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Abstract. Spatially-resolved spectroscopic investigations of exteded sources using
STIS, such as galactic black hole mass measurements and chistny in spatially
resolved structures around Eta Carinae, use a narrow extraion width (1-2 pixels
wide) to minimize source confusion. However, the combinatin of the nite pixel
size of the CCD and the slight tilt of the spectrum cause probems for the CALSTIS
extraction algorithm, resulting in spectra having a scallgped pattern (i.e. aliasing).
A wavelet interpolation algorithm is presented that nearly eliminates aliasing, while
preserving the ux content of the subpixels. This algorithm will be implemented as
a STSDAS task.

1. Introduction

Spatially-resolved spectroscopic investigations of exteded sources using the Space Telesc-
sope Imaging Spectrograph (STIS), such as galactic black h® mass measurements (Dressel
2003) and chemistry in spatially resolved structures aroum Eta Carinae (Davidson 2004),
use a narrow extraction mask (1-2 pixels wide) to minimize sarce confusion. However,
the narrow mask causes the spectra to show a scalloped patter(Figure 1). This strong

( 15%) aliasing is due to the point spread function (PSF) beingonly marginally sampled
(FWHM 1.3 pixels) and the spectral trace (i.e. the peak or ridge of thespectrum) being
slightly tilted with respect to the rows of the detector (Fig ure 2). For point-source spectra,
a mask with a large (7 pixels for CCD modes) extraction width is used, which encompasses
all of the ux and avoids the aliasing problem. To minimize aliasing, the STIS Instrument
Handbook (Kim Quijano et al. 2003) recommends dithering spetral observations along the
slit by a half pixel. This is often not done, because it double the requested exposure time,
perhaps resulting in a less competitive proposal. When donet reduces the magnitude of
the aliasing, but also doubles its frequency, which can be mblematic for spectral features of
comparable scale. This paper describes a wavelet interpdian algorithm that nearly elim-
inates the aliasing problem for narrow extraction masks, wlie preserving the ux content
of the interpolated spectral image.

2. Average Interpolation

Interpolation is widely used in the calibration and analysis of astronomical data to transform
images to a common frame or uniform grid. The most commonly ued algorithms are linear
and bi-linear interpolation for one- and two-dimensional data, respectively. These simple
algorithms are usually su cient for a rough estimate of the interpolated value, but can
give erroneous results when high precision is needed. This particularly true when the
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Figure 1:
05dh01010) using the standardcalstis

Extracted STIS G750M spectra of the star

Lyrae (exposure rootname
pipeline and various extraction widths as shown

in the legend. The unit of the X axis is CCD pixels, and the Y-axs unit is ADU. The
scalloped pattern, caused by pixel aliasing, is evident intie uninterpolated spectra.

Figure 2: Spectral image of the star whose extracted spectravere shown in Figure 1.
The stairstep pattern or aliasing is due to the slightly tilt ed spectrum and the marginally
sampled point spread function. The vertical scale is enlargd to show the aliasing.
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Figure 3: Left panel: Interpolation of data using a 3rd-orde polynomial. The original

values ( lled bars) are located at integral values and the irterpolated values (open bars)
are at half integral values. Right panel: Average interpoldion of data using a 2nd-order
polynomial. The original value (white rectangles) span theintegers, and the interpolated
values (gray rectangles) span the half integers.

di erence between adjacent data points is large. Better reslts can be achieved by using
higher (5th or 7th) order polynomials (Figure 3).

Integrating detectors such as CCDs and IR arrays have pixel®f nite size. The elec-
trons (or counts) in each pixel are not located at the center & the pixel, but instead are
averaged over the area of the pixel. Interpolation | or what w e'll call point-interpolation
| implicitly assumes that the value is located at a point. Ins tead the underlying function
f (x) should be average over the area of the pixel:

Zk+1
ok = ) f (x)dx;

where (o is the counts in the pixel andk and k +1 are the boundaries of the pixel (Figure
3). This is average-interpolation and is the most appropriate interpolation for integrating
detectors (see e.g. Sweldens 1997, Donoho 1993).

The di erence between point-interpolation and average-irterpolation may seem minor,
but the di erence can actually be signi cant, particularly when accurate uxes are desired.
For astronomical imaging, both interpolation algorithms should give the same total ux
for an isolated point source using a su ciently large extraction region. However, as the
extraction region decreases, the measured uxes will begirto di er. The dierence can
be > 50% in some cases with the largest di erence occurring wherthe PSF's gradient is
greatest. The reason for this di erence is that the distribution of ux within each pixel is
di erent for the two algorithms. This problem becomes more acute when the source is no
longer isolated, such as an image of a globular cluster, or thspectrum of an extended source.
In this case, the size of the extraction region is limited, pasibly by neighboring sources that
partially overlap the target. An accurate estimate of the total ux in this case requires an
interpolation algorithm that accurately recreates the underlying ux distribution.

3. Wavelets

Wavelets are usually associated with the compression of gigils or images by the application
of an analysis wavelet (forward transform) of a scaling funtion. The forward transform
uses low and high pass lIters to divide the image into smoothd and residual images. The
synthesis wavelet is just the inverse transform. It createsa higher resolution image from a
coarser image.
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Multiresolution is the result of the dilation (or re nement ) equation:

p_X
=2 ok (2t k)
k=0

where the scaling function, (t), is a continuous function in t and the coe cients c(k) are
discrete in k. This equation relates the scaling function at one scale tolte scaling function
of the next ner scaler and shows how to calcluate new coe ciets that are half way between
the old ones. In other words, we can reproduce the scaling fumtion (t) to any resolution
by recursion of the dilation equation.

Average-interpolation and (iterative) re nement are two k ey characteristics of our in-
terpolation algorithm. They ensure that the total counts in a pixel are conserved and the
distribution of counts within a subpixel is non-negative. A polynomial is used to approxi-
mate the underlying ux distribution. Note that this type of interpolation cannot be done
in a single step, i.e. a pixel cannot be subdivided into eightsubpixels in one step. Oth-
erwise, there is the possiblity that some subpixels will hae negative values, which is not
physically possible.

4. Algorithm

The algorithm is a rather simple one-dimensional interpoldion problem. The goal is to
improve the spatial resolution along the slit (the cross-dspersion direction) in order to
reduce the e ects of aliasing. We are not interested in impr@ing the spectral resolution,
though this is easily achieved by applying this algorithm in the dispersion direction. The
partitioning of the counts within each pixel is done by assumng that a N-th order polynomial
is a reasonable approximation to the local ux distribution. Average interpolation is used
because the CCDs are integrating detectors. Therefore, a pjymomial is tto the cumulative
distribution of N-1 pixels, where N is an even integer. The rst point of the polynomial is
zero, since the integrated area is zero, while the last poinis the sum of the N-1 pixels. For
each polynomial, only one value, the midpoint of the centralpixel, needs to be calculated.
Neville's algorithm is used to nd this value because it is fast and accurate. The counts in
the two subpixels are just the di erences between the midpait value and the points on either
side. The algorithm is then repeated for each subpixel untithe desired resolution is reached.
For STIS three iterations, yielding eight subpixels, usualy gives su cient resolution.

The wavelet algorithm does a very good job of reducing the adising, though some may
still be present at the few percent level. The aliasing can beeduced further by applying
an optional convolution step to the interpolated image. The kernel that is used is an
approximation of the instrumental PSF and has the form (1 + (x=a)?) 2, whereais 1:3
pixels (see also Martin 2004).

5. Results

Figure 4 shows the interpolated image with convolution for three iterations or eight sub-
pixels. The image shows very little of the e ects of aliasing The interpolated spectrum
is shown in Figure5 for extraction widths of 1, 2, 4 and 7 pixes. Unlike the uninterpo-
lated spectra, the 1, 2, and 4 pixel width spectra are nearly dentical to the 7 pixel width
spectrum: only the ux is reduced by a proportional amount.

Figure 6 shows the PSF or cross-dispersion pro le for a poinsource. The black points
map the pixel-integrated pro le, which is created by shifting the spectral trace so it lies
along one row. This causes adjacent pixels in the same row toebshifted slightly with
respect to the others, lling in the gaps. The pro le is mostly symmetric with wide wings
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Figure 4. Spectral image of star in Figures 1 and 2

after wavel interpolation and convo-

lution by the instrumental point spread function.
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Figure 5: Spectra of star in Figurel after wavelet interpoldion and convolution.
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C ross dispersion profiles for G750M exposureof  Lyrae

Figure 6: A comparison of the measured pixel-integrated PSF(black points) and the
wavelet-interpolated PSF without (solid line) and with (da shed line) convolution.

on each side and a low shoulder on the left side. For compariso the solid line is the
pro le along a single column from the interpolated image without convolution. Each point
is the sum of eight adjacent subpixels, so that the total areais equal to one pixel as is
the case for the black points. A plot of the individual subpixels produces a line that is
slightly narrower and more peaked than the pixel integrated pro le. The solid line follows
the points very closely, except at the peak and near the shodler. (Note that di erent
columns have di erent cross-dispersion pro les, dependig on the location of the trace: See
Figure 9 in Dressel et al. 2006.) The dashed line is the pro l6from an interpolated image
with convolution. This pro le is lower and slightly ( 15%) broader than the points.

6. Summary

In most situations, interpolation with convolution is the r ecommended approach. However
in situations where the highest spatial resolution is requied, such as observations of the
binary star WR 140 where the separation of the two stars is abat three pixels, interpolation
without convolution is preferred, since convolution broadens the image enough to make
source confusion a problem. In the case of WR 140, a strong ession line in one stellar
spectrum can distort the neighboring spectrum, resulting n incorrect results.

One drawback of this algorithm is that it may become unstablewhen high order (N> 5)
polynomials are used for more than three iterations. In thissituation we recommend using
a lower order polynomial when doing large number of iteratims or beginning with a high
order polynomial for the rst one or two iterations and then switching to a lower order
polynomial for succeeding iterations.

This paper has not discussed what errors are associated witthe interpolated values.
This aspect of the algorithm will be discussed in a forthcomng paper as will the use of
nite impulse response (FIR) wavelet Iters on image interp olation or deconvolution.
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This algorithm is being added as a post-processing task to th CALSTIS package of
STSDAS. PEB wishes to thank Paul Goudfrooij for useful suggstions and the opportunity
and time to work on this project.
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