results from the scat-
tering of CMB photons on hot electrons gas in the
Universe. This means that the hot electron gas
‘warms up’ the CMB photons. Such hot electron
clouds are mostly located within galaxy clusters
and these clusters are barely resolved by the instru-
ments (about 1 arc-minute). Therefore, the spatial
pattern associated with the SZ emission is close to
that of a point process. Successfully separating the
SZ emission from the data yields one of the im-
portant by-products expected from CMB imaging:
it would allow for the collection of data about the
statistical distribution of the galaxy clusters.

At higher electromagnetic frequencies, another
important contaminating foreground is ‘dust emis-
sion’. This is due to the presence of tiny dust grains
organized in clouds within our own galary. Heated
at temperatures around 17K, they do contribute
significantly in the band of interest. Their spatial
pattern is that of. .. clouds.

Other contributions may be less important and
are not described here. See fig 7 for typical realiza-
tions of the components listed so far: CMB, galac-
tic dust and SZ emission. For most of these com-
ponents, it is expected that, to some good approx-
imation, the spatial pattern of each component re-
mains constant over all detectors (frequency chan-
nels) and that only its amplitude (emissivity) will
vary. In other words, we expect to form, for each
frequency channel £ = 1, K, a sky map of the tem-
perature anisotropy AT} (6, ¢) which can be mod-



Figure 7: Typical samples of three major compo-
nents: CMB, extra-galactic SZ effect, intra-galactic
dust

eled to a reasonable approximation as:
J
j=1

Model (4) is just the linear superposition of factors
like (1) with some noise added. Indeed another im-
portant problem besides contamination of the CMB
by various foregrounds is observation noise, present
at a significant level because of the minuteness of
the effect to be detected. It is not very informative
to give an overall value of the expected signal to
noise ratio because it depends very much of the spa-
tial frequency (or harmonic) since most of the com-
ponents are dominated by the low-frequency part of

their spectrum. See figure 8 and the accompanying
text below.

We should add that eq. (4) ignores diffraction
effects, or more precisely it ignores differential
diffraction effects. Indeed, the point spread func-
tion of the instrument varies very significantly
across detectors because the resolution of the detec-
tor is mostly determined by diffraction. From 100
to 850 GHz, the wavelength does change a lot (this
is why high-frequency detectors are packed around
the focal point of the secondary mirror, giving more
room to the low-frequency, less resolving detectors
at the periphery.) In this paper, however, we do
not discuss how to compensate for the beam and,
for simplicity, we shall ignore this effect.

Sampling. A complication of processing sky maps
is that one must deal with data points sampled on
the sphere. A specific sampling scheme [7], adapted
to stochastic processes living on the sphere and to
the computation of the harmonic coefficients (2)
has to be devised. A scheme, known as ‘HEALPix’
(Hierarchical Equal Area isoLatitude Pixelisation
of the sphere) will be used for the processing of
Planck data. It has the specific property that all
pixels are located on lines of constant latitude, al-
lowing for a ‘semi-fast’ computation of the har-
monic coefficients.

In the following, for the sake of exposition and to
keep in line with our early stage of experimentation,
we only present simulations over a small region of
the sky: our sky patch has an extension of a 12.5° x
12.5° and is sampled over a 300 x 300 pixel grid;
this is small enough to ignore curvature effects so
that Euclidean coordinates can be used rather than
spherical coordinates.

Spectral SNR. In order to give an idea of the
order of magnitude of various quantities, we re-
port here on preliminary tests on simulated obser-
vations for the K = 6 channels of the HFI (high
frequency instrument) which are centered around
the microwave frequencies 100, 143, 217, 353, 545
and 857 GHz. Our simulations only include the
three astrophysical components listed above: CMB,
galactic dust, and SZ emission from galaxy clus-
ters. We have also added spatially white noise at
the level currently expected.

The simulated temperature  anisotropies
ATy(0,¢) for the K = 6 channels are stacked



in a K x 1 vector
X (/) = [ATV(0,9),. .., ATy (0, )]

where ¥ = 7(0, ¢) is a vector in the tangent plane
to the sky patch. With similar notations, the noisy
mixture model (4) is rewritten as

X(r)=AS(r) + V(r) ()
with a 6 x 3 (in our experiments) ‘mixing matrix’ A
whose components describe the emissivity of each
component in each band.

Figure 8 shows the ‘spectral SNR’, that is, the ex-
pected power at detector k£ of the j-th component
at spatial frequency v. This is estimated by aver-
aging the squared modulus of the two-dimensional
Fourier transform of each map S;(7) over a thin
‘spectral ring’ where the modulus of the spatial fre-
quency is close to v and multiplying the result by
Aij. Figure 8 also shows a flat noise contribution:
a flat spectrum is probably not very realistic but
its level at low frequency is. The vertical scale on
fig. 8 is in dB and the horizontal scale is in terms
of the sampling frequency of our maps (300 pixels
for 12.5°). The plot is limited to v < 0.3 rather
than v < 0.5 because our model for CMB synthesis
is not accurate (yet) above this value.

This figure shows a few important points in terms
of imaging processing. First we note that all the
components are dominated by the low frequency
part of their spectrum. The power spectrum
decreases steadily with spatial frequency, (very)
roughly as 1/v. We also note that the component
of interest (CMB) is stronger than the noise only on
the first three detectors. The relative noise level is
significant especially in the high frequency part of
the spectrum, which is the most interesting since it
represents the correlations at the smallest angular
scales.

3.2 Separation of noisy mixtures

In this section, we briefly discuss the reconstruction
of components from noisy linear mixtures as mod-
eled at eq. (4). First we note that because the SNR
condition is varying wildly through the frequency
range, it seems natural to process the data in the
frequency domain. Fourier transforming the data
does not change the basic structure (4) which is the
starting point for component separation. Since we

are considering processes whose distribution can be
assumed to be spatially homogeneous, we can fur-
ther exploit the fact that the Fourier coefficients of
stationary processes are (at least asymptotically)
uncorrelated.

Let us the recall some basics of the classic prob-
lem of reconstructing a vector S from noisy ob-
servations assumed to follow a noisy instantaneous
mixture model:

X =AS+V. (6)

After Fourier transforming the data, we have one
such equation at each Fourier frequency; matrix
A is constant through the frequency domain while
the statistics of S and V are not assumed to be
frequency independent. At a given frequency, the
linear reconstruction of S from X via a matrix B

reads:
(7)

for some matrix B. The Wiener filter is the matrix
By which minimizes the covariance of the recon-
struction error By = argming Cov(S — S). It is
easily found to be

S = BX.

By = (ATR;'A+ R; ) TTATR,! (8)
where R, = Cov(X), Rs = Cov(5), etc.

Two remarks are in order about the Wiener so-
lution. First, with this solution, the components
are not reconstructed with unit gain. Indeed, it is
not difficult to see that [By Al,;; < 1 for all j (with
equality in the noise free case). Therefore, we will
rather consider a reconstruction by

BN = dlag([BWA]n, ey [BWA]nn)_le (9)
where the diagonal prefactor ensures that
[BnA]j; = 1 for all j. This solution seems
more appropriate for building estimates of the
component spectra while the Wiener filter should
probably be preferred for building images for
visual inspection [6]. We note that the diagonal
prefactor in (9) does not change the signal to noise
ratio; it just provides unbiased estimates of the
variance of the components.

Second, while it may seem that knowledge of all
parameters is needed to compute the Wiener filter
(8) or its normalized version (9), this is actually
not the case when one is interested in a single com-
ponent. Indeed, denoting b; the j-th column of



B;[V, the j-th component is recovered as b}X. Us-
ing the alternate expression By = R ,ATR;! for
the Wiener filter, it is found that, for uncorrelated
components,

bj = (al R, a;) " R, a; (10)
where a; is the jth column of A. This expression
shows that the knowledge of R, and a; is all that
is needed to compute the normalized Wiener filter
b; for the j-th source. This is of particular rele-
vance in our application because the emissivity of
the CMB component can be accurately predicted
from the Planck spectrum. Thus the implemen-
tation of the Wiener filter (normalized or not) for
the CMB component only requires the additional
knowledge of the covariance matrix R,. This quan-
tity however can easily be estimated from the data.

Figure 9 shows the improvement offered by spa-
tial filtering with the normalized Wiener filter (9).
Each panel of the figure shows the reconstruction
of a given component. The vertical axis of the j-th
panel shows, on a dB scale, the power of each com-
ponent in the estimate Sj = b;r-X as function of the
normalized frequency. If the noise level was negli-
gible at all frequencies, the jth panel would show a
domination of the j-th component. Because there
is a significant amount of noise at all frequencies,
each panel shows the best compromise between re-
jecting each other component while keeping down
the noise.

Because figure 8 assumes that the noisy factored
model (4) holds, the shape of the spectrum of each
component does not change from detector to detec-
tor; only the level changes. These particular spec-
tral shapes are found again undistorted in figure 9
because we have used the normalized form (9) of
the Wiener filter. Thus comparing the two figures
allows to gauge the improvement in SNR brought
by the Wiener filter in each frequency band. For
instance, comparing the CMB component to the
noise level, the best detector is the second one
which gives SNR > 1 for v < 0.2. After Wiener fil-
tering, the CMB component remains over the noise
level for v < 0.28. The same can be approximately
said when comparing the level of CMB to the SZ
component. The fact that, in all panels of fig. 9,
the Wiener filter does not massively reject the con-
taminations is a consequence of the difficult SNR

conditions: for each component, a better rejection
of the other components would entail an even more
severe increase in the noise level.

So far, we have discussed linear Wiener filter-
ing. For Gaussian signals, the minimization of a
quadratic criterion like Cov(S — S) is achieved by
a linear filter, indeed. However, as can be seen
from our sample sky maps, the SZ and the dust
components are non Gaussian. Therefore, one can
expect better results by using non Gaussian mod-
els and non-linear filters. Such an attempt is de-
scribed in [4]. The authors compute the expected
value of the components, given the observations
and a non Gaussian prior on the coefficients of
the Fourier transform. This is an intriguing re-
sult since a Fourier transform tends to Gaussianize
signals. Given the (roughly) point-like structure of
the SZ components, one should expect even larger
improvement by expressing the non Gaussianity in
the original spatial domain rather than in the trans-
form domain.

3.3 Blind component separation

An interesting property of model (5) is that, under
some assumptions, it allows for a ‘blind separation’
of the components. This means that it is possible to
identify the mixing matrix A using only the avail-
able data and the assumptions that the components
are statistically independent. This idea currently is
the subject of many researches in the signal pro-
cessing community. It has already been tested on
astronomical images by Nuzillard et al [5], although
in a context where the physical significance of the
‘components’ is not as clear as in the CMB imaging
problem.

There is an obvious benefit to the ‘blind ap-
proach’ for astronomical component separation:
the mixing matrix is not perfectly known so that
processing the data (using the Wiener filter, for in-
stance) with wrong assumptions may lead to poor
separation (or no separation at all). We have men-
tioned that there are little doubts about the emis-
sivity pattern of the CMB component but the emis-
sivity patterns of the other components may be
more difficult to predict. It is also an exciting per-
spective to use the blind separation approach pos-
sibly to discover underlying components.

One drawback of a purely blind approach is also
obvious: using an estimate of the mixing matrix A



in place of the true one (if it exists and is known)
can only lead to performance degradation. Thus,
even though the blind approach appears attractive,
it is important to make sure that the gain in ver-
satility is not outweighed by a significant loss of
accuracy.

Exploiting the statistical assumption of compo-
nent independence is not straightforward because
there are many different possibilities to express it
in ways which are amenable to sensible algorithms.

The first attempt at a blind separation of com-
ponents in the CMB context is due to Baccigalupi
et al [1]. They use a technique which follows
the ‘classic’ approach of blind source separation:
the exploitation of non Gaussianity in the com-
ponents [3]. It is indeed possible to blindly iden-
tify a mixture of independent components provided
that at most one of them is Gaussian (we refer
here to the marginal distribution of the compo-
nents, their time or space dependence being ig-
nored in this approach). This seems valid in the
CMB context since, while the CMB component it-
self has a Gaussian distribution, the other com-
ponents are expected to be non Gaussian (possi-
bly very strongly so, as the SZ component, for in-
stance). The paper by Baccigalupi reports promis-
ing results, showing that the statistical distribution
of the components at least allows for blind identifi-
ability. However, their experiments are performed
without noise. Taking noise into account will prob-
ably require a whole new strategy.

In these proceedings, we report on a different
approach [2] which uses spectral statistics in the
Fourier domain. This approach does not rely on
the non Gaussianity of the components but on their
spectral diversity. An important benefit of rely-
ing on the spectral structure for blind identifica-
tion is that we can content ourselves with a Gaus-
sian model for the noisy data. In this model, the
likelihood can be easily optimized with respect to
all the parameters of interest. Omne drawback of
the method is that it does require that the spec-
tra of components to be separated have a different
shape: two components with proportional spectra
cannot be blindly separated. Exact proportional-
ity of spectra is not likely to occur but the quality
of separation between any two given components is
expected to be poor if they have similar spectral
shape.
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In the future, we hope to see successful contri-
butions of the blind source separation techniques
to the astronomical component separation prob-
lem. These solutions should be noise-resistant and
able to exploit the statistical structure of the com-
ponents in a manner adapted to the components:
Gaussian models for the CMB, non Gaussian mod-
els for components due to the SZ effect, etc.

4 Other aspects

We have only given a glimpse to one of the many is-
sues raised by CMB imaging. Two other important
tasks are map making and spectrum estimation.

Map making is the process of building two-
dimensional sky maps starting from the one di-
mensional scan lines acquired by the rotation of
the satellite. Some issues are: dealing with the
large number of pixels at the Planck resolution,
making good use of the redundancy of the scans
(many scan lines will pass close to a given pixel of
the final map), interpolation to the sampling grid,
taking into account beam effects (deconvolution),
properly handling the measurement noise and its
non stationarity,. . .

Obtaining a high accuracy estimate of the CMB
harmonic spectrum is a major objective of the mis-
sion. This is made difficult in particular by the
‘galactic cut’. In effect, the equatorial zone of the
sky is occupied by the Milky Way, our galaxy. It
is not possible to obtain reliable measurements of
the CMB temperature from this part of the sky.
Thus, one has to ‘cut off the galaxy’, leaving the
statistician with a large gap of missing data along
the equator. Other issues regarding spectrum esti-
mation are, again, dealing with the large volume of
data and assessing the accuracy of the estimates,
a crucial point since the results are ultimately des-
tined to constrain cosmological parameters.

Credits and resources

I would like to thank Luigi Bedini from CNR Pisa,
Ttaly, for introducing me to the component sepa-
ration problem in the context of CMB estimation.
Thanks to Jacques Delabrouille for reading a draft
of this paper and checking my physics facts (even
though later edition and additions may have ruined



his work!). The simulated CMB data also are due
to his group at College de France.

Many wonderful sites are available on the Inter-
net to get started with the big bang, the Planck
mission and everything cosmologic. Among those,
I have particularly appreciated Ned Wright’s cos-
mology tutorial [10] (with its section ‘News of the
Universe’) and the extensive material maintained
by Wayne Hu on his home page [9] at the Univer-
sity of Chicago.

The images in this paper are taken from a poster
made by the Planck science team. It is available
together with additional tutorial material on their
web site [8].
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Figure 8: SNRs at the detectors
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Figure 9: SNRs for each component after normal-

ized Wiener filtering



