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Image Combination by Feathering

W. D. Cotton, August 5, 2015

Abstract—Astronomical objects frequently exhibit structure limit the fraction of the aperture that can be filled thus the
over a wide range of scales whereas many telescopes, especialljgrgest scale size. Some interferometers such as the VLA
interferometer arrays, only sample a limited range of spatial and ALMA have a “zoom” capability in which the antennas
scales. In order to properly image these objects, images from atse ) .
of instruments covering the range of scales may be needed. These"@n be re.conflgured to _p_“?‘?'uce a ra”g? of resolutions and
images then must be combined in a manner to recover all spatial surface brightness sensitivities. In addition, ALMA has an
scales. This memo describes the feathering technique for imagearray (ACA) of smaller antennas that can be arranged in a
combination in the uv plane as implemented in the Obit package. more compact configuration to measure even lower spatial
An example combination of single dish and interferometric frequencies. For objects with a wide range of spatial scales

observations of a model source is given. - . . .
multiple instruments or configurations may be needed.

Index Terms—interferometry, image combination Every instrument can produce artifacts or spurious feature
in its images. Techniques to reduce these may be deployed
. INTRODUCTION but these are generally specific to a given instrument of

ELESTIAL images may contain structure on a Widgonfiguration. An example of this is a bright source far from
variety of size scales whereas a given radio astronomi Q? pointing center of an interferometer. Even When not e th
eld of interest, such a source may produce sidelobes in the

instrument may be sensitive to only a limited range of siz& . . . . .
scales. A com>r/non solution to this yproblem is to ?mage ¢ éeld of view that are subject to bandwidth smearing and tetai

desired object with a number of different instruments, Oqf the far antenna pattern. Bandwidth smearing is locally-co

configurations of a given instrument, to recover the stmﬂar:tu\/()luuonaI and the effects of the offengimg source can lsrge
removed from the data from a single interferometer or

on the total range of size scales needed. These range fI%?‘n

single dishes for the largest scales to short baseline—int%i?r1f|guratlcm ?Y de_COtT1VOIUt't°n mcluo:![ng that soutrce. mlataist
ferometers to longer baseline interferometers. Furthezmo rom asymmetries in the antenna pattern are not convoaition

each instrument and/or array configuration may have atsl;ifaéJUt may be greatly red‘Lljced-by” corrections based on known
which are best dealt with using that data-set alone. This onefNteNNa patterns or by “peeling”.

considers the combination of images derived from several
instruments or configurations by the “feathering” techeigin

this technique, images are combined in the Fourier tramsfor An image may be characterized by the spatial frequencies
domain by a weighted average of the transform of the variowdlich are well represented in the image; these correspond to
input images in order to extract the most appropriate spatthe regions in the Fourier transform (“uv” space) of the imag
frequencies from each. This memo describes a featheriwbich were well measured by the instrument. Interferonseter

Ill. FEATHERING

technique implemented in the Obit package {1] generally cover a range of spatial frequencies which istéichi
by the longest and shortest baselines. Single dishes, ngipri
II. RESOLUTION AND SPATIAL DYNAMIC RANGE ple, measure all spatial frequencies up to those correspgnd

. S L the the instrument diameferdeally images with overlapping,

Diffraction limited astronomical instruments have a resol : : ) .

. ; ; . well-sampled spatial frequencies can be combined to derive

tion that is proportional to the diameter of the aperture mea_ . . . S .
: . : an image reproducing all the spatial frequencies in théainit

sured in wavelengths of the light being observed. The range

. : . . .. mages.
of larger spatial scales to which the instrument is sermsitiv L . S .
depends on the details of the instrument and in particliar, t Feathering is the technique of combining images in the uv

distribution and fraction of its aperture which is filledll&d pl?ﬂe tg_ recover the.spatﬁl .frequen((jn.es 'T‘d tTe.'anUt |mag((ejs
aperture instruments (AKA “single dishes”) sample all sgdat While t IS Is a generic technique and Is widely implemented,
frz Lencies up to those defined by the fotal aperture Cth(,=[: details may vary from implementation to implementation

q P . a0y . per - “Ge following is a description of that employed by Obit task
and other practical constraints limit the maximum size,daen

resolution of single dishes. On the other hand, interfeterse Feather.
generally sample only a fraction of the spatial frequeniges

than that defined by the maximum baseline. The largest scale

size that can be imaged is defined by the shortest spacing thathe Obit implementation allows a relatively arbitrary num-
are adequately sampled. Interferometers can be constrtacteber of images to be combined although task Feather is limited

an arbitrary size, hence, resolution but practical coimga t0 10. Images are ordered by decreasing resolution. Images a
presumed to have an annular region in the uv—plane which

IV. OBIT IMPLEMENTATION

National Radio Astronomy Observatory, 520 Edgemont Rd., IGttesville,
VA, 22903 USA email: bcotton@nrao.edu 2However, spatial filtering to remove atmospheric or instrumkvdriations
http://www.cv.nrao.edutbcotton/Obit.html may filter out some spatial frequencies
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is well sampled and a weighting mask is constructed f@. Weighting

each which tapers to zero at lower spatial frequencies. Theyit all images are created equal and it may be desirable to
weighting mask of the lowest resolution image is not taperggloy different images to have different weights where tthei
to its center. The various steps in feathering are desciibed,, regions overlap. A simple relative weight is the inverse
the following. variance of the noise.
1) Re-sample images
The first step is to re-sample images with resolutio
less than thg maximum topthe gri% of the maximuﬂ?' Spectral cubes
resolution image with sufficient zero padding on the Feathering spectral line cubes is a straightforward featge
outside to allow an efficient FFT. The interpolation use@f each set of channel images. The Obit implementation allow
the Lagrangian technique in 2D to interpolate the pixeRpectral cubes although all must have the same channetizati
in the lower resolution images at the locations of the
highest resolution image using a 5x5 pixel kernel. Input V. CONSTRAINTS ON IMAGES

images need not use the same projection or even th§yaqes 1o be combined need to be astrometrically and
Same equinox as this will be corrected in this step. photometrically aligned. The Obit implementation regsire

2) Generate Welght!ng masks .. only that the astrometric parameters in the image give the

For each resolution except the lowest, a real weighting, e positions for given features in all images and need
mask is generated with a Gaussian hole in the cenighy pe on the same grid, projection or even equinox. The
representing the spatial frequency range of the nexf,iometric (flux density) scale must be the same for allinpu
Iowe_st resolut|op. A sampll_ng ma;k representing tn?nages. If this cannot be achieved from the calibration ef th

spatial frequencies of each image is generated by: data, an adjustment can be derived from the average ratio of

a) Create image with the CLEAN beam at the centemplitudes in the overlapping region of uv space. The Obit

b) FFT implementation depends on the “CLEAN” beam size given in
c) Take real part _ each image descriptor to accurately reflect the resolutfon o
d) normalize to 1 at (0,0) spatial frequency the image.
The weighting mask for each imageas Image combination will work best when the images com-
weight_mask; = 1.0 — sampling_maskia bined have overlapping regions of the uv—plane. In the case

of non-overlap, structure represented by the portions of uv
wherei + 1 indicates the next lowest resolution. The&pace not sampled will not be well represented in the feather
weighting mask for the lowest resolution is 1.0 evimage. Clearly, combining single dish and VLBI images will
erywhere. The weighting masks are multiplied by thgot generally be productive.

weights assigned to the input images. The technique described above assumes that each input im-
3) FFT age has been appropriately filtered to remove power at $patia
Each image is FFTed to the uv plane frequencies beyond the range sampled by the instrument used
4) Weight to derive the image. For interferometric images this is $ymp
Multiply Fourier transform of image by its weightingthat the emission CLEANed is restored with a CLEAN beam
mask. that accurately represents the psf of the instrument. Isage
5) Accumulate derived from single dish measurements may not have had
Sum the Fourier transform of the images times weighgimilar filtering and may need to have spatial frequencies
6) Inverse FFT outside of the telescope aperture filtered before comiinati
Fourier transform back to the image plane. Interferometric images of sources with extended emission
7) Normalize generally need extra care as emission poorly sampled in the

The normalization factor is determined by repeating thg/—plane can lead to image artifacts. Multi—resolution GNE
process but replacing the image with its correspondingn help with reconstructing large-scale emission. Inesmer
CLEAN beam. The normalization factor is 1.0/cencases, setting a short baseline limit can help suppress larg

ter_pixel. waves from very poorly sampled structure. Negative bowls
around extended emission are common but should be removed
A. Primary beam correction by feathering if the relevant spatial frequencies are okt

Interferometric images should be “Primary beam correcteffom other images.
before feathering such that features in the image are at the

strength they would be have without off—center attenuabibn V1. EXAMPLE
the power pattern of the interferometer elements To illustrate the power of this technique, noiseless sytithe

) data sets were derived for the model source distributiomsho
B. Mosaics in Figure 1. A simulated single dish image was derived by

Mosaics are suitable candidates for feathering as long @mvolving the model image with the resolution of the single
the combination into the mosaic removes the primary beafish. To simulate an interferometric image, a sample faltky
pattern. VLA-like array uv coverage was generated (Obit/UVSim)
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Fig. 1. Model source. Fig. 3. The feathered combination of the images in Figure 2.tdlos are

at the same levels as Figure 1.

and the Fourier transform of the model was evaluated at the
locations in the data-set. These data were then imaged with REFERENCES
multi-resolution CLEAN (Obit/Imager). The simulated di&ig [1] W. D. Cotton, “Obit: A Development Environment for Astromcal
dish and interferometric images are shown in Figure 2. The Algorithms,” PASP, vol. 120, pp. 439-448, 2008.
very extended emission is only visible in the single dish-rep
resentation and the most compact emission only visibleén th
interferometric version. These two images were then feathe
together with equal weights using Obit/Feather giving the
image shown in Figure 3.
The overlapping coverage in Fourier space is illustrated in
Figure 4. The relative sensitivity of the single dish datsswa
derived from the Fourier transform of its psf. The relative
sensitivity of the interferometer data was derived by ayieg
the Fourier transform of the dirty beam (= uv sampling
function) in annuli. The amplitude of the Fourier transform
of the model image along one cut in the uv-plane is shown
in the lower panel. The Fourier plane overlap shown in this
example is minimal.

VIl. DISCUSSION

The feathering technique for image combination in the
Fourier plane as implemented in the Obit package is destribe
and an example of its use shown. In the example of a model
source observed with a single dish and an interferometer, th
extended structure was only visible in the former and thetmos
compact structure only in the latter. The feathered contluina
displays both the extended and compact emission.

The feathering technique described here allows an arpitrar
number of images at different scales to be combined. This
allows the best approach to reducing artifacts to be used for
each of the images before their combination. This approach t
image combination is especially useful for combining sngl
dish and interferometric images.
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Fig. 2. On left is the model source as observed with a single digl on the right with an interferometer. Contours are at #meslevels as Figure 1.
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Fig. 4. lllustration of the overlap in uv space of the singlekdand interferometer data. Top plot shows the relative igeities of the single dish data
(green line) and the interferometer (blue line) as a functibapatial frequency in arbitrary units; see text for a mortaitied description. Bottom plot shows
the amplitude of the Fourier transform of the model along ontetlmwugh the uv plane.



