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r This mosaic was created from the majority of the Hubble Deep Field

South imaging data. All the flanking field images were included (9 for
each camera) as well as the deep images of the three primary fields and
the STIS-on-NICMOS additional exposures. Where there were
multiple bands for the same fields these have been colour coded. This
mosaic was assembled from the data products available from the Web
(http://www.stsci.edu/ftp/science/hdfsouth/hdfs.html) at a scale of
0".25 arcsec/pixel using a revised version of the ‘Drizzle’ software. It
is intended just to give a visual display of the data and certainly isn't
suitable for scientific use.
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 Next Generation Space Telescope
— European news
Peter Jakobsen (ESTEC) & Robert Fosbury

In the previous issue of this Newsletter (No. 25, November
1998), we outlined the European involvement in the NGST

project and indicated what this should mean in practice for
European astronomers.  The recent edition of ESA’s
ASTRONEWS (No. 38, May1999) gives a current overview of
the project and its science drivers and alerts us to the negotia-
tions planned for early next year between the three agencies,
NASA, ESA and the Canadian Space Agency (CSA), which
will determine the nature of their hardware contributions to
the spacecraft. Here we describe the series of events which
will take place throughout the rest of this year in preparation
for these critical decisions. This is an appropriate time for such
a description as the procedure for identifying the likely
instrument complement for NGST and its allocation amongst
NASA, ESA and CSA has recently been agreed upon.

All three agencies are presently conducting NGST instru-
ment concept studies encompassing the full array of possible
instruments (cameras and spectrographs) and instrument
technologies for NGST. These studies will provide the basis
for a recommended payload suite for NGST. In particular, the
studies that ESA is currently conducting (integral field
spectrograph, complete payload suite and imager/spec-
trograph for the visible wavelength region) cover both
imagers and spectrographs spanning the entire foreseeable
wavelength region of NGST (0.5 – 28 µm).

The results of all the ESA, NASA and CSA instrument
studies will be presented during the ‘NGST Science and
Technology Exposition’, to be held on 13–16 September in
Hyannis, Massachusetts on September 13-16, 1999 (see the
NASA’s Woods Hole web page for further information).
These will later be summarised in 30-page reports conforming
to a standard format agreed upon between the three partners.

These study results will, during the course of October and
November, be reviewed by the following two committees:

❏ A scientific committee consisting of the Ad-hoc Science
Working Group (ASWG) augmented with European and
Canadian scientists  drawn from the ESA and CSA Study
Science Teams. It will be called the ‘ASWG+’.

❏ A technology readiness review board consisting of NASA,
ESA and CSA project personnel.

The ASWG+ will define the generic capabilities needed to
enable the NGST science requirements and will attempt to
assign priorities to the instrument concepts based on their
capability of performing the programmes in its Design
Reference Mission (DRM).

The technology readiness review board will assess the
generic concepts for technical feasibility, risk, cost and
readiness relative to the NGST development schedule.

The findings and recommendations of the ASWG+ and the
technology readiness review board will be written up under
the leadership of the NASA Project Scientist. This report, to be
issued in draft form by December 1999, will be open for
comment by the US, European and Canadian scientific
communities. The final instrument concept evaluation report
will be issued in February 2000.

Based on the selected generic concepts and capabilities of
the required payload suite, the ESA and CSA instrument
contributions will be agreed upon during inter-agency
negotiations to be held in March/April 2000.

Once agreement on the definition of the ESA-supplied
instrument has been reached with NASA and CSA at the
project and management levels, the endorsements of the
European scientific communities, represented by ESA’s
Astronomy Working Group, Space Science Advisory Commit-
tee and Science Programme Committee, must be obtained
before detailed Phase A-level work on the instrument can
commence.

The window of opportunity for ESA’s NGST participation

is the so-called ‘F2’ mission in the Horizon 2000+ Programme.
Hence NGST will have to compete with any other astronomy
missions vying for this slot. The ‘Call for Ideas’ for the F2
opportunity is presently expected to be released before the
end of this year with selection in June 2000. The next twelve
months will  be a very intense period for the study teams, the
science teams and the project management but by this time
next year we will have a firmer picture of the likely capabili-
ties of the NGST observatory  and ESA’s contributions to it.

Web references
ST-ECF Newsletter No. 25 (pdf): http://ecf.hq.eso.org/newsletter/

stecf-nl-25.pdf

ESA Astronews No. 38 (html): http://astro.estec.esa.nl/SA-general/
Astronews/38-html/an38.html#ngst

Design Reference Mission (DRM): http://www.ngst.stsci.edu/drm/
programs.html

Woods Hole exposition meeting (Sept. 13-16, 1999): http://
ngst.gsfc.nasa.gov/science/meetings/WHannouncement.html

Although Hubble is operating nominally, concern was
raised last January when a jump was noticed in the

current of the motor driving gyro number 3. Hubble carries
six such gyros, three of which are used during normal
operations while a fourth runs on standby. The remaining two
are kept off-line as redundant spares. Gyro 3 subsequently
failed completely and appears to have suffered flex-lead
erosion resulting from the effects of contaminated float-fluid,
similar to the problem which has afflicted the other two gyros
filled from the same batch. The remaining working gyros,
numbers 1, 2 and 5 are filled with a different, older batch of
fluid.

While science operations continue unaffected in the three-
gyro configuration, a further failure would put HST into a
safemode which would not only curtail science operations but
would also complicate the ‘grappling’ of the spacecraft during
the next servicing mission. Because of the potential risk and
considering the fact that that the third Maintenance and
Refurbishment Mission being prepared for mid-2000 had a
very crowded schedule, NASA decided to split the M&R into
two missions. The first of these, SM3-A or STS-103, is designed
to replace the defective gyros and is scheduled for October 14,
1999. The second, which will replace the FOC with the ACS
(Advanced Camera for Surveys) and install the NICMOS
cryocooler and the new Solar Arrays, is planned for late-2000
or the first half of 2001. In addition to replacing all six gyro-
scopes on the October flight, the crew of STS-103 will replace a
number of other items including a fine guidance sensor (FGS),
the spacecraft’s computer, a transmitter and some of the
telescope insulation which has degraded over the years. The
new computer will reduce the burden of flight software
maintenance and significantly lower costs.  A voltage/
temperature kit will be installed to protect spacecraft batteries
from overcharging and overheating if the spacecraft enters
safemode.  A second spare solid state recorder will be
installed to allow efficient handling of high-volume data.  The
European Space Agency astronauts Claude Nicollier (who
was already a member of the first HST repair mission in  1993)
and Jean-Francois Clervoy will be part of the STS-103 crew.

A plan for the verification and re-calibration of the
scientific instruments following the October mission is being
prepared and staff from the ST-ECF will participate in its
implementation.

HST news
Piero Benvenuti
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In the last few years there have been many image restoration
and related techniques applied to optical and near IR

imaging from HST and groundbased images. The ST-ECF,
largely under the guidance of Leon Lucy, has worked in this
area and several new algorithms have been implemented and
made available. This article gives an overview of this and
related work in order to clarify the relative merits and
applicability of the different methods. The combination of
dithered images is included as it is closely related and of
importance in the HST community. The article is oriented
towards software developed at the ST-ECF and does not
attempt to be comprehensive.

Single channel restoration
Classical single channel restoration attempts to remove or
reduce the blurring of an image which results from its
convolution with an instrumental or atmospheric point spread
function (PSF). The topic was extensively discussed following
the discovery of spherical aberration in images from the
Hubble Space Telescope in the summer of 1990. It was quickly
found that such methods could certainly improve the contrast
and apparent sharpness of images to some extent but that
such improvements were tightly constrained by the noise
characteristics of the data, knowledge of the PSF as well as the
presence of artifacts. At this stage the Richardson-Lucy (RL,
Richardson 1972, Lucy 1974) method was widely adopted as it
is a formally correct maximum likelihood algorithm for
images with Poissonian (and hence non-negative) noise
characteristics. Lucy has investigated in detail the true gain in
resolution which is possible from restoration methods on test
images having differing signal to noise ratios (Lucy 1992). This
study reveals that resolution gains of greater than 2, or
possibly 3, are possible for high signal to noise images but that
higher resolution enhancements require data with s/n ratios
which are impossible to achieve in practice.

Methods such as RL are iterative and non-linear. As
iterations proceed the result gets sharper but after a while the
method overfits the noise. It becomes an important question to
determine the number of iterations to apply for optimum
results and unfortunately the answer to this question varies
within the image—high s/n ratio areas (for example the bright
nuclear region of a galaxy) require more iterations than the
faint and noisy background. The non-linearity leads to many
kinds of artifacts as well as highly correlated noise. Hence it is
much more difficult to decide whether or not a feature in a
restored image is real using simple statistical tests than for an
image with known pixel-to-pixel noise characteristics.

In order to reduce the computational requirements of RL,
which can be demanding for large images, several acceleration
schemes have been proposed (eg, Hook & Lucy, 1993). These
are implemented in both the acoadd and the lucy tasks in
STSDAS.

More complex methods such as those using entropy
constraints (MEM) as well as likelihood maximisation have
proved quite successful in many fields. They have the
advantage over RL that stopping rules do not have to be so
arbitrary and control of the resolution to be attempted is
possible. Another very powerful approach is the ‘pixon’
method (Dixon et al. 1996) which overcomes the problem that
different parts of the image contain different amounts of
information by only allowing the result to contain a level of
detail which is statistically justified by the data.

Restoration methods can enhance the contrast and to some
extent the resolution of images. This can be valuable for
qualitative study but it is rare that such processing leads to an
output image which can be subjected directly to quantitative
analysis. In many cases a more appropriate approach is to
incorporate the known degradation of the data into the
analysis process. An example is model fitting. Typically it is

better to produce a model, degrade it using knowledge of the
PSF and fit the result to the original data (where the noise
characteristics are known and can be used to give meaningful
statistical significance to the results) rather than try to fit a
model to a restored image directly.

Another important thing to consider is the question of
artifacts. Because these methods are non-linear, resolution can
be a function of position in the image. A typical case of this is
when two stars are very close. A ‘bridge’ of flux will stretch
from one to the other in the restored image and hence the
effective resolution will be less along the line joining the two
maxima when compared to perpendicular to the line.

Perhaps the most common objectionable artifacts are those
affecting photometry. For a point-source on a bright back-
ground the RL method will ‘dig’ a circular ditch around the
point source and transfer this flux into the central star. This
leads to an over-estimate of the stellar flux as well as an ugly
artifact. Other methods such as MEM which have smoothness
constraints also tend to introduce photometric errors. These
problems are addressed to a large extent by the two-channel
output methods mentioned below.

Comprehensive implementations of both the RL and MEM
methods can be found in the IRAF/STSDAS package in the
‘restore’ sub-package. As this software has been widely used
it has become the standard implementation for optical
astronomical image restoration.

Multiple input channel restoration methods
The RL method lends itself easily to a multiple input-channel
generalisation in which information from several frames, each
with a different PSF, are combined to give a single output
image. As was shown in Lucy & Hook (1991) this method also
forms a way of performing ‘generalised coaddition’ of a stack
of images taken with the same ground-based telescope under
differing seeing conditions. In this case the output is not the
maximum likelihood standard result but instead the convolu-
tion of this image with a selected ‘best’ PSF. This has the great
virtue of largely suppressing the artifacts described above,
using information from all input frames, even those with less
good seeing, but retaining the resolution of the best of them.
An implementation of this method is acoadd in the STSDAS

An overview of some image restoration and
combination methods
Richard Hook

Figure 1. A comparison between deep Keck imaging (courtesy M.
Cohen and co-workers) and HST imaging and showing an acoadd
combination of both.
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‘contrib’ package which is also described below as an algo-
rithm for the combination of dithered undersampled images.
This method is sometimes called ‘Lucy-Hook combination’.

This method has also been proposed for combining
ground and space based images and has been successfully
used for this purpose, particularly in cases where the
groundbased image is of high quality (resolution not too
dramatically inferior to that from space, and deep). An
example of this is given in Figure 1 where a deep Keck image
is combined with a shallow HST one.

Although this approach largely overcomes the problem of
artifacts, by being modest in its resolution enhancement aims,
the problems associated with correlated noise in the output
remain.

Multiple output channel restoration methods
PLUCY In order to address the problem of point-source
photometry in restored images Lucy (1994) proposed and
tested a two channel ‘photometric restoration method’. In the
initial concept, the output restored image was divided into
two channels. One contained point-sources which were
represented as δ-functions at user-specified positions. The
other channel was constrained to be smooth by an additional
entropy term and was used to model the background intensity
distribution due to both objects in the field with extended
emission and any other sources of background. This method
was implemented and made available as a code known as
plucy in the STSDAS ‘contrib’ package. This is described in
Lucy (1994). This code has been successfully used for several
astronomical projects. See for example Close et al. (1998) or
Brandl et al. (1996) where the method is used to process
adaptive optics images. Hook et al. (1994) show how it can be
used to reveal a QSO host galaxy underlying a very bright
point source. It should be noted that the photometric fidelity
of this method applies only to the point-source fluxes: features
in the background channel will suffer from bias as described
above for the single-channel case.

CPLUCY The plucy method has several disadvantages for
some work. Firstly the requirement that points were
δ-functions which had to be located at the centres of pixels in
the point-source image made setting the correct positions,
which could really be anywhere within a pixel, problematic.
This normally required highly sub-sampled images which led
to unrealistically large arrays. This restriction has been
removed in the modified code cplucy. In this case the points
are not δ-functions but instead simply X,Y positions at
arbitrary sub-pixel positions. At the start of the code, the
supplied PSF (which should be well-sampled and may be on a
finer pixel grid than the data) is shifted to the appropriate
position for each point source and a small internal library of
correctly positioned PSFs used during subsequent processing.
This also allows the PSF images to be much smaller than the
full data frames—which is normally the case. The cplucy code
is available at ftp://ecf.hq.eso.org/rhook/cplucy
and will form part of the forthcoming release of the ‘stecf’
IRAF package along with many of the other tasks described
here. An example of using cplucy on HST/NICMOS images of
the Orion molecular cloud is described in Hook & Stolovy
(1998).
GIRA Another deficiency of plucy and cplucy was that they
made use of an entropy constraint on the background. This
meant that the user had to choose values for two free param-
eters: the ‘smoothing kernel’ for the background and the
‘coupling constant’ which controlled how strongly the
entropy term contributed to the objective function which was
being maximised. The complexity of this two-term method
also could lead to convergence problems under some circum-
stances. Leon Lucy therefore developed an alternative
approach which achieved similar ends within a pure maxi-
mum likelihood framework. In this case, the background
channel is represented not as a set of independent pixels but
as the sum of a set of Gaussians, one for each pixel. The width
of these Gaussians is a free parameter, the only one, which
constrains the maximum fine structure in the background in
an intuitively simple manner. This method also has the
potential to optimise the positions of the point-sources as well

as their flux. The implementation of this method, called gira, is
well advanced and is described in a companion paper by
Pirzkal et al. in the Web edition of this Newsletter.

Other methods
Many of the problems addressed by the family of algorithms
described in this section have also been studied in parallel by
Magain et al. (1998). They have developed another multi-
channel method based on the premise that restoration must be
constrained by the sampling theorem. This technique also
addresses the determination of accurate positions and
magnitudes for objects as part of the restoration process. The
algorithm has been very successfully applied to gravitation
lens systems and has great potential. On the other hand there
is at present no publicly available implementation in a
standard data analysis system used in astronomy. It should
also be noted that most of the criticisms noted in their paper,
although applying to the original plucy implementation, have
been addressed and overcome in  cplucy (which does not
require point-sources to be centred on pixels) and in gira.

Undersampled dithered image combination
Many imaging systems in astronomy, particularly space
cameras, have pixels which are too large to adequately sample
the image falling on them. It is widely known that ‘dithering’
— shifting by small amounts between exposures — can allow
some of this lost information to be recovered. This technique
is extensively used for HST WFPC 2 and NICMOS imaging
and is proposed for other systems (see “The Future of Space
Imaging”, ed. Robert Brown, STScI, 1993, chapter 7).

Algorithms have been developed to allow the effective
combination of such dithered, undersampled data. This
section briefly reviews the available software. The virtues and
drawbacks of different methods are presented as a guide to
workers with dithered data. An example using HST NICMOS
data is given.

Algorithms for combination
Several methods have been proposed for the reconstruction of
the true intensity distribution on the sky from dithered
undersampled images. Reviews of the situation a few years
ago, oriented towards the requirements of HST WFPC 2
imaging are given in Hook & Adorf (1995) and Adorf & Hook
(1995).  These describe iterative methods, one (acoadd) a simple
multiple input channel generalization of the standard
Richardson-Lucy restoration method which has been de-
scribed already above and the second a ‘projection onto
convex sets’ (pocs) approach. Acoadd was originally developed
for combining images with different PSFs but can also be
used, with shifted PSFs and sub-sampled output images, for
combining dithered under-sampled images. Its results are
normally presented as restorations carried to convergence and
subsequently convolved with a kernel function which
suppresses spurious high spatial frequency information. This
allows a choice of the effective output PSF within the con-
straints of artifacts on one side and without destroying too
much resolution on the other.

The requirements of the Hubble Deep Field imaging
project late in 1995 led to the development of a direct, non-
iterative linear approach to this problem which has become
known as ‘drizzling’ and widely used for HST and other data.
The method, a collaboration between the STScI and the
ST-ECF, is described in Fruchter & Hook (1997 & 1998). It is
available within the dither package in STSDAS and also from
http://www.stsci.edu/~fruchter/dither/
Drizzling was used for the combination of all the imaging
data from the Hubble Deep Field South observations in
October 1998.

Recently Lauer (1999) has approached the problem in a
different way and has derived a formally correct way of
reconstructing an image from multiple dithered
undersampled input images which has no loss of resolution at
the Nyquist scale. This is achieved by suppressing artifacts
caused by aliasing in Fourier space. This paper is also a
detailed discussion of the subject in general. Although this
approach may well be optimal in some cases, its recent
appearance and the lack of a common-user software imple-
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mentation at present mean that it cannot be included in the
comparisons given below.

Neither Drizzling nor the Lauer method attempt to
remove the effects of the optical PSF or the PRF of the detec-
tor. The images which they produce are therefore free of the
artifacts which arise when using non-linear methods to
attempt to recover higher spatial frequency information which
may not exist in the original data. On the other hand they fail
to use such information when it does exist—typically in high
contrast, high signal to noise regions of well-exposed images.
In this regime non-linear restoration based methods can be
valuable.

Comparison of combination methods
The methods described above are in some respects comple-
mentary. To guide the prospective user, some of the most
important advantages and disadvantages are tabulated here.

Multichannel Lucy restoration (acoadd):
+ can attempt reconstruction of higher spatial frequency information

(super-resolution)

+ can create output images with a specified resolution

+ can combine images with different PSFs

– may introduce photometric bias of point-sources and other artifacts

– cannot handle geometric distortion

– creates output images with strongly correlated noise

– requires good knowledge of the PSF

– is computationally intensive and iterative

Drizzling
+ is photometrically faithful and introduces minimal artifacts

+ produces noise correlations only on small scales and in predictable
ways

+ can handle arbitrary geometric distortions

+ can handle pixel weighting in a fully flexible way

+ is relatively fast and efficient for large images

– requires images with matched PSFs

– cannot achieve super-resolution

– produces output images that have a small amount of space-variant
smoothing

An image combination example
To illustrate the relative merits of the two methods compared
above, some deep HST NICMOS camera 3 imaging at 9 dither
positions were combined using both acoadd and drizzle as the
combination engines. The results are shown in Figure 2 for
two different parameters in each case. For all images the
output image had a pixel spacing which was three times as
fine as that of the input. The contrast and slight resolution
enhancement offered by acoadd is clear as is the strongly
correlated noise speckling in the background.
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Reducing HST imaging
polarimetry

Jeremy Walsh

All the imaging instruments aboard HST have been
provided with imaging linear polarization capabilities.

However, no widely distributed software currently exists to
routinely turn the observed images into polarization maps. A
software package is described, to run under IRAF/STSDAS,
which handles polarimetry data from FOC, NICMOS and
WFPC 2. Some examples of real and simulated data are shown
to illustrate the capabilities.

Introduction
HST has been well supplied with imaging polarimetry
facilities: of the current generation of instruments FOC,
NICMOS and WFPC 2 all have (linear) polarimetric capabili-
ties. The Advanced Camera for Surveys (ACS), due for
installation in 2001, will also have polarizing filters in the
Wide Field and High Resolution channels. These instruments
have been used for a variety of studies of polarized objects
from reflection nebulæ around young stars, to dust shells
around evolved stars, supernovæ, AGN narrow line regions
to QSO’s. No HST instrument is capable of measuring circular
polarization; the FOS spectropolarimeter module however
allowed simultaneous measurement of circular and linear
polarization. The advantage of HST for polarimetry arises
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largely from the very stable PSF, together with the perfect
seeing, which allows high spatial resolution polarization maps
to be produced. It has been shown that there is often small
scale polarization structure which is smeared out to lower
values on ground based maps (see eg, Hines 1998). In addi-
tion, the low and stable background allows polarimetry of
faint extended objects and the stable transmission renders
unnecessary precautions such as using a retarder (half or
quarter wave plate) for simultaneous detection of two
components of the input radiation, which is often employed in
ground-based polarimeters. Instruments with UV polarimetric
capability, such as FOC and in the future ACS, can also
provide unique science not achievable from the ground.

Polarimetry data have a reputation for being difficult to
reduce: the polarization must be derived from small differ-
ences in signal and there are special precautions to be taken in
the derivation of the Stokes parameters (I, Q and U) and
correction for bias in calculation of the linear polarization (see
Simmons & Stewart, 1985). Given measurements of the Stokes
parameters I (total signal), Q and U (see eg, di Serego
Alighieri, 1997),  the linear polarization p, and position angle
of the electric vector, θ , are given by

p = √[Q2 + U2]/I
θ  = 0.5 tan–1[U/Q].

Calculation of these quantities would appear to be a simple
matter except that in the presence of errors in Q and U (which
can take positive and negative values and whose errors do not
have a Gaussian error distribution), the estimate of the
polarization is biased upwards. Therefore in order to deter-
mine correct values of p (and θ) the simple estimate must be
corrected by a factor depending on the errors on Q and U.
This entails somewhat more detail than is usually available
through simple image arithmetic, and thus requires dedicated
routines. Such routines are available in several packages such
as the Starlink IRCAMPACK package and in ESO-MIDAS
where routines specifically for the polarimetry mode of the
VLT FORS-1 instrument are soon to be available.

So far there has been no tool aimed at HST polarimetry
data. In principle existing tools should be sufficient but there
are some particular aspects which complicate the procedure.
Some of the polarizer filters do not have 100% rejection of
polarized light at right angles to the polarizer axis (eg,
NICMOS) and for WFPC 2 the pick-off mirror, with a reflec-
tion angle of 47°, induces phase retardance and selective
reflection depending on the orientation of the incoming wave.
These matters have been well described: by Biretta and
McMaster (1997) for WFPC 2 and by Hines (1998) for
NICMOS. Biretta also developed Web-based calibration tools
for WFPC2 providing correction coefficients to be applied to
observed data, see:

http://www.stsci.edu/instruments/wfpc2/
wfpc2_pol_top.html

However no software tool exists for producing, in a stream-
lined way, polarization maps for HST instruments. Given that
proper exploitation of the data requires the existence and use
of statistical errors then there is a clear need for a tool which
handles HST data, corrects for the various instrumental effects
and produces output polarization maps with propagated
errors, and also allows the resulting maps to be flexibly
plotted. This article describes such a package which has been
written to run under IRAF and which is designed to compre-
hensively handle HST image polarimetry data.

The impol package
A single routine (hstpolima) has been written and tested to
reduce HST polarimetry data. The input consists of lists of
images and their associated error images and the task is
driven almost entirely by the header keywords. The instru-
ment, polarizing filter, colour filter and instrument position
angle are all read from the header keywords. The instrumen-
tal parameters (such as polarizer filter transmissions) are read
from a table file. The chief options are the binning to apply to
the output data to increase the polarization signal-to-noise
and the threshold polarization error per bin. Output pixels
with polarization errors above this threshold are not written

to the output files. The output files consist of the total signal (I
Stokes parameter), the normalised Q and U Stokes param-
eters, the linear polarization (%), the position angle (degrees)
and the corresponding error images. Gaussian error propaga-
tion is used where possible but the linear polarization is
corrected for bias using the Rice distribution (Wardle &
Kronberg 1974) and the distribution of position angle errors is
explicitly solved (Naghizadeh-Khouei & Clarke 1993).

The input files are the output from the pipeline calibrated
data. They must all be well aligned in order to determine
pixel-to-pixel polarization information. The required error
files can be formed from the input files by correcting by the
value of the gain (electrons/ADU) and summing in
quadrature the read-out noise, where specific error files are
not available. This routine allows accurate estimation of
polarization maps for FOC, NICMOS and WFPC 2 images.
The results are compatible with those produced by the
WFPC 2 polarization calibration tool and the Hines, Schmidt
& Lytle algorithm (Hines et al. 1997) for NICMOS.

In order to visualize polarimetry data the polarization
vector field should preferably be plotted on top of the
intensity image. The impol package includes a plotting task
although others are available in IRAF and STSDAS; the task
polimplot is specifically designed for the output polarization
and position angle data from hstpolima. Options available
include plotting only a range of polarization values, sparse
plotting of vectors for better clarity and rotation of the vectors
for rotation between image and sky plane. By specifying the
image display as the plot device and making sure that the
Normalized Device Coordinates (NDC’s) of the image match
those of the polarization map, the vector map can be overlaid
on the intensity plot. Figure 1 shows as an example of such a
plot, the NIC 2 image of CRL 2688 (The Cygnus Egg Nebula)
taken in proposal 7115 (PI Hines). Note how the polarization
vectors are oriented perpendicular to the direction to the
illuminating source along the lobes but at right angles to this
direction at the position of the putative equatorial disk, giving
evidence either of multiple scattering within the central disk
or perhaps transmission by aligned grains (see Sahai et al.
1998).

For the purposes of calibration an unpolarized star is
observed to determine the level of purely instrumental
polarization and a polarized standard for measurement of the
polarization efficiency and any rotation of the polarization
position angle. In such cases only the integrated signal is of

Figure 1. Polarization vector map of the bipolar reflection nebula
CRL 2688 (Cygnus Egg), which surrounds an AGB star, overlaid
on the Stokes I image. Data from three NICMOS images taken with
the the NIC 2 camera and the long pass polarizer filters (wavelength
centre 1.91µm, width 0.20µm) were processed.
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interest and no spatial information is required. A separate task
(hstpolpoints) allows the signal within a circular aperture to be
integrated, subtracting the sky in an annulus if required; the
output Stokes parameters, linear polarization and position
angle are recorded in an output table. Similar to hstpolima the
input file header parameters are read to determine the
instrument specific corrections.

Both in designing polarimetry observations and in
understanding the relevance of the reduced data, simulation
tools are required. Starting from an intensity image in ADU, a
simulated polarization map is formed by specifiying the radial
variation of polarization using the task polimodel. Several
polarized sources can be specified in a single image with
options for dealing with coincident points from both sources.
Figure 2 shows a example of a simulated image consisting of
two elliptical nebulae and a point illuminating source, created
using IRAF task ‘artdata.mkimage’ with the simulated
polarization vectors produced by the impol task polimodel.
Having produced the model polarization image another task
produces the instrument specific observed signal images for
the various polarizing filters (hstpolsim). Monte Carlo simula-
tion is used to produce error images corresponding to these
observed images so that the data can be fed into hstpolima to
determine the resultant detected data. Figure 3 shows for
example the polarization vector map produced from the
simulated data shown in Figure 2 for the case of WFPC 2
(Gain 7 was used).

The parameters specific to the HST instruments are
supplied in table files. These list the filter name, the position
angle of the polarizer filter transmission axis, the transmis-
sions of the polarizer filter parallel and perpendicular to its
axis, the reflectance of the s and p waves and the retardance of
the s wave relative to the p wave (appropriate when there is
reflection by a metallic coated mirror such as in WFPC 2), the
instrumental polarization and its position angle where these
are not covered by the other parameters. It is a simple matter
to produce table files for other (ground-based) instruments,
giving the task applicability beyond HST.

Conclusions
A comprehensive package of five IRAF tasks has been

described for reduction of HST imaging polarimetry data
without an in-depth knowledge of the polarization specifics of
the instruments. The package is written under IRAF using the
F77VOS library for access to the IRAF cl and image data (eg,
FITS). It will soon be released in the ‘stecf’ package. When
ACS comes into operation, the capability will be added to the
package to handle that data with the same tasks.

Acknowledgements

I should like to thank John Biretta for many discussions on
imaging polarimetry, WFPC 2 in particular, and for his
excellent WFPC 2 ISR on polarization calibration which
provided the groundwork for an integrated approach to
handling HST polarimetry data.

References
Berry, D. S., 1994, IRCAMPACK - IRCAM Data Reduction on Starlink.

Starlink SUN177

Biretta, J. McMaster, M., 1997, WFPC 2 Polarization Calibration,
WFPC 2 ISR 97-11

Hines, D. C., Schmidt, G. D., Lytle, D., 1997, The Polarimetric
Capabilities of NICMOS, in The 1997 HST Calibration Workshop,
S. Casertano, R. Jedrzejewski, T. Keyes, M. Stevens (eds.), STScI

Hines, D. C., 1998. Imaging Polarimetry with NICMOS, in: ESO
Conference & Workshop proc., 55, Pula, Sardinia, Italy, May 26-27,
1998, Wolfram Freudling and Richard Hook (eds.), 63

Naghizadeh-Khouei, J., Clarke, D., 1993, A&A, 274, 968

Sahai, R. Hines, D. C., Kastner, J. H., Weintraub, D. A., Trauger, J. T.,
Rieke, M. J., Thompson, R. I., Schneider, G., 1998, ApJ, 492, L163

di Serego Alighieri, S., 1997, in Instrumentation for Large Telescopes,
in: Proc. VII Canary Islands Winter School of Astrophysics,  J. M.
Rodriguez de Espinoza (eds.), CUP, Cambridge

Simmons, J. F. L., Stewart, B. G., 1985, A&A, 142, 100

Wardle, J. F. C., Kronberg, P. P., 1974, ApJ, 194, 249

Figure 2. Simulated
polarization vector map
of a bipolar reflection
nebula overlaid on the
total signal (Stokes I)
image. The image was
produced by ‘artdata/
mkobjects’ and the
polarization vectors
with polimodel. The
intensity image was
displayed and the
polarization vector map
overplotted using
polimplot.

Figure 3. ‘Observed’
polarization vector
map produced using
the task hstpolsim
from the simulated
image in Figure 2
with WFPC 2 as the
HST instrument. The
observed images
obtained in the four
POLQ configurations
(one per chip) plus
POLQN33,
POLQN18 and
POLQP15 (see
Biretta & McMaster 1997 for details) were combined to produce this
map. The cut-off in polarization error is 3% and every 9th vector in
X and Y is plotted.

A major uncertainty in the extraction of spectra from
NICMOS grism images has been their absolute flux

calibration. Several factors contributed to this uncertainty.
First, the absolute fluxes of the primary calibrators, P330e and
G191b2 were not known to better than about 5%. Secondly,
the effect of the pixel response function (PRF) on spectra
extracted from the undersampled NIC 3 images was not well
understood. A reanalysis of all available calibration observa-
tions was carried out and has led to new response curves for
the grisms. The data files are available from http://
ecf.hq.eso.org/nicmos/ and can be used directly with
the ST-ECF grism extraction software (http://
ecf.hq.eso.org/nicmos/grism_software.html). They
are also included in the latest software distribution.

The new response curves are based on new absolute flux
calibration of P330e (M. Rieke et al., 1999, in preparation) and
G191b2 (Calzetti et al., 1999, available at http://www.
stsci.edu/ftp/cdbs/cdbs2/calspec/). The main
effect of these new calibrations is a change in the overall
normalization of about 5%.

The new estimates for the response of the grism are now
fully corrected for the effect of the PRF. The procedure for
such a correction is implemented in NICMOSlook from version
2.6.0. A detailed description of methods and strategies for
such a correction is given in an article in the latest ST-ECF
Web-Newsletter. The effect of this correction is to eliminate a
wave-like pattern imprinted on extracted spectra with an
amplitude of about 10%.  The best quality extractions can be
achieved when these new calibration files are used and
individual spectra are corrected for the PRF.  However, the
new response curves should be used for all purposes, even
when PRF correction in the spectral extraction is not used.

New NICMOS grism
calibration
Wolfram Freudling
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Two channel photometric restoration algorithm—GIRA
.................Norbert Pirzkal, Richard Hook & Leon Lucy

We describe a novel two channel photometric restoration
technique and its implementation as an IRAF task called
GIRA. This new method is particularly suited to stellar
photometric measurements in crowded fields or in images
where an extended background is present. We applied the
current implementation of this technique to realistic, and
extremely crowded, simulated sets of V and I images which
were based on the core region of the globular cluster
NGC 6712. The results of these tests are presented.

The correction of NICMOS grism spectra for the pixel
response function
........................................................ Wolfram Freudling

The flux calibration of spectra extracted from NICMOS grism
observations has to take into account the effect of
undersampling of the Point Spread Function (PSF) on the
NIC3 detector. Intra-pixel sensitivity variations have a
significant effect on the extracted spectra of compact objects.
The latest version of the ST-ECF spectrum extraction software

NICMOSlook fully supports correction for this effect. This
article describes the nature of the problem, the approach to
correct for it and how the features in NICMOSlook should be
used.

HST resolution over areas larger than WFPC 2 frames
— drizzling of 15 images of the Orion nebula (M 42,
NGC 1976)
............................................................... Jeremy Walsh

The core of the Orion Nebula (M42) was imaged by WFPC 2
in [O III], Hα and [N II] emission line filters, and in a V-filter
(F547M), in several different programmes. The archival data, a
set of 15 pointings per filter, were assembed into
photometrically-valid images using the ‘drizzle’ software. The
motivation behind the project and some of the problems
encountered are briefly discussed. The colour image is
available on the Web and the individual drizzled images as
FITS files on request.

On The Fly Re-calibration of NICMOS Data
......Alberto Micol, Markus Dolensky & Benôit Pirenne

The CADC and ST-ECF are continuously working together on
extensions and improvements of the on-the-fly (OTF) calibra-
tion pipeline for HST. The latest result of this collaboration is
the on-the-fly re-calibration of NICMOS observations. The
NICMOS calibration pipeline is based on IRAF/STSDAS
tasks, namely calnica for single frames and calnicb for NICMOS
associations. This new service for NICMOS is available via the
ST-ECF Science Archive Web interface, along with OTF re-
calibration for all HST instruments.Users can access it at
http://archive.eso.org/wdb/wdb/hst/science/form
and learn more about the concept of OTF at
http://archive.eso.org/archive/hst/

The cover picture, showing the complete set of primary and flanking
fields for the Hubble Deep Field South, was prepared by Richard
Hook.


