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Abstract. A method, based on the Karhunen-Loeve (KL) transformation, to improve the signal-to-noise ratio of a multispectral
data cube is presented. As an illustration we have re-analyzed near-infrared multi-spectral images of the young planetary nebula
NGC 7027 previously observed by Cox et al. (2002). Our KL analysis clearly shows an enhancement of both spectral and spatial
information, particularly in the case of low signal-to-noise ratio images.
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1. Introduction

Imaging spectroscopy, or integral field spectroscopy as it is also
called, is the ability to record spectral information for each spa-
tial sample of an astronomical field. Spectrophotometric infor-
mation of the observed object is recorded in the form of a data
cube, with spatial information in two dimensions and the spec-
tral information in the third dimension. Because the detectors
are of a two-dimensional nature, recording the third, missing
dimension requires two classes of instruments: those for which
time scanning is used and those for which spatial sampling is
used. To the first class belong two interferometric systems, the
scanning Fabry-Pérot (e.g., Ryder et al. 1998) and the imaging
Fourier transform spectrometer or IFTS (Maillard 1995, 2000).
The FP is well adapted for the study of a single emission line
profile while an IFTS is more suitable for extended, rich emis-
sion line objects. To the second class belong the slit spectrom-
eters with lenslet arrays, fiber bundle or image slicers as fore-
optics to feed the entrance slit (Ren & Allington-Smith 2002).
The latter can record the spectra for every point of a field in a
single exposure but suffer from the loss of spatial resolution if
a large field of view is observed. An imaging Fourier transform
spectrometer gives simultaneously, over a large enough spectral
range, the spectrum of all the resolved points of an extended
object. It makes it possible to obtain wide field diffraction-
limited imaging for visible to infrared wavelengths, with flex-
ible spectral resolution. Due to its ability to achieve high
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spectral resolution, this instrument provides the capability of
measuring the gas kinematics from strong emission lines, e.g.,
the molecular hydrogen H, 1-0 S(1) emission line at 2.121 um,
over the full molecular envelope of young PNs. Significant
astronomical results were obtained in the near infrared with
an IFTS called BEAR on the 3.6-m Canada-France-Hawaii
Telescope (Paumard et al. 2001; Cox et al. 1997, 2002, 2003).
However, observations with an IFTS require data acquisition
of a large number of frames for a given bandpass, particularly
for high spectral resolution. Consequently deep spectroscopic
investigations of many astronomical objects could be difficult
to achieve because of the large total integration time needed for
these observations. This parameter competes with the achiev-
able signal-to-noise ratio.

In this paper we show how a data processing method
based on the Karhunen-Lo¢ve (KL hereafter) transformation
(Karhunen 1947; Loeve 1960) can increase the signal-to-noise
ratio of a spectrophotometric data cube making possible deep
integral field observations. This method uses a linear transfor-
mation to translate and rotate the data cube in a new coordinate
system that maximizes the variance. This approach has been
successfully used for a variety of astronomical applications in-
cluding data compression (e.g. Bijaoui 1974; Pelat 1974) and
noise reduction, leading to identification of variable phenom-
ena (Bijaoui & Doazan 1979), stellar and galaxy classifications
(e.g. Connolly et al. 1995).

To enhance the spatial and spectral components of a multi-
spectral data cube, the cross-correlation matrix of the data cube
is first computed and a singular value decomposition is carried
out, then a small number of basis vectors are used to reproduce
a first approximation for each spectral image. As will be shown
later, images reconstructed from a limited number of basis
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vectors are less noisy than the original ones. A small and pos-
sibly significant amount of information is lost in this process.
This information is retrieved by re-adding denoised residuals
between the original and the restored images to the recon-
structed ones. Denoising was obtained in this paper by using
a wavelet method which takes into account both 1) the cross-
correlation between images or between spectra (KL expansion)
and ii) the spatial and spectral local correlations (wavelet de-
noising).

We applied the KL expansion to increase the
signal-to-noise ratio of the near-infrared spectro-imaging
observations of the young planetary nebula NGC 7027. The
data cube, consisting of 840 planes of 128 x 128 pixels,
was obtained by means of near-infrared Fourier transform
spectro-imaging observations with high spatial and high
spectral resolutions using a narrow-band filter (bandpass
4705-4745 cm™") which contains H, 1-0 S(1) in its bandpass
(Cox et al. 2002).

In the second section of this paper, we describe the pro-
cessing method based on the KL expansion. In Sect. 3 we out-
line the processing of the BEAR spectro-imaging data cube of
NGC 7027 we have used. Results of the method applied to this
data cube are presented in Sect. 4 and discussed in Sect. 5.

2. Karhunen-Loéve processing
2.1. The KL basis

The KL expansion scheme has been widely applied for process-
ing astronomical data (see for examples Pelat 1974; Bijaoui
1974; Bijaoui & Doazan 1979; Connolly et al. 1995; Tegmak
et al. 1997; Vogeley & Szalay 1996). Let us call V,(k,I),
(n € (1,N); k and [ the pixel coordinates), the set of images
to process. We consider that for a given image n the intensi-
ties are the realization of a stochastic process with a probabil-
ity density function (PDF) p,(V). A correlation may exist be-
tween the intensities of two different images at the same pixel,
Vin(k, 1) and V, (k, [). Then it is possible to derive a set of N lin-
ear combinations S; = 3; b,;V,, such that the values S; and S;
are de-correlated. This can be done by applying the Principal
Component Analysis (PCA) (e.g. Murtagh & Heck 1987) on
the intensities. Then, the KL scheme is the following:

— compute the mean of each image V,, getting image Vv, after
subtraction;

— compute the variance-covariance matrix C of the intensi-
ties. C is also the cross correlation matrix of images V,;

— compute the C eigenvectors u; of components u;, by de-
creasing eigenvalues A;;

— compute the images S; = % D UinV,.

The image noise increases the C diagonal terms. On the hy-
pothesis of uniform noise, its variance has to be subtracted from
these terms.

S; is called the ith basis image. Generally only / < N im-
ages are computed. V’ and S are the image (reduced from the
mean) and the basis vectors respectively. We have the relation:

S=B.V (D
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with:
B=A":U 2
where
A4 0 0
0 A ... 0
A= 3)
0 - .0
0o ...... A
and:
uip U2 ... UIN
Uzl U2 ... UsN
U= 4)
upn .. ... urN

If I < N, the intensities V), are not exactly restored. The ap-
proximation V’,, is:

V' =A.S (5)
where:
A =UA2 (6)

and U is the U transpose matrix.
The distance between V’ and its approximation V’ is equal
to the sum of the eigenvalues not used in the approximation:

D Witk b = Vi, D = KL i A
k,l

n j=J+1

)

where K and L are respectively the number of columns and
lines of the images.

The choice of eigenvectors with decreasing eigenvalues al-
lows one to concentrate the energy in a basis having the mini-
mum of components.

2.2. The noise of the basis

Using few basis images the KL scheme allows one to restore
images having a slight difference with the original ones. The
restored images look less noisy than the original ones. From
Egs. (1) and (5) we get:

V' = AB.V’ 8)
R = AB has a dimension N X N and its terms are:
Ynm = Z UinUim. (9)

i=1,1

If I = N, R is the identity matrix, else the sums are incomplete.
For the restored image, the variance due to the noise is:

(Vi D) =2 > 172,

m

(10)

where o2 is the noise variance, admitted to be the same for each
image value V,(k, [).

If I ~ N no gain is obtained for the signal-to-noise ratio. In
our KL application / <« N the sums are reduced and then the
noise is significantly reduced. A faint residual noise appears in
the first basis images, and it increases with the order. Denoising
can be done on each image.
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2.3. Denoising by the wavelet transform

Many papers have been dedicated to the application of discrete
wavelet transforms for denoising images. The reader can get a
general overview of these methods in Mallat (1999) or Starck
et al. (1998). The general framework of the algorithms is the
following:

— Application of a discrete wavelet transform: redundant
transforms allowing shift invariance reduce the artifacts
(Starck & Bijaoui 1994; Coifman & Donoho 1995).

— Thresholding: different thresholding rules were proposed.

— Restoration: the restoration is done by the inverse transform
for un-redundant transforms. If it is not the case regularized
inversion can be done.

The relation between the measured and the restored wavelet
coefficients constitutes the core of the algorithm. Many rules
were proposed. In this paper we choose Donoho’s threshold-
ing for which the threshold ¢ is given by Donoho & Johnstone
(1994):

t = o, /2 log(n) (11)

where o, is the standard deviation of the wavelet coeflicient
and n the number of linearly independent coefficients, which
decreases by a factor 2 (1D) or 4 (2D) with the scale. To reduce
the artifacts, the thresholding is then softened by subtracting
the threshold ¢ from the absolute value of the measured coeffi-
cient w. The restored coeflicient @ is set to 0 if |w| < 1.

A redundant wavelet transform based on the a trous al-
gorithm (Starck & Bijaoui 1994) was applied. The denoising
may take away the orthogonality between the basis images.
Therefore, a Schmidt orthogonalization is carried out on them.

2.4. Multiscale denoising of the components

A given component a,; is computed by the scalar product of
an image V;, with a basis function S; considered as denoised.
Then a,,; is a random variable with a variance o2.

The component set A; = {a;,}, n € (1, N), is associated to
the basis image i. A; can be considered as its spectrum which
is a noisy set. It can also be processed using a 1-D wavelet
denoising method.

2.5. Multiscale denoising of the residuals

Each image V/, is restored from the denoised basis images and
components. A difference exists between the original and the
restored image V/, due to:

— The limited number of basis images;
— the basis denoising;
— the component denoising.

The residual R, = V/,— V/, may contain significant information.
It can also be denoised. For this operation two possibilities do
exist: i) image per image denoising at given wavelengths ii)
spectrum per spectrum denoising at given pixels. In the first
operation significant wavelet coefficients are computed from a
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pixel environment while it is the spectral neighborhood which
is used for the second denoising. This is not completely equiv-
alent. Then the residual cube is denoised by applying succes-
sively the two operations. The denoised residuals are added
to ¥/, to obtain the final restored image.

3. The data set: Multispectral images
of NGC 7027

3.1. Observations and data processing

The 3-D data of the young planetary nebula NGC 7027 used
in this analysis were obtained on October 24, 1999 during a
run with the BEAR imaging spectrometer at the f/35 focus of
the 3.6-m CFH Telescope at Mauna Kea (Hawaii). This in-
strument, based on a dual input/dual output Fourier Transform
Spectrometer (FTS) coupled to a 256 x 256 NICMOS cam-
era, simultaneously produces spectra at each point of an ex-
tended object over a circular field of view of 24" with a scale
of 0.353”/pixel at seeing-limited spatial resolution (~0.5"), in
any spectral range between 1 and 2.5 um. A detailed descrip-
tion of this instrument and its properties have been given by
Simons et al. (1994), Maillard (1995) and Maillard (2000).

A narrow-band filter (bandpass 4705-4745 cm™!) which
contains the H, 1-0 S(1) line at 4712.9 cm™" (2.12 um) in its
bandpass was used to reach higher spectral resolution in a min-
imum number of frames by a strict application of the Shannon
sampling theorem. A cube of 1150 planes with an integration
time of 9 s per image was obtained, an image being taken at
each interferometer step. The optical path difference which was
reached corresponds to a spectral resolution of 0.137 cm™, i.e.,
a velocity resolution of 8.9 km s~ which is the maximum spec-
tral resolution obtained in this mode, without being the limit of
the instrument. During the observations, the seeing was typi-
cally 0.5”. Analysis of these data was presented in Cox et al.
(2002).

Prior to the application of the KL analysis a reprocessing of
the data was performed, using the package bearprocess whose
main functions are described in Maillard (2000), plus some ad-
ditional procedures. The raw frames were spatially oversam-
pled by a factor of 4 to take full advantage of the quality of the
seeing and to accurately register each frame relatively to
the first one. To fully reconstruct the line profiles and to apply
the instrumental phase correction through the field, an over-
sampled cube of 840 frames over the useful part of the free
spectral range (from 4700 to 4741 cm™') was computed lead-
ing to a mean velocity resolution of 3.1 km s7!, i.e., an over-
sampling by a factor of 2 from the initial cube.

3.2. Contents of the data set

Figure 1 shows a typical high resolution spectrum extracted
at a bright spot of the NGC 7027 nebula from the H, data
cube, and the images in the main emission lines identified
on the spectrum. Besides the strong H; line, the spectrum in-
cludes the continuum and a series of weaker emission lines
which have been identified by Cox et al. (2002) as Hell (9-25)
(4716.19 cm™1), Hel 3'P%—4!S at 4730.80 cm™!, Hel 33P%-43S
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Fig. 1. Multispectral observations of NGC 7027 using the BEAR imaging Fourier transform spectrometer (Cox et al. 2002). In the middle,
spectrum at an emission peak of the ionized region in NGC 7027 as measured in the 4700 to 4741 cm™! filter. At the top and in the lower rows,
images of the nebula in all the detected lines, integrated over their full width, plus image of the continuum emission integrated from 4716 to
4728 cm™!. This continuum is subtracted from each emission line image. The field of view is of 22.6 x 22.6 arcsec?. North is up and East is left.

at4733.52 cm™!, [Fell] at 4739.72 cm™! and a line which could
be identified as OI at 4729.47 cm™~!. All these lines are spec-
trally resolved. The distribution and the kinematics of each
emission line could be derived together with the spatial dis-
tribution of the continuum emission. An important property of
these high-resolution spectro-imaging data is that each spectral
image contains no other contribution, either from the contin-
uum or from nearby emission lines from the ionized gas. The
general aspect of the continuum-subtracted H, image is com-
plex, with multiple lobes and weak H, emission linking the
polar caps along the major axis. This bi-conical shell, which
was described in previous studies (Graham et al. 1993; Kastner
et al. 1994; Cox et al. 1997; Latter et al. 2000) and recently
modeled by Cox et al. (2002), shows holes in the brightness
distribution, noticeably to the north-west and south-east where
weak H, emission extends beyond the main limb-brightened
structure. The kinematics of the H, emission line is shown

in Fig. 2. At red-shifted velocities (v > 25 kms™!), the H,
emission shifts towards the south while it shifts towards the
north at blue-shifted velocities, indicative of a tilted, expand-
ing envelope. The atomic lines trace the inner ionized region
showing an elliptical shape similar to the continuum emission
distribution.

Figures 1 and 2 show that, despite the high quality of the
data set, improvement of the spatial contrast is needed to an-
alyze the faint spatial and spectral structures of the planetary
nebula. To increase the signal-to-noise ratio of these data, we
have applied the KL method to the data cube resulting from the
processing described in this section.

4. KL multispectral data cube analysis

The first step of the KL analysis is the computation of
the cross-correlation matrix of the multispectral data cube
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Fig. 2. Velocity channels maps (one spectral element of 3.1 km s™!) of
NGC 7027 in the 1-0 S(1) H, emission line at 4712.9 cm™' (2.12 um).
The central velocity (visg) is given in the upper left of each panel
and the systemic velocity is ~25 kms~!. The field of view is 22.6 x
22.6 arcsec?. North is up and East is left.

(128 x 128 x 840) resulting from the data analysis presented
in Sect. 3.1. Then, a diagonalization is carried out.

The total number of eigenvectors corresponds to the num-
ber of spectral elements of the data cube, i.e. 840. Eigenvalues,
sorted in decreasing order, and the corresponding integrated
energy distribution are plotted in Fig. 3. The eigenvalues de-
crease rapidly up to order ~10 and then slope down slowly up
to order ~250. At this order the eigenvalue is less than 20% of
the noise variance which is reached at order ~100. In addition,
Fig. 3 shows that 85% of the energy is contained in the first
eight eigenvalues while the noise contributes ~50% of the total
energy. To avoid a decomposition on non-significant vectors,
the KL expansion has to be truncated before reaching the noise
level, i.e. beyond the first 10-20 eigenvalues. In a first step, the
process was done using 30 vectors. It appeared that, beyond
order i = 8, basis images did not show visually clear informa-
tion. Hence, we chose to work with a short expansion, i.e. using
only 8 eigenvectors, taking into account that the processing of
the residuals between the original and restored images allow us
to avoid any loss of significant spatial or spectral information.
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These first 8 basis images and their corresponding com-
ponent sets are displayed in Fig. 4. Component variations of
each basis are related to the image index, i.e. the wavenum-
ber variations. The processed sequence contains 840 images
of 128 x 128 pixels. Close examination of each basis and its
corresponding component variations allow one to understand
the decomposition process. The basis image i = 1 represents
the “broad-band” image (i.e. integrated over the whole spec-
tral band between 4705-4745 cm™"). H, and continuum emis-
sion is dominant while contributions of other emission lines are
less significant. It is a classical representation for KL analy-
sis, where more information is present in the basis number that
corresponds to the maximum variance. The basis i = 2 cor-
responds to the contribution of the H, emission line which is
the most prominent line in our spectra while the contributions
of other spectral lines are negative. No continuum is present
in this basis number and beyond. The basis i = 3 represents
the first order of the velocity field over the H, line and a faint
contribution of the second prominent emission line (Hel 3*P°—
4% S) of our spectra. Other basis numbers represent high or-
ders of the velocity field over the H, line together with a faint
contribution of the other emission lines. In basis i = 6, the ve-
locity field contribution of Hel, Fell and of the line identified
as OI are negative. An artifact is clearly seen in the basis im-
age i = 5 as a bright, linear spike. This artifact, which is also
present with a fainter intensity in the basis images i = 4 and
i = 6, is probably due to a local phase shift in the process of the
zero path difference (ZPD) map determination which occurred
in the standard data reduction presented in Sect. 3.1. The ZPD
is determined for each position in the field in order to be able to
compute the spectra directly from the cosine FFT of the inter-
ferograms. The process starts from the ZPD determination at a
continuum intensity peak. The ZPD map is reconstructed step-
by-step from this origin over all the pixels of the field, each
new determination being used as a best guess of the ZPD posi-
tion for the next pixel. Phase shifts of half a fringe may occur
in regions where only a weak interferometric signal is present.
Hence, the corresponding artifact in the KL process does not
affect our analysis since no significant signal is present in this
region. In addition, no spectral information seems to be carried
by the component variations corresponding to the basis image
i = 5. Residual telluric OH lines are present at 4709.5 cm™!,
4722 cm™!, 4726.7 cm™! and 4735.5 cm™! in the spectral com-
ponent variations of the basis image i = 8. Of course, these
spectral features, which were not totally subtracted in the data
acquisition, are not related to any spectral physical properties
of the nebula. In addition, little spatial and spectral information
is present in the basis image i = 8 and in its corresponding com-
ponent variations. Hence, we only have used the first eight basis
images in the KL reconstruction process, considering that the
basis images and the component variations beyond this value
are not necessary to perform a complete data cube restoration.

The eight basis images were denoised by the wavelet trans-
form and re-orthonormalized by the Schmidt method. The
resulting images and the corresponding denoised component
variations are displayed in Fig. 5. We obtain significant en-
hancement of the signal-to-noise ratio. However, evident loss in
spatial resolution due to the drastic wavelet filtering process is
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Fig. 3. Eigenvalues of the KL expansion. Left panel: eigenvalues distribution. Right panel: integrated energy distribution. The noise level is
represented by the dotted line. Note that the first eight eigenvalues represent 85% of the total energy contained within the KL expansion.
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Fig. 4. The 8 first basis images and their corresponding component variations.
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Fig. 5. The 8 first basis images and their corresponding component variations after denoising and ortho-normalization.

clearly seen in these images. The filtering we applied is needed
to perform a noiseless KL first approximation of the process
and to retain first only the significant information present in the
data cube. The remaining information is contained in the resid-
ual data cube which is the difference between the original and
the KL-restored data cube by using the first eight basis images.
This data cube, which contains significant information, is de-
noised image per image and then added to the first KL approx-
imation of the reconstructed data cube. Taking into account the
chosen threshold of the wavelet filtering process only a small
amount of residual noise remains.

The KL reconstructed images corresponding to Figs. 1
and 2 are displayed in Figs. 6 and 7. These images seem to be
smoothed compared to the previous ones. The signal-to-noise
ratio of these images, made at the peak of the emission lines
or extracted at various positions in the H, line profile, is in-
creased because the signal-to-noise ratio of all the spectra in
the new cube has been increased by a factor of ~4. This fac-
tor is estimated by taking the ratio of the rms noise in the two

spectra from the same position in the field, before and after
the KL analysis. As an example, Fig. 8 shows the compari-
son between a low signal-to-noise-ratio spectrum measured to-
wards one pixel, at a position of faint emission in the ionized
zone of NGC 7027 and the KL restored spectrum. This il-
lustration clearly shows that the KL process does not modify
either the line positions and profiles or significantly the peak
intensity. If the line positions were changed, a negative and
positive peak typical of a line shift would appear in the differ-
ence. No such effect is detected. Consequently, the kinematics
of the gas traced by the line positions is fully conserved after
the KL analysis. Table 1 presents the minor changes of intensi-
ties and linewidths between the original and the reconstructed
spectrum.

It is interesting to note that features retained by this process
do not result from one image per image analysis, but from the
use of information contained in the whole data cube. Taking
into account the correlation between the images improves the
quality of the restoration even if a residual is re-introduced
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Fig. 6. KL reconstruction of the multispectral observation of NGC 7027 presented in Fig. 1. Significant improvement of the signal-to-noise
ratio is obtained. The rms noise of the spectrum has been divided by a factor of ~4 (see text).

after the KL process. Another illustration is given by Fig. 9
which shows a comparison between a single-element spectral
image of the continuum taken from the raw data cube set and
its corresponding KL image. The signal-to-noise ratio is highly
increased after the KL reconstruction. By measuring the rms
noise on both images outside the emission region the gain in
signal-to-noise ratio is equal to 16. On the other hand, com-
parison between a continuum integrated image (from 4716 to
4727 cm™!) before and after the KL process (Fig. 10) does not
show a similar enhancement as in the case of a single element
spectral image, which is natural, since the integrated image al-
ready used a large fraction of the information on the continuum
component contained in the original data cube.

5. Discussion

We have proposed a method which improves the spatial and
spectral contents of an imaging spectroscopy data set. This

method uses spatial and spectral correlations among adjacent
pixels, and is particularly effective in the case of a large num-
ber of spectral images.

We show that a 3D-data set can be restored with a small
number, eight in our case, of basis images. Only a small frac-
tion of spectral and spatial information is present beyond this
position. This information is not lost because it is present in
residuals which are filtered and added to the restored KL data
cube. Working with a larger number of basis images leads to
the introduction of noise which degrades the final signal-to-
noise ratio.

The KL method is more efficient in the case of a low
signal-to-noise ratio where an improvement by a factor of 4 is
obtained, as illustrated in Figs. 8 and 9. In this case, the restora-
tion process takes advantage of the redundant information con-
tained in the whole data set. As a consequence, analysis at
the optimum spatial resolution offered by the data becomes
possible. There is no need to average the signal of several
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Fig.7. Velocity channel maps in the 1-0 S(1) H, emission line at
4712.9 cm™ (2.12 um) after application of the KL reconstruction.
These images have to be compared to those of Fig. 2. Note the sig-
nificant improvement of the contrast of faint structures.

pixels to increase the signal-to-noise ratio of the images. On
the other hand there is no significant gain when the signal-to-
noise ratio is high because of the small contribution of the re-
dundant information. A drastic wavelet filtering allows one to
begin the KL process with noiseless initial information. The
data set contains images that have variable signal-to-noise ra-
tio. For high signal-to-noise ratio, e.g. the H, emission line, the
KL process is insufficient and the contribution of the residual
is high. Nevertheless, for low signal-to-noise-ratio images, the
whole information is contained in the KL process and the resid-
ual contribution is low. Note that the redundant information is
present both in spectral and spatial space and contributes to in-
crease the signal-to-noise ratio of faint spectro-imaging data.
Starck et al. (2001) proposed another way of coupling the
KL expansion with the wavelet transform. First, the wavelet
transform is separately applied to each image. Second, KL is
done scale-by-scale. Each KL basis is then smoothed taking its
corresponding noise. The original images are restored scale-
by-scale taking into account the denoised KL basis. In our
approach the KL expansion is useful only for getting an im-
age quite acceptable but fully denoised. The lost information is
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Fig. 8. Spectrum measured towards one pixel position of a faint emis-
sion of the ionized region in NGC 7027 (upper signal) and its corre-
sponding KL reconstruction. The bottom line is the difference between
the original and the KL reconstructed signals.

Fig. 9. One spectral element image in the continuum taken in the data
cube at spectral position 4715.48 cm™' (leff) and its corresponding
KL image (right). The signal-to-noise ratio in the KL image is highly
increased (see text).

contained in residuals and it is mainly restored after their de-
noising. In order to get sufficiently smoothed images after the
KL reconstruction, few components are used. Increasing the
number of components leads to an increase of the noise in all
images reconstructed by KL. The daily experiments show that
beyond a given order, the KL components only carry informa-
tion for few pixels of few images. By construction, residuals
from one image to another are quite de-correlated. Thus, their
denoising needs an individual wavelet transform process. In the
case of multicolor imaging, for which few images are to be pro-
cessed, all KL components are used for the reconstruction. The
process of Starck et al. (2001) is then useful. For integral field
spectroscopy, the size is too large. Few components are com-
puted which makes the proposed procedure necessary.

The KL decomposition allows one to detect some spectral
parasitic lines and spatial artifacts which are not related to any
spatial or spectral properties of the observed object (e.g. Figs. 4
and 5). These features could be removed from the whole data
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Fig.10. Comparison between a continuum

integrated
(from 4716 to 4727 cm™") before and after the KL process. No signif-
icant improvement is obtained in KL process of high signal-to-noise
ratio image.

image

Table 1. Peak intensity and linewidth ratios of a few lines from the
original spectrum and the KL reconstructed spectrum shown in Fig. 8.

Line Peak intensity ~ Linewidth
ratio ratio

H, red-shifted component 1.0 1.2

H, blue-shifted component 0.9 1.0

OI at 4729.47 cm™! 0.8 1.5

Hel at 4733.52 cm™! 0.8 1.2

set thanks to the application of the Independent Component
Analysis (ICA) process. In this case, the KL analysis is used
as the first step of the whole process.

6. Conclusion

We have examined a method, based on the Karhunen-Loéve
(KL) transformation, to improve the signal-to-noise ratio of
a multi-spectral data cube. We have applied this analysis on
near-infrared multi-spectral images of the young planetary
nebula NGC 7027. Significant improvement of signal-to-noise
ratio in the spectra and the images is obtained, particularly for
low signal-to-noise ratio data, for which an improvement by
a factor of 4 is obtained, while for high signal-to-noise ratio
images no improvement is obtained. The efficiency of the KL
analysis depends on the quality of information contained in the
data set. The higher the quality, the better the determination of
the KL basis and the reconstruction of faint structures present
in the data set. However, the KL analysis did not contribute
to the detection of new spectral or spatial features in the
NGC 7027 data set, which was already a good signal-to-noise
ratio data cube. The same analysis should be attempted on a
similar data set of a weak object, containing low signal-to-
noise-ratio information, to demonstrate the potential capability
of detecting new spectral and spatial featutes. In addition, we

D. Mékarnia et al.: KL analysis of spectro-imaging data

have shown that the KL decomposition process makes it possi-
ble to detect spatial residual artifacts and parasitic lines which
can be removed from the data. Removing these artifacts from
data could be done thanks to the application of the Independent
Component Analysis (ICA). This application will be examined
in a next paper.
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