slope of the light curves, and hence require more nickel to power the late light
curve. Decreasing the velocity boosts
the late luminosity, and can reproduce
the observed line shapes. However,
these velocities were not predicted by
the models that fit the early spectrum
and light curve.

4. Conclusions
The monitoring of SN 1998bw
through its second year has provided
important new clues on the nature of
this object. The late spectrum very
much resembles the ones of other Type
Ib/c supernovae. Hence, SN 1998bw
can be tied to a class of objects we
know fairly well. We confirm the large
nickel mass required to power the optical radiation of this event, but find discrepancies by fitting the late spectrum
with the models which were used to interpret the early phases. The implied
energies are still unique for any supernova ever observed.

The connection of SN 1998bw to
GRB980425 is still unclear, but we do
not expect to see any signature of the
burst at these late phases. The radio
observations have been linked to the γray burst and the relativistic expansion
of material (Kulkarni et al. 1998, Li &
Chevalier 1999). The X-ray emission
from the GRB afterglow is coincident
with the supernova as well (Pian et al.
1999). SN 1998bw remains a fascinating and puzzling object.
The combination of two instruments
and telescopes to follow SN 1998bw to
late phases has been very useful. The
3.6-m/EFOSC2 provided the early coverage and only at the end was the supernova ‘handed’ to UT1/FORS1. We
were therefore able to secure a spectrum about every month and could follow this object further than would have
been possible with the 3.6-m.
It is unlikely that there will be a third
observing season for SN 1998bw.
Unless the luminosity becomes constant, it will be too faint to be recovered.

There are known processes that could
lead to such a constant flux, e.g. interaction with the circumstellar material or
input from the accretion on a black hole.
We have been following several such
objects already and SN 1998bw will be
worth at least a check in the next few
months.
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1. Introduction
The performance of high-resolution
imaging with large astronomical telescopes is severely limited by the atmospheric turbulence. Adaptive optics
[1, 2, 3] (AO) offers a real-time compensation of the turbulence. The correction is however only partial [2, 4, 5,
6, 7] and the long-exposure images
must be deconvolved to restore the fine
details of the object.
Great care must be taken in the deconvolution process if one wants to obtain a reliable restoration with good
photometric precision. Two aspects add
to the difficulty: the fact that the residual
point spread function (PSF) is usually
not perfectly known [8, 9, 10], and the
fact that astronomical objects are usually a mix of sharp structures and smooth
areas. “MISTRAL” (Myopic Iterative
STep Preserving ALgorithm) [11, 8] has
been developed to account for these two
points. It is based on a rigorous Bayesian approach which allows us to easily account for the noise in the image,
the imprecise knowledge of the PSF,
and the available a priori information on
the object (spatial structure, positivity…). A specific edge preserving object
prior is proposed, which is in particular
well adapted for planetary-like objects.
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The notion of AO partial correction is
first discussed in Section 2. The principle of our deconvolution technique is
briefly summarised in Section 3. In Section 4, the photometric accuracy of MISTRAL is first demonstrated on simulated AO images. The simulation parameters correspond to NAOS, the AO system of the VLT. MISTRAL is then applied to ADONIS images of Io taken at
thermal wavelengths using the COMIC
camera. This allows an accurate mapping of Io’s surface volcanic activity. We
also used our deconvolution method on
broadband filter (J, H, K) images of Uranus taken with SHARPII+. The structures
of the rings and its innermost satellites
have been successfully detected.

2. Partially Corrected AO Images
Within the isoplanatic angle, the intensity i(r) at the focal plane of the system consisting of the atmosphere, of
the telescope and of the AO bench is
given by:
i(r) = h(r)∗ o(r) + n(r),

(1)

where r is the spatial coordinate, o(r) is
the observed object, h(r) is the system
PSF and n(r) is an additive zero mean
noise.

We consider here the case of AO
corrected long exposure images. Such
an image is presented in Figure 1. In
this numerical simulation, we considered an 11th magnitude planetary-like
object observed in the visible with the
NAOS AO system [12] installed on the
VLT. This system will provide high performance in the near IR (SR P 70% at
high flux). Here we consider the case of
observations at visible wavelength (λ =
0.5 µm). In such conditions, the image
blur is very severe, the expected SR is
only 2.1% for a 0.73 arcsec seeing.
Neither the fine structures on the surface of the object, nor the stars in the
background are apparent in the corrected image. A deconvolution is therefore
required.
The deconvolution procedure needs
a measurement of the PSF. The usual
procedure consists in recording the corrected image of a nearby unresolved
star shortly after observing the object of
interest. Since the correction quality depends on the observing conditions (turbulence strength, magnitude of the
source used for wavefront sensing), the
unresolved star image is not a perfect
measurement of the PSF associated
with the image to be deconvolved [8,
11, 13, 14]. Actually, the main source of
PSF variability is the seeing fluctuation.

the deconvolution problem can be stated as follows: we look for the most likely object o given the observed image i.
This reads:
ômap = arg max p(o|i) =
o

arg max p(i|o) × p(o) =
o

arg min[Jn(o) + Jo(o)].
o

Figure 1: Planetary-type object (mv = 11) and its simulated VLT-NAOS image at 0.5 µm and
for a 0.73 arcsec seeing. The Strehl Ratio (SR) is 2.1%. The number of detected photons in
the image is 108 photo – e–, the background noise has a 31 e– standard deviation. The Field
of View is 0.8 arcsec, 128 × 128 pixel image. The planetary disk is constituted of a uniform
level plus a broad feature 10% brighter, and three small spots, 30% brighter. Four stars are
added in the field with a 2.5 magnitude difference between the brightest and the faintest. The
faintest corresponds to 40,000 detected photons, which corresponds to a maximum contribution of 155 photons/pixel in the image. The true object top-right display gives a log-scale
representation.

The sensibility of the Optical Transfer
Function (OTF) to the seeing variations
is illustrated in Figure 2. The OTFs are
estimated for a seeing ranging from
0.65 to 0.93 arcsec. The corresponding
SRs go from 3.8% down to 0.4%. The
structure of the OTFs is typical of
an AO corrected OTF [4, 5, 6,7]: a lowfrequency lobe and a high-frequency
wing going up to the telescope cut-off
frequency. The spatial frequencies between ro /λ and D/λ, which would be
lost without correction, are now preserved. The high-frequency level is
however low and very dependent of the
seeing conditions. Here it changes by a
factor of ten for rather realistic seeing
changes.
The OTFs presented here derive
from a careful study of the system performance [12, 15]. The corresponding
PSF at 0.73 arcsec seeing is shown in
Figure 3. Note that despite the very low
SR in the visible, a coherent peak is still
clearly seen above the broad halo. This
is characteristic of high-order correction
systems such as the VLT-NAOS one
working in the visible: the residual
phase variance is large due to the short
wavelength, but the phase is mainly
constituted of high-order modes, hence
the particular PSF profile. We will show
in Section 4 that MISTRAL can restore
high-resolution maps out of these low
SR visible VLT-NAOS images. Note that
this suggests that the SR is not a good
measurement of the image quality,
when quality means “restorability” [7].
Of course, the deconvolution can
also be applied to IR images with more
reasonable SRs as shown on ADONIS
data in Section 5. But we first recall the
deconvolution approach in the following
section.

tion) of a criterion. The first issue is the
definition of a suitable criterion for the
given inverse problem. The criteria presented here will be derived from a probabilistic approach. The second problem
is then to find the position of the criterion’s global minimum which is defined as
the solution. In some cases, it is given
by an analytical expression, but most of
the time one has to use an iterative numerical method to solve the problem.
In the following sections, we first consider the case of an assumedly known
PSF, so-called “classical” deconvolution; the method is then extended to the
joint estimation of the object and the
PSF, called here “myopic” deconvolution.

3.1 Deconvolution with known PSF
Following a probabilistic approach,
called maximum a posteriori [MAP] [16],

(2)

The criterion to be minimised, J = Jn
+ Jo, is composed of a first term (Jn =
–ln p(io)) accounting for the noise statistics in the image, plus a second term
(Jo = –ln p(o)) which allows to use the a
priori knowledge we have on the object.
This last term, of course, is a function of
the type of object being observed. The
choice of Jo for planetary-type objects is
discussed in the Section 3.1.2.
If no prior knowledge is available,
one can still use the previous equations
with p(o) = 1. One therefore only maximises p(io), also called likelihood of
the data, to obtain a maximum-likelihood solution. In this case the criterion
is only constituted of the term Jn.

3.1.1 Maximum likelihood
with photon noise
If the image is corrupted solely by
photon noise, the maximum likelihood
[ML] solution minimises the following
criterion, directly derived from the expression of Poisson statistics:

J pnoisson(o) = –ln p(io) =

∑(h∗o)(r) – i(r)ln[(h∗o)(r)].

(3)

r

The Richardson-Lucy algorithm [RL]
[17, 18] is an iterative numerical
method which converges towards the
global minimum of J pnoisson.

3. Deconvolution Approach
Most deconvolution techniques boil
down to the minimisation (or maximisa-

Figure 2: The OTFs are estimated for the following seeing values: from top to bottom, 0.65,
0.73, 0.79, 0.85 and 0.93 arcsec. The corresponding SRs are respectively: 3.8%, 2.1%, 1.3%,
0.8% and 0.4%. The mean OTF is also drawn (dashed line).
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It is however well known that the
restoration of the object using the sole
data is an unstable process (see in particular Refs. [19] and [16] for reviews).
The noise is highly amplified in the solution. Of course, one can stop the RL
before convergence to limit the noise
amplification but in this case the solution is poorly defined. For sure, it is no
more the minimum of any criterion. A
better solution is to regularise the problem with an adequate object prior as
proposed in Section 3.1.2.

3.1.2 Edge preserving regularised
deconvolution
In the MISTRAL algorithm, we consider a white non-stationary Gaussian
noise in the image, which is a good approximation of a mix of photon and
background (detector or sky-background) noise. Furthermore, the deconvolution is regularised by an object prior particularly adapted for planetary-like
objects. This prior avoids the usual ringing artefacts [20] given by standard deconvolution techniques on such sharp
edge objects [21, 8]. The criterion to be
minimised is:

J(o) = Jn(o) + Jo(o) =

(4)

– (o∗h)(r))2 + Jo (o),
where σ 2 (r) is the image thresholded to
the background noise variance. In the
absence of background noise, this expression of Jn is actually a first-order
development of Eq. 3. The regularisation term is defined as:

(5)

where ∆ο(r) = √∆x o(r)2 + ∆y o(r)2), ∆x o
and ∆y o are the object finite difference
gradients along x and y respectively.
This regularisation, called L1 – L2, is
an isotropic version of the expression
suggested by Brette [22]. The global
factor µ and the threshold d have to be
adjusted according to the noise level
and the structure of the object. This is
currently done by hand but an automatic procedure is under study.
We use a fast conjugate gradient
method [23] to minimise the global criterion J given in Eq. 4. This method is
well adapted since the so-defined criterion is convex. An additional positivity
constraint is used in MISTRAL, it is enforced with a reparameterisation
method (o = a2) [24] where a are the
new parameters used in the minimisation.

3.2 Myopic deconvolution
As mentioned in Section 2, the true
residual PSF is seldom available. MIS-

40

Figure 3: VLT-NAOS PSF at 0.5 µm, for 0.73 arcsec seeing and a guide star magnitude
mV = 11. The PSF is normalised to its Strehl Ratio SR P 2.1%.

TRAL has the ability to estimate both
the object and PSF from the image and
some imprecise PSF measurement.
The Eqs. 2 and 4 can indeed be generalised, in the same probabilistic framework, to the case of a joint estimation of
[o, h]. One obtains:
[ô, ĥ] = arg max p(o, hi) =
o,h

arg max p(io, h) × p(o) × p(h) =
o,h

(6)

arg min [Jn (o, h) + Jo (o) + Jh (h)].

bration errors [9] or to the wavefront
sensing noise for faint stars.
Note that the new criterion is convex
in o for a given h, convex in h for a given o but it is not convex on the whole
parameter space. However, it is possible to use starting points that are close
to the global minimum, and we did not
encounter minimisation problems with
the conjugate gradient method. A positivity constraint is also used on the PSF
(h = b2).

o,h

The myopic criterion is given by Eqs.
4 and 5, now a function of o and of h,
plus an additional term Jh = –ln p(h)
which accounts for the knowledge, although partial, available on the PSF.
Assuming stationary Gaussian statistics for the PSF, Jh reads:

(7)
~

~

where hm =~E [h] is~ the mean OTF, and
PSDh = E [h(ƒ) – hm(ƒ) 2] is the associated spatial Power Spectral Density
[PSD].
Such a regularisation obviously ensures that the actual OTF is close to the
mean OTF with respect to error bars
given by the PSD, which characterises
the fluctuations around the mean. In
practice, the mean PSF and the PSD
are estimated by replacing, in their definitions, the expected values (E [·]) by
an average on the different images
recorded on the unresolved star. Ideally
one would want to estimate the PSF
from the wavefront sensing data [10,
25] which would avoid the errors due to
seeing fluctuations. But even in this
case, the myopic approach can be interesting to account for the PSF uncertainties due to constant aberration cali-

4. Deconvolution of Simulated
VLT-NAOS Images
The application of MISTRAL to the
simulated VLT-NAOS visible image presented in Section 2 is discussed here.
Figure 4 shows the results obtained
in the ideal case of a classical deconvolution using the true PSF. The deconvolution obtained with MISTRAL at convergence (360 iterations) of the minimisation of Eq. 4 is compared to the RL
estimation stopped respectively at
1000, 6830 and 50,000 iterations. In
each case a log-scale version of the restored object is shown in order to check
the detection of the faint stars in the
background.
A quantitative measurement of the
restoration quality can be given in terms
of distance to the true object, rms value
expressed in photons/pixel and computed on the full field of view. The distance is 5150 photons/pixel for the
MISTRAL estimate, and respectively
11,800, 9900 and 13,900 photons/pixel
for the RL cases. The evolution of the
distance with the computation time is
given in Figure 5. The estimate obtained with 6830 iterations and shown
in Figure 4 therefore corresponds to the
best RL estimate. The starting point is
always the image thresholded to a
slightly positive level for implementation

Mistral Classic

Lucy 1000 it

Lucy 6830 it

Lucy 50,000 it

Figure 4: Classical deconvolution with MISTRAL and RL estimates with 1000, 6830 and 50,000 iterations. The PSF is the true PSF. The deconvolution is performed on the 0.8 arcsec field of view but only a 0.4 arcsec subfield is displayed. In each case we show the corresponding
log-scale map (right-hand side panel in each pair of images). The distance to the true object is 5150 photons/pixel with MISTRAL and respectively 11,800, 9900 and 13,900 photons/pixel for the RL cases.

of the positivity. The RL estimate never
reaches the distance obtained with
MISTRAL and diverges for a large number of iterations. It goes from a lowresolution estimate with ringing artefacts to a very noisy one. The restoration quality is obviously much higher
with our regularised algorithm. The
global photometry is very precisely restored. The stars in the background
are well detected and only slightly
smoothed. This large dynamic is permitted by a good model of the image
noise. Note also that MISTRAL reaches
convergence in a quite reasonable
amount of time (P 390 s and 360 iterations), roughly the same time required for RL to reach its best estima-

tion (P 330 s and 6800 iterations). Note
also that MISTRAL is able to both restore the edge of the object and the
structures on the surface.
We then consider the case of a poor
estimation of the PSF. We recall that
the image was obtained with a PSF corresponding to a 0.73 arcsec seeing. We
assume that 5 images of an unresolved
star were recorded shortly before or after. The seeing is supposed to be unstable and the seeing is actually 0.65,
0.73, 0.79, 0.85 and 0.93 arcsec respectively for each of these calibration
images. The OTF estimates are shown
in Figure 2 as well as the mean OTF.
Since it can be difficult to estimate precisely the seeing conditions to select

the correct OTF, one may want to use a
classical deconvolution assuming that
the true OTF is the mean OTF. The result obtained with MISTRAL with this
assumption is shown in Figure 6.
Despite the fact that the mean OTF is
close to the true one (SR = 1.7% instead of 2.1%), the restoration is poor:
artefacts on the surface, apparent diameter underestimated, no detection of
the surrounding stars. The distance to
the true object is large (P 23,000 photons/pixel). The other approach is to
use MISTRAL in the myopic mode (minimisation at convergence of Eq. 6) with
the same mean OTF and a PSD which
is nothing but the variance estimated
out of these 5 OTF measurements for
each spatial frequency. The restoration
is very similar to that obtained with the
true PSF. The distance to the true object is P 6800 photons/pixel. Note however that part of the dynamic is lost.
Only the two brightest stars are detected. The computation time required in
the myopic case is P 1900 s (1600 iterations) which is still quite reasonable.

5. Deconvolution of
Experimental ADONIS Data

Figure 5: Distance to the true object, rms value expressed in photons/pixel, versus computation time: MISTRAL (solid line), RL (dashed line).

ADONIS, the AO system mounted on
the 3.6-m telescope of the La Silla observatory, has been routinely used by
the ESO community since 1993. The
wavefront distortions of the visible incoming light are measured using one of
the two Shack-Hartmann wavefront
sensors (WFS). The 52-actuators deformable mirror and tip-tilt mirror control
is performed by a modal optimisation.
ADONIS is the only AO system providing an imaging facility in the 1–5 µm
range via two NIR cameras. The plane-
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MISTRAL with mean PSF

Myopic MISTRAL

Figure 6: MISTRAL classical deconvolution with mean PSF considered as the true PSF and myopic deconvolution. In each case we show the
corresponding log-scale map. The deconvolution is performed on the 0.8 arcsec field of view but only a 0.4 arcsec sub-field is displayed. The
distance to the true object is respectively 23,000 and 6800 photons/pixel (see Section 4).

tary observations presented below
have been performed without prefocal
optics using broad-band filters.

5.1 Monitoring of Io’s volcanism
Io’s volcanic activity, attributed to internal heating due to tidal effects between Jupiter and Io, was first discovered from space with Voyager 1 and 2
in 1979. They have shown the presence of active volcanic centres, called
hot spots, detectable by their IR emission. Since then, and because of the increase in IR detector sensitivity, Io’s
variable volcanos of the Jupiter-facing
hemisphere have been studied by
ground-based observations when Io is
located in the shadow of Jupiter [27].
Since October 1996, ADONIS AO system coupled with its COMIC thermal
camera (CEA/LIR/LETI detector, 128 ×
128, 100 mas/pixel) has been used to
monitor Io’s volcanic activity [28].
Observations performed with a L’
broad-band filter (λc = 3.8 µm) using the
satellite itself as reference (angular size
p 1.0 arcsec, mv p 5) allow a complete
mapping of its surface. In this spectral
range, the AO correction is quite efficient and the typical SR obtained is
around 45% with a 0.8 arcsec seeing.

An AO corrected image and the corresponding PSF are presented in Figure 7. Only the bright Loki hot spot is
detected on the AO corrected image.
A deconvolution is required to study
other structures. In addition to the
residual blur, the image incorporates a
rather uniform high-level background
emission produced by the sky and the
bench optical elements [29] and a
variable and inhomogeneous background modulated by the AO correction
[30]. A good background subtraction is
of course important for the deconvolution.
We present in Figure 8 two consecutive images of Io’s Jupiter-facing
hemisphere taken in September 1998
and processed with MISTRAL [31].
We used the myopic mode to account
for seeing variations. Loki, well-known
hot spot located on the Jupiter-facing
hemisphere, is quite active and surrounded by secondary outbursts.
Standard deconvolution processes
cannot be applied on these data.
Indeed, in the absence of edge-preserving regularisation term, the whole
energy of the disk tends to be concentrated in the bright Loki feature.
Our observations are well correlated to,
and complement those, made by

Galileo/NIMS spectrocamera [26] (see
Fig. 8). The coupling of AO system with
a thermal camera and the use of a specific deconvolution process for planetary objects, such as MISTRAL, is very
promising for our understanding of Io’s
volcanism which can only be accomplished by a frequent monitoring of its
activity.

5.2 Study of the Uranian system
Uranus has been observed with
broad-band filters (J,H,K) using the
SHARPII+ camera (Rockwell NICMOS3 detector, 1–2.5 µm, 100 mas/
pixel) on May 2, 1999. These observations have been performed thanks to
the capability of the Shack-Hartmann
WFS to analyse the wavefront on an
extended object. Because of the relatively small angular size of the planet
(2.6 arcsec) and the excellent seeing
condition (0.5 arcsec and very stable),
the correction quality was high and we
got a SR of 48% in K band (2.2 µm).
The centroid position error, in each
sub-pupil, is however higher on extended objects, hence a degraded AO performance on such extended objects.
The image of an unresolved star is
therefore a biased measurement of the

Figure 7: ADONIS image of Io and a log-scale representation of the corresponding PSF. Only the bright Loki hot spot is detected on the Io’s
disk.
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cility and the accurate MISTRAL deconvolution method will allow us to
study the atmospheric activity of the
planets, the colour and composition of
the rings. The comparison of the positions of the faintest satellites with
ephemerides will also better constrain
physical parameters (body masses,
flattening factor . . .) and to elaborate a
more accurate analytical theory of the
satellite motion [32].

6. Conclusion

Figure 8: Two consecutive images of the Jupiter-facing hemisphere of Io observed with ADONIS/COMIC in L’ band and processed with MISTRAL. The green boxes correspond to the projection of the hot spots detected by Galileo/NIMS during the first four orbits [26]. The right
panel indicates the geometry of Io at the date of the observation and the name of the known
hot spots (courtesy Bureau des Longitudes). See Section 5.

PSF and a myopic deconvolution
method is definitely necessary to restore the initial sharpness of the images. Figure 9 displays a set of data after deconvolution with MISTRAL. In J
(1.2 µm) and H (1.6 µm) bands, the
planetary disk is not uniform as observed in the visible and shows bright
polar haze distributed along a latitude.
In K band, due to the methane atmospheric absorption band, the planet is
dark and the brightest feature is the
Epsilon ring with its longitudinal anomaly. Looking at the low intensity levels in

J and H band (Fig. 10), one can see the
Epsilon ring and also some innermost
ones. The exterior satellites Ariel,
Miranda and Puck can be detected with
standard deconvolution such as RL.
But the myopic deconvolution process
also reveals the presence of the innermost satellites, Portia, Rosalind, Bianca
and Juliet (see Fig. 10) which have
been discovered by Voyager 2 in 1986
and never re-observed since then. After
these first successful observations, the
monitoring of Uranus and its environment will continue. The AO system fa-

MISTRAL is a myopic deconvolution
algorithm particularly adapted for AO
corrected images of astronomical objects. It accounts for the noise in the image, for the presence of sharp structures in the object and for the fact that
the PSF is usually not perfectly known.
Its ability to provide high photometric
precision estimates with a quite reasonable computation time has been illustrated on simulated data. The simulation conditions correspond to a VLTNAOS observation in the visible. Since
the system is optimised in the near IR,
the correction quality in the visible is
low (SR P 2% here). Even in such severe conditions, a diffraction-limited
restoration is obtained.
MISTRAL has also been applied to
ADONIS images of Io in the thermal domain, and images of Uranus in the near
IR. In addition to the bright hot spot
Loki, secondary outbursts were observed on Io’s Jupiter-facing hemisphere. Such observations are very
promising for our understanding of Io’s
volcanism which can only be accomplished by frequent monitoring of its activity. Concerning Uranus, the structures of the rings and its innermost
satellites have been successfully detected. We will continue a monitoring of
Uranus and its environment. Solar-system studies (atmospheric activity of the
planets, colour and composition of the
rings, position of the faint satellites) require high-resolution and high-photometric-precision data. These can be ob-

Figure 9: Uranus observed in May 1999 (north is down, east is left) after deconvolution by MISTRAL. In J and H bands, the hazy atmospheric
regions are clearly visible around the pole. In K band, the methane atmospheric band absorbs the solar light and the bright feature observed
is the Epsilon ring and its longitudinal anomaly.
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Figure 10: Logarithmic display of the MISTRAL images (north is up and east is left) showing the lowest intensity levels in the J and H images.
Innermost rings and faintest satellites (first observed with Voyager in 1986) are also detected.

tained with large telescope AO observations in conjunction with a high-precision deconvolution technique.
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A New Look at the Sombrero Galaxy

This image of Messier 104, also known as Sombrero Galaxy, because of its particular shape, was obtained with FORS1 at VLT Antu on
January 30, 2000. The colour image was made by a combination of three CCD images obtained by Peter Barthel from the Kapteyn Institute
at Groningen, Netherlands. He and Mark Neeser, also from the Kapteyn Institute, produced the composite images.
The “Sombrero” is notable for its dominant nuclear bulge, composed primarily of old stars, and its nearly edge-on disk composed of stars,
gas and intricately structured dust. The complexity of this dust and the high resolution of this image are most apparent directly in front of the
bright nucleus, but it is also evident as dark absorbing lanes throughout the disk.
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