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Abstract. A modular software package for automatically fitting astro-
metric world coordinates (WCS) onto raw optical or infrared FITS images
is presented. Image stars are identified with stars in a reference catalog
(USNO-A2 or 2MASS) and the coordinates are given as a simple linear
transformation from (X,Y) pixels to (RA,DEC). The coordinates can be
fitted to the accuracy level of the reference catalog used. Results for im-
ages taken in the optical and infrared bands with sidereal and non-sidereal
tracking are presented.

1. Introduction

The ASCfit package was developed for the UH 2.2-m telescope on Mauna Kea, as
a result of the ongoing collaboration between the Institute for Astronomy (IfA)
at the University of Hawai‘i and the Department for Measurement and Instru-
mentation at the Technical University of Denmark. It was originally developed
for use with 2K x 2K CCD images, but the modular structure of the package al-
lows for other applications such as for 1K x 1K images from the infrared QUIRC
camera and the UHS8K CCD Mosaic Camera. It has also been used on optical
and infrared data from other telescopes and instruments. Section 2 gives an
overview of the software package and briefly describes its components, section 3
gives a more detailed description of the method used to obtain the astronomical
coordinates, section 4 discusses non-sidereal tracking, section 5 shows examples,
section 6 discusses error sources, and conclusions are given in section 7.

2. The ASCIfit package

ASCfit is a modular software package for adding world coordinates to astro-
nomical FITS images. This is done by matching stars found in FITS images to
stars extracted from a reference catalog around the quoted telescope pointing
coordinates. The coordinates are given by a simple affine transformation from
(X,Y) pixels to world coordinates (WCS). The actual type of coordinates will be
the same as in the reference catalog used. ASCfit operates on an image stored
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Figure 1.  Overview of the ASCfit package. Modules are represented
in ellipses, while the squares represent data elements.

in the FITS format and will update the header with keywords describing the
coordinate transformation, as suggested by Greisen & Calabretta (2000) and
listed in appendix A. This allows image viewing tools such as SAOimage (ds9)
to display world coordinates, and can assist with image registration and stack-
ing. The ASCfit package (script and programs) can be obtained as a tar file
from http://www.ifa.hawaii.edu/users/pickles

2.1. The ASCfit script

The backbone of ASCAit is a script, which spawns a series of tasks. The layout
of the script and the dataflow is shown in Figure 1. In the following the modules
of the package are sumarised.

o fhrd Extracts keyworded values from the FITS header, and writes them
to stdout for use by other modules. Values of the following keywords are
used: IMAGETYP, RA, DEC, RA_OFF, DEC_OFF, EQUINOX, GAIN,
SECPIXi (or PIXSCAL{) and NAXISi (i,5 € {1,2}) The script allows for
several commonly used keywords to be searched in order for most required
FITS values. ASCHit ignores files with IAMGETYP set but not containing
the word “OBJECT”, ignoring “FLAT” or “BIAS” for example. If scaling
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information is not in the header, it must be supplied through the ascfit
option -scale <as/pix>.

e crect Writes a list of stars centered on the pointing of the telescope and
extracted from the USNO-A2.0 catalog to stdout. It is a modified C
version of the USNO fortran program square, and uses input values from
fhrd for RA, DEC, EQUINOX, WIDE_RA and WIDE DEC, the latter
derived from NAXIS: and pixel scale information. ASCfit directs this
subcatalog to asc_ref.cat.

o msgbin The ASCfit infrared option -ir branches the script to msqbin,
which searches a compressed version of the infrared 2MASS point source
catalog (currently second release) around the telescope pointing, and again
writes the derived subcatalog to asc_ref.cat.

e SEztractor (Source-Extractor) A program by E. Bertin (Bertin & Arnouts
1996) which finds objects in the image, estimates relative magnitudes and
identifies the objects by a galaxy/star parameter diffuse in the range [0..1].
GAIN, SECPIX/PIXSCAL and THRESHOLD parameters are fed to SEz-
tractor from the script. Default parameters for SEztractor are given in
ascfit.sex. A catalog of identified objects is written to asc_sextr.cat.
The layout of this catalog is given in ascfit.par.

o starfit Performs the actual matching and fitting of the stars and will be
described in detail below. In brief starfit identifies matching stars between
the two subcatalogs (asc_ref.cat & asc_sextr.cat) and calculates the
parameters for the affine transformation. SECPIX/PIXSCAL and NAXIS:
are passed to starfit along with other parameters. A full list of the flags
that can be used for starfit is given in appendix B. The parameters for the

coordinate transformation are written to param.dat and to the comman-
dline.

e addhead Updates the FITS header with the necessary keywords from param.dat.
Keywords are updated if they exist or added before the ”END” of the FITS
header.

2.2. Running ASCfit
ASCHit is run from a bash shell, with synopsis:

ascfit infile [-s] [-f outfile] [-plot] [-ir] [-showoff]
[-verbose (int)] [-wide (float)] [-wdec (float)]

[-scale (float)] [-tolerance (float)] [-edge (int)]
[-nstar (int)] [-refstar (int)] [-estar (int)]

[-perr (float)] [-roff (float)] [-doff (float)]

[-mra (float)] [-mdec (float)]

[-box (int) (int) (int) (int) (0/1)]

[-color (float)] [-diffuse (float)] [-threshold (float)]
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The flags have the following implications:

-s Save updated FITS file as ”a_infile”.

-f outfile Specify the name of the saved output file as ”outfile”.

-plot Output additional files that can be plotted in SM with macros in ascfit.sm.

-ir Select the infrared 2MASS point source catalog instead of the optical USNO-

A2 catalog to search for reference stars.

-showoff Show the offsets from the nominal (header) position.

-verbose 1 Verbose mode, 1 for timing outputs, 2 for more elaborate output,

default 0.

-wide 0.1 Set field width (RA & DEC) in degrees (default from header).

-wdec 0.1 Set field width (DEC only) in degrees (default from header).

-scale 0.54 Set pixel scale in arcsec (default from header).

-tolerance 0.1 Set allowed scale variance as LN[actual/assumed] (default 0.15

- effectively in %).

-edge 10 Specify number of pixels to be cut from the edge of the image search.

Default 30.

-nstar 25 Set minimum number of bright IMAGE & REF stars (default 20).

-refstar 30 Set minimum number of bright REF stars only (default 20).

-estar 3 Exclude bright IMAGE stars (default 0).

-perr 100 Pointing error of telescope in arcsec. Will expand the area extracted

from the reference catalog. Default 0.

-roff 20 & -doff 10.0 User specified RA and DEC offsets from pointing in

header given in arcsec. Default 0.

-mra 120 -mdec -110 User specified RA/DEC offsets in arcsec of first mosaic

chip 1 (default -140 -280). Offsets between UH8K mosaic chips are in the script,

but can be modified for other cameras.

-box 10 1000 10 1000 1 Specify box boundary: xmin xmax ymin ymax 0/1

(0 exclude box, 1 include only box).

-color 1 MAG = R + colorx(B-R) Change to another color (default 0.0).
MAG = H + colorx(J-H) Change to another ir color (default 0.0).

-diffuse 0.05 Specify the cutoff in the SEztractor galaxy/star classification

parameter. High values are pointlike, low values are diffuse. Most untrailed

stars have values > 0.5, but lower values are necessary to accept non-sidereal

trailed stars (default 0.03).

-threshold 5 Specify the SEztractor threshold in sigma above background to

detect objects in the image. A lower value will find more stars, default 10.

Running ASCfit on the image shown in Figure 2 updates the FITS header
with the keywords CTYPE:, CRPIXi, CRVAL: and CDi_j, where i, € {1,2}
and shows the result on a single line output as e.g.:

ccd_023.fits:13h00:04.84+0.226X-0.0010Y +13d53:23.2-0.219Y-0.0019X
(10/22/46%,0.43"RMS)

The two expressions give RA and DEC as f(X,Y) respectively. The coeffi-
cients for X and Y are given on the output line in arcsec/pixel to provide easy
visual verification. Numbers in the parentheses list number of stars matched,
number of stars in the image, number of stars extracted from the reference cat-
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alog and the formal 1o standard deviation for the obtained fit in arcsec. In the
case that no satisfactory match could be found an error message is given and
the FITS header is updated with zero values for the keywords to show that a fit
has been attempted. For a succesful fit the updated keywords will look as follows:

CTYPE1 ’RA---CAR’ ’R.A.°

CTYPE2 ’DEC--CAR’ ’DEC. ’

CRPIX1 O ’Refpix of first axis’

CRPIX2 O ’Refpix of second axis’

CRVAL1 1.9502017455348E+02 ’RA at Ref pix in decimal degrees’
CRVAL2 1.3889790298763E+01 ’DEC at Ref pix in decimal degrees’
CD1.1  6.2714855856623E-05 ’CD matrix’

CD12 -2.7932256640511E-07 ’CD matrix’

CD2_.1 -5.1539805080587E-07 ’CD matrix’

CD2_2 -6.0829724272386E-05 ’CD matrix’

2.3. Reference catalogs

The USNO-A2.0 from the US Naval Observatory has been implemented for
use with optical images. This catalog quotes a typical astrometric accuracy of
0.25 arcsec and a photometric magnitude determination good to 0.25 mag, but
photometric and scale errors for the B band are larger.

The 2MASS point source catalog (currently second release) states an astro-
metric accuracy of < 0.2 arcsec. The roughly 300 bytes/star can be compressed
with the auxiliary program 2mass_2bin to 24 bytes/star (coordinates, shape, 4
colors) to produce files which can be quickly searched with msqbin.

3. The matching of stars

The starfit program performs the tasks of identifying matching stars among the
two generated catalogs and finding the parameters of the coordinate transfor-
mation.

The first step is to select the stars to be searched for matching pairs. A
color dependent (-color flag) estimate of magnitude is performed on the ref-
erence subcatalog asc_ref.cat before selecting the n brightest stars. For the
image subcatalog asc_sextr.cat an initial scan removes objects with too diffuse
appearance (controlled by the -diffuse flag). In order to allow for non-sidereal
tracking, elongated objects which would be classified as galaxies by SEztractor
will not be rejected if they have a common orientation in the image. Objects
near the edge of the FITS image are also removed (controlled by the -edge flag)
before the n brightest of the remaining stars are selected and transformed to
pseudo world coordinates using a pinhole projection.

Now matches can be sought between these two sets using a triangulation
method described by Groth (1986). This includes the exclusion of multiple
object identifications that are closer than 0.3% of the image width.

If at least six matches are found, the parameters for the affine transforma-
tion are fitted using a least squares method. A linear fit of the relation between
image and reference catalog magnitudes is also performed. The reason for de-
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manding six matches and not three, which would be sufficient to determine the
transformation, is a wish to prevent a single false match from corrupting the fit.

From the initial match more matches are sought by searching for pairs of
stars which fit the initial (X,Y) to (RA,DEC) transformation to within 1 arcsec.
(in 2D distance) and the linear magnitude fit to within +3 magnitudes. The
matches found in this second run are used to fit the final six parameters for the
affine transformation.

4. Non-sidereal tracking

In the case of non-sidereal tracking, e.g. in observing comets or asteroids, stars
will appear as trails across the image. Such trails are classified as galaxy-like
objects due to their elongated shape and might thus be excluded from the search
for matches. To avoid this the mean and standard deviation of the orientation
of the objects rejected as galaxies is calculated. If a common orientation can be
identified (i.e. standard deviation less than some limit and number of rejected
stars larger than a lower limit to secure decent statistics) the objects having
this common orientation to within the 1o level will be accepted as stars. The
centroid of trailed objects will be at the center of the trail (assuming an even
non-sidereal tracking rate) and thus they and the fitted coordinates correspond
to positions at the epoch of the middle of the exposure interval. These coordi-
nates and epoch can be extracted from ascfit fitted images with the auxiliary
program zycoord, e.g.:

xycoord gqrc.fits 500 500
RA=197.869751 J2000 DEC= -1.349748 at X,Y= 500.0,500.0 in ABELL1689
RA=13:11:28.74 DEC=-01:20:59.1 at mid-UT +08:38:02.78

5. Examples and performance

5.1. Optical

In the following some examples from ASCfit are shown. Figure 2 shows a 7 x 7
arcmin CCD image taken with the Tektronix 2K x 2K camera at the UH 2.2-m
telescope. Due to a non-sidereal tracking rate (100mas/s in RA and 30mas/s
in DEC) most objects appear elongated and are characterized as galaxies by
SEztractor, having galaxy/star parameters < 0.01. However the trailed stars
are retained due to their common orientation in the image. Some trailed stars
are seen to be below the detection threshold set for SEztractor. Figure 3 shows
the corresponding reference catalog extract for the fit listed in section 2.2. Ten
of 22 objects in the CCD image were matched among the 46 stars extracted
from the reference catalog. The resulting fit had a RMS of 0.43 arcsec.
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Figure 2. A FITS image taken by the 2K x 2K Tektronix camera.
Detected stars are marked by circles, brightest stars by squares and
the matched stars by diamonds.
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Figure 3.  The reference catalog stars (crosses). Brightest stars are
marked by squares and matched stars by diamonds.



8 Jorgensen et. al.

5.2. ultiple files

When a filename is passed to ascfit it first checks to see if that is the rootname
of multiple files, and will work on all of them if it is, thus:

ascfit ccd.030 - will fit one file

ascfit ccd.03 - will expand list & fit ccd.030-039

ascfit ccd.0 - will expand list & fit ccd.000-099

A mosaic array is a particular case of this, thus for a case like the UHS8K
where the pointing axis has been moved off center:

ascfit 8k -roff 140 -doff 140
ile list: 8k.0 8k.1 8k.2 8k.3 8k.4 8k.5 8k.6 8k.7

5.3. Infrared

When applying the ASCfit tool to infrared images, images can sometimes be
fitted with stars extracted from the USNO-A2 optical catalog, but in general
the success rate is low. This is partly due to using optical reference stars, which
have significantly different magnitudes in the infrared, partly due to the small
number of stars present in infrared images (with smaller fields), and sometimes
due to a lack of stars in dark regions. An example of a single, raw 60 second
QUIRC image (3 x 3 arcmin) around the Abell 1689 cluster is shown in Figure
4. Astrometry is difficult for this small field with faint objects, so the threshold
has to be lowered. Figure 5 shows the corresponding reference stars from the
optical USNO-A2.0 catalog, mainly in the R-band magnitude range 17 18. For
this image 8 out of 11 objects found matches among the 31 optical reference
stars, with an RMS of 0.24 arcsec.

ascfit irfile -threshold 2
irfile:13h11:35.14-0.190X-0.0011Y -01d22:33.9+0.189Y+0.0007X
8/11/31%,0.24"RMS)

Infrared images can be fitted instead with infrared reference stars if the
2MASS catalog covers that part of the sky. In this case 8 out of 11 objects
found matches among the 35 infrared reference stars, mainly in the H-band
magnitude range 15 16, with a formal RMS of 0.08 arcsec.
ascfit irfile -ir -threshold 2
irfile:13h11:35.03-0.189X+0.0005Y -01d22:33.9+0.189Y+0.0006X
8/11/35%,0.08"RMS)
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As infrared detectors get bigger, fits become correspondingly easier. The
3-color SIRIUS camera from Nagoya University produces simultaneous J, H
and Ks images of a 5 x 5 arcmin field on the UH 2.2-m telescope, almost 3
times the areal coverage compared to QUIRC, and hence easier to fit with ascfit
http://www. .phys.nagoya-u.ac. p/sirius/index_e.html.

The execution time on a 450MHz PentiumlII linux machine is typically 12
seconds for a 2K x 2K image. Most of this time (10 seconds) is spent on image
object detection by SEzxtractor. In star-rich regions increasing the threshold of
detection can reduce execution times.

Error sources

In general the accuracy level of the obtained fit, calculated as the RMS distance
between reference stars and observed stars in (RA,DEC) coordinates, is < 0.4
arcsec. This is to be compared with the generally quoted typical astrometric
error of 0.25 arcsec for the USNO-A2.0 catalog. Additional error may arise from
stars with significant proper motion since the USNO-A2 observation epoch. The
2MASS astrometric error is slightly better than the USNO-A2, and less subject
to proper motion. Best results (0.1 arcsec) are obtained when a high percentage
of the objects are fitted and in star rich images.

ASCHit is designed to work automatically most of the time, even in difficult
fields. Failure to find a fit generally occurs in images with very few (<10) stars,
in fields around bright stars where the reference catalog may miss stars, or
very confused images with many (>1000) stars. The reason for the latter being
the high possibility of selecting wrong stars for the initial match due to poor
knowledge of the magnitude of the stars in the reference catalog.

Conclusion

An automatic stellar coordinate tool has been developed for the UH 2.2-m tele-
scope. In general the astrometric coordinates on the image can be obtained with
an accuracy 0.2 0.3 arcsec. Due to the modular structure of the tool, it can
be rapidly adapted for other telescopes and instruments, and to include newer
reference catalogs.

Ackno ledgments. The authors wish to acknowledge the work of E. Bertin
in developing the Source-Extractor tool and the many people behind the devel-
opment of the reference catalogs, without which this work would not have been
possible. This publication makes use of data products from the Two Micron
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the Infrared processing and Analysis Center/California Institute of Technology,
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Appendix A

The following FITS keywords, suggested by Greisen & Calabretta (2000), are
updated in the FITS header to store information about the world coordinates
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(5,5 € {1,2}).

CRVALi coordinate value at reference pixel (real floating)
CRPIXi reference pixel coordinate (real floating ASCfit uses 0
CRTYPEi axis type (8 characters) RA---CAR or DEC--CAR

CDi_  coordinate transformation matrix (real floating)

Appendix

The starfit program will use the two catalog files (asc_ref.cat and asc_sextr.cat)
generated by crect or msqbin and SExtractor and can be run without the ASCfit
script on these two files. A default setup for running starfit from the script is
used. Modification of its operations may be obtained by using the following list
of the flags accepted by starfit:

-d Default options, must be used if no other options are selected.

—-plot Output additional files that can be plotted in SM with macros in ascfit. sm.

-silent Produce no commandline output from starfit.

-final Produce one line final output (if neither -silent nor -final is selected,

output includes lists of the matched stars and the magnitude fit).

-mag writes final magnitude output.

-nstar 25 Set minimum number of bright IMAGE & REF stars (default 20).

-refstar 30 Set minimum number of bright REF stars only (default 20).

-estar 3 Exclude bright IMAGE stars (default 0).

-edge 10 Specify number of edge pixels to be excluded (default 30).

-scale 0.45 Pixel scale arcsec/pixel, (default 0.22).

-tolerance 0.1 Set allowed scale variance as LN[actual/assumed]

(default 0.15 - effectively in %).

-color 1 MAG = R + colorx(B-R) Change to another color (default 0.0).
MAG = H + colorx(J-H) Change to another ir color (default 0.0).

-xpix 2048 -ypix 4096 Size of image in X and Y directions, used for the crop-

ping of pixels near the edge and for the pinhole projection (default 2100 2068).

-box 10 1000 10 1000 1 Specify box boundary: xmin xmax ymin ymax 0/1

(0 exclude box, 1 include only box).

-diffuse 0.05 Specify the cutoff in the SEztractor galaxy/star classification

parameter. High values are pointlike, low values are diffuse. Most untrailed

stars have values > 0.5, but lower values are necessary to accept non-sidereal

trailed stars (default 0.03).

-debug 3 Specify debug output level 1-5 for increasing debugging output.
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