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ABSTRACT

The mid-infrared (mid-IR) spectrum of our galaxy is domi-
nated by continuum and band emission due to carbonaceous
very small dust particles amongst which are polycyclic aro-
matic hydrocarbon (PAH) molecules. Because they absorb
the UV photons of massive stars and re-emit this energy in the
infrared, IR spectro-imaging of extended interstellar (or cir-
cumstellar) regions is a powerful tool to diagnose the nature of
these particles together with the local physical conditions. In
this paper, we review how the applications of blind / bayesian
source separation (BSS) methods applied to mid-IR hyper-
spectral data can help analyzing these data. We then discuss,
in the light of simulations in progress, how BSS methods
could be used to identify specific PAH molecules in the in-
terstellar medium when applied to the hyper-spectral data of
forthcoming IR telescopes (Herschel, SOFIA, SPICA).

Index Terms— Source Separation Methods, Infrared
Spectroscopy, Interstellar Medium

1. INTRODUCTION

The interstellar medium (ISM) is the space that lies between
the stars. It contains gas and dust particles that are major
actors in the chemical and physical evolution of galaxies.
In the recent past, space missions have unveiled for many
regions of the ISM the presence of a set of bands in the
mid-infrared (3-14 pum, mid-IR) attributed to the emission of
very small dust particles amongst which Polycyclic Aromatic
Hydrocarbons (PAHs, [1]). PAHs are large carbonaceous
molecules composed of benzenoid rings surrounded by hy-
drogen atoms. However, the correspondence between the
observed mid-IR bands and the exact population of particles,
or specific molecules at the origin of this emission has not yet
been established clearly. In this paper, we review the recent
progresses that have been made in this field using source
separation algorithms. In section 2, we present how the ap-

plication of different Blind Signal Separation (BSS) methods
to Spitzer hyperspectral cubes has enabled us to extract the
genuine spectrum of different populations of mid-IR emit-
ters. This is a first step in their identification, however, the
ultimate goal remains to spectroscopically identify a specific
PAH molecule. In section 3 we present how signal separa-
tion algorithms applied to far-IR spectrosopy can help on this
topic.

2. BLIND SIGNAL SEPARATION FOR THE
IDENTIFICATION OF VERY SMALL DUST
PARTICLE POPULATIONS BASED ON MID-IR
HYPESPECTRAL DATA

2.1. Applying BSS to mid-IR spectral cubes

The shape of the band emission observed in the mid-IR and
attributed to PAHs varies significantly from one astrophysi-
cal environment to the other, probably due to the fact that the
observed spectra are mixtures of emission from several pop-
ulations of PAHs and small particles. Hyperspectral images
of photodissociation regions (regions of the ISM where dust is
processed by the UV photons of massive stars, hereafter PDR)
obtained with the Spitzer Space Telescope (Spitzer) exhibit
strong spectral variations (Fig. 1). We mathematically refer
to these data as C(p,, py, A), where p,, p, and A are the spa-
tial positions and wavelength indexes respectively. We sug-
gest that the spectral variation observed in C(pg, py, A) are
due to linear instantaneous mixtures of a few source spectra
(representative of chemical populations) with different mix-
ing coefficients. In the frame of this hypothesis, the use of
source separation algorithms enables to obtain an estimation
of the source spectra.

Blind Signal Separation is commonly used to restore a set
of unknown “source” signals from a set of observed signals
which are mixtures of these source signals, with unknown
mixture parameters [2]. It has e.g. been applied in acoustics
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Fig. 1. The NGC 7023 North PDR mid-IR hyperspectral
cube. An image of this cube at 7.7 um (left) and spectra for
the three indicated positions are shown. The position of the
illuminating star is schematically represented.

for unmixing recordings, or in the biomedical field for sepa-
rating mixed electromagnetic signals produced by the brain.
BSS is most often achieved using Independent Component
Analysis (ICA) methods. An alternative class of methods for
achieving BSS is non negative matrix factorization (NMF),
which was introduced in [4] and then extended by a few au-
thors. The other main class of methods concerns the algo-
rithms based on sparsity (a sparse signal is often equal to zero
but has a non-zero variance, e.g. voice signals are sparse) of
the sources [2]. The simplest version of the BSS problem con-
cerns so-called ”linear instantaneous” mixtures. It is modeled
as follows:

X = AS @)

where X is an m X n matrix containing n samples of m
observed signals, A is an m x r mixing matrix and S is an
7 X n matrix containing n samples of r source signals. The
observed signal samples are considered to be linear combi-
nations of the source signal samples (with the same sample
index). It is assumed that » < m in most investigations, in-
cluding this paper. The objective of BSS algorithms is then to
recover the source matrix .S and/or the mixing matrix A from
X, up to BSS indeterminacies.

The correspondence between the generic BSS data model
(1) and the 3-dimensional spectral cube C(p,py, A) to be
analyzed in the present paper may be defined as follows. In
this paper, the sample index is associated to the wavelength
A, and each observed signal consists of the overall spectrum
recorded for a cube pixel (pz, py). Each one of these signals
defines a row of the matrix X in Eq. (1). Moreover, each
observed spectrum is a linear combination of source spectra,
which are respectively associated to each of the (unknown)
types of PAH populations and nanoparticles that contribute to
the recorded spectral cube. Therefore, the recorded spectra
may here be expressed according to (1), with unknown com-
bination coefficients in A, unknown source spectra in S and

an unknown number r of source spectra. We have used four
BSS methods in order to recover the A and S matrix from the
observed spectra placed in the rows of X, i.e. NMF (based
on positivity of the sources), FASTICA and Markovian non-
stationnary (based on independence of the source) and LI-
TIFROM (based on sparsity of the sources). We briefly detail
these methods hereafter.

We used NMF as presented in [5]. The matrix of observed
spectra X is approximated using W H, where W and H are
non-negative matrices, with the same dimensions as in (1).
This approximation is optimized by adapting the matrices W
and H using the algorithm of [5] in order to minimize the
divergence between X and W H. We implemented the algo-
rithm with Matlab. After convergence, W and H provide an
estimation of A and S respectively. Convergence is reached
after about 1000 iterations (which takes less than one minute
with a 3.2 GHz processor).

We used FASTICA in the deflation version [3] in which
each estimated source is extracted one after the other and sub-
tracted from the observations until all sources are extracted.
The advantage of this FASTICA method is that it is not nec-
essary to fix, before running the algorithm, the number r of
sources that we want to extract, as it is for NMF (see the
method used to overcome this issue in [6]). The extraction of
the sources takes less than one minute using Fast/CA coded
with Matlab, and with a 3.2 GHz processor.

We used the Markovian non-stationnary method in [8].
Based on a maximum likelihood approach, this method sup-
poses that the sources are first-order Markovian processes.
Moreover, the non-stationarity of the sources is taken into
account using a blocking approach. The algorithm is imple-
mented in Matlab code and the separation takes less than three
minutes with a 1.16 GHz processor.

We used the symmetrical version of LI-TIFROM ! based
on time-frequency (TF) ratios of observations [7]. It first finds
analysis zones (each of them is a set of adjacent TF windows)
where a source is visible (i.e. occurs alone) and then estimates
in each of these zones the column of the mixing matrix asso-
ciated to the visible source. Lastly, sources are recovered in
the original analysis domain by inverting the mixing matrix.
For Spitzer spectra, LI-TIFROM provides a complete sepa-
ration with “well” selected TF parameters (in less than one
second with a 1.4 GHz processor).

2.2. Results

In a selection of several (about 10) PDRs, we were able to ex-
tract two source spectra from each hyperspectral cubes: one
carrying broad bands and a continuum and a second with nar-
rower, intense bands and no continuum (Spectra 1 and 2 given
as examples for the Ced 201 PDR in Fig.2). Spectrum 1 was
attributed to very small carbonaceous grains (VSGs), possibly

IThe Matlab code of this method is accessible at http://www.ast.obs-
mip.fr/bss-softwares.



PAH clusters [9], while spectrum 2 was attributed to a popula-
tion of free PAH molecules [6, 10]. In the case of NGC 7023,
we were able to find 3 spectra using NMF (Fig. 3), includ-
ing two PAH spectra with different band intensity ratios, one
is attibuted to neutral PAHs (PAH?) and the other to ionized
PAHs (PAHT).

Using the extracted spectra of VSG, PAH?, and PAH* we
can reconstruct the spatial distribution of each population in
the spectral cube by fitting a linear combination of the three
extracted spectra to the observations. We perform this using
a least mean square fit and obtain the map in Fig.3. We find
that the three populations emit in very different regions. It ap-
pears that there is an evolution from the population of VSGs
to PAH? and then PAH* while approaching the star. This
reveals chemical processing by the UV stellar radiation. Con-
versely, this means that each population can thus be used as a
tracer of the local UV field.
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Fig. 2. Extracted spectra in the Ced 201 PDR using FAS-
TICA, Lee and Seung’s NMF, TIFROM and Markovian
methods. Lines are mean values while the gray areas rep-

resent the envelope of solutions.
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Fig. 3. Lefi: The reconstructed distribution maps for each
population, VSGs in red, PAH? in green and PAH™ in blue.
Right: The three extracted spectra in NGC 7023 North (see
Fig. 1) using Lee and Seungs NMF, with same color scheme
as for distribution map i.e. VSGs in red, PAH? in green and
PAH™ in blue.

3. TOWARDS THE IDENTIFICATION OF SPECIFIC
PAH MOLECULES IN THE FAR-IR

The mid-IR wavelength domain appears rather inappropriate
to perform the distinction between specific molecules since
the emission bands modes of local chemical bonds. However,
emission features are also present in the far-IR [11] that are
much more specific of individual species. Therefore a de-
tailed analysis of the far-IR spectrum (~100 to 500 pm) is
required to progress in the identification of interstellar PAHs.
Forthcoming instruments onboard airborne (SOFIA) or space
missions (Herschel that will be launched in 2009, SPICA a fu-
ture planned Japanese mission) will allow to perform spectro-
imagery in the far-IR range at increasing sensitivities from
Herschel to SPICA. We therefore propose to investigate, how,
in the frame of these future observations in the far-IR, we can
identify individual PAH species.

We make the assumption that the PAH mixture is made
of small and large species, in proportions that depend on the
environment, the very large PAHs being more resistant and
thus able to survive in harsh irradiation conditions. We re-
trieved fundamental data from quantum chemical calculations
[12, 13] for 10 small PAHs (N ¢~20-40 carbon atoms) and 2
large PAHs called Grand-PAHs, in their neutral and ionized
forms (24 different spectra in total). We then ran the photo-
physical model of [11] in the UV irradiation conditions of the
Red Rectangle nebula to provide the emission spectra for all
these molecules in this specific environment. We then mix
the four spectra of Grand-PAHs randomly and add noise to it.
Noise here consists in white gaussian noise and a contribution
from small PAHs at a level of 50% in abundance compared to
the total Grand-PAH abundance. We generate a sample of 100
“observations” using this technique (see Fig. 4).

We used FASTICA, NMF and Bayesian Positive source
separation (BPSS [14]) in order to try to recover at least one
of the source spectrum. The three methods give good prelim-
inary results. For now we have restricted our analysis to the
150-350 pm wavelength domain which was found to be the
most appropriate. Indeed, we are able to recover the spectrum
of Ces Hy quite efficiently (see e.g. for NMF in Fig. 4) even
though some remains of C'gg Hyg are seen.

4. CONCLUSION AND PROSPECTIVES

Source separation algorithms have proven their efficiency
and unveiled previously unidentified populations of interstel-
lar macromolecules and nanoparticles. This first step, based
on the mid-IR hyperspectral mapping was limited by the level
of information provided at these wavelengths. As suggested
in this paper, the application of BSS methods to far-IR hy-
perspectral imaging is highly promising and will possibly
enable to identify the first specific PAH molecule in space.
In order to be prepared when real data will be available with
Herschel, SOFIA, and possibly SPICA, modelling and sim-
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Fig. 4. The four calculated Grand-PAH emission spectra
(“Sources”), an example of 4 simulated observations (labelled
“Observations™), and the NMF extracted and original spec-
trum of Cgg Hsfy (“Results of NMF analysis™)

ulation should not be neglected. In particular, a missing part
in the preliminary effort presented here, is an efficient and
realistic model of instrumental noise. We will add this to our
simulations in the near future.
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