
THE ASTRONOMICAL JOURNAL, 115 :855È867, 1998 February
1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

THE SOUTHERN PROPER MOTION PROGRAM. I. MAGNITUDE EQUATION CORRECTION

TERRENCE M. IMANTS VERA AND WILLIAM F.GIRARD, PLATAIS, KOZHURINA-PLATAIS, VAN ALTENA

Department of Astronomy, Yale University, P.O. Box 208101, New Haven, CT 06520-8101

AND

CARLOS E. LO� PEZ

Universidad de San Juan and Yale Southern Observatory, Av. Benav•� dez 8175 Oeste, Chimbas, 5413 San Juan, Argentina
Received 1997 June 16 ; revised 1997 September 15

ABSTRACT
As with virtually all photographic plate material, the astrograph plates from which the Southern

Proper Motion (SPM) catalog is being compiled su†er from magnitude-dependent systematic shifts in
the image positions, i.e., a magnitude equation. If left uncorrected, these would adversely a†ect both the
primary goals of the SPM catalog, the absolute proper motions, and the faint secondary reference frame.
Using the di†raction-grating images present on the plates, a procedure is adopted that allows a spatially
variant magnitude equation correction to be derived individually for each SPM plate. Application of the
method to D120 SPM Ðelds, primarily around the south Galactic pole and the [30¡ and [35¡ decli-
nation zones, demonstrates its e†ectiveness. Indeed, the method proves superior, in the case of the SPM,
to a direct calibration of the magnitude equation using the newly available Tycho Catalogue. The result
of the di†raction-grating technique is Ðnal SPM positions and proper motions that are largely magni-
tude equationÈfree, as veriÐed by numerous internal and external checks.
Key words : astrometry È methods : data analysis

1. INTRODUCTION

The Yale/San Juan Southern Proper Motion (SPM)
Program is the southern-sky complement to the Lick
Northern Proper Motion Program Jones, &(Klemola,
Hanson The SPM Program will produce absolute1987).
proper motions, positions, and BV photographic photo-
metry for approximately one million stars south of
d \ [17¡. The proper motions are measured relative to
external galaxies, and the positions will be on the Interna-
tional Celestial Reference System via the Hipparcos and
Tycho Catalogues Program stars cover the(ESA 1997).
magnitude range 5 \ V \ 18, the majority of which are
faint anonymous stars randomly selected for the purpose of
studying Galactic kinematics. A more complete discussion
of the SPM Program, including a description of the input
star selection, can be found in Platais et al. (1992, 1993).

To date, 30 Ðelds (D700 deg2) surrounding the south
Galactic pole (SGP) have been measured and reduced. An
additional D90 Ðelds, primarily in the [30¡ and [35¡
declination zones, have also been completed. Preliminary
tests indicate the precision of the derived proper motions
ranges from 1 to 4 mas yr~1, depending on the number of
measurable images per individual star. The uncertainty in
the correction to absolute proper motion is approximately
1 mas yr~1 per Ðeld. A complete discussion of the SGP
results, along with additional details of the reduction pro-
cedures, is currently in preparation et al.(Platais 1998a).
Here we present the technique used to ensure that the
proper-motion accuracy just quoted is not undermined by
magnitude-related systematics in the plate material.

Astrometric magnitude equations, i.e., shifts in an image
centroid as a function of stellar magnitude, result from the
combination of the nonlinear response of photographic
emulsions and asymmetric image proÐles. The asymmetry
may be due to imperfections in the optical system, to polar
misalignment of the telescope (Ðeld rotation), or to inexact
guiding during the exposure. Each of these will introduce a
magnitude equation into the image positions and, to the

extent that the e†ect changes over time, will also a†ect the
derived proper motions. We note that a magnitude equa-
tion can also be introduced during the plate measurement
process, although modern measuring devices such as PDS
microdensitometers will not do so when properly used.

Whatever its cause, the net result is photographic density
proÐles that are skewed ; the degree of skewness increases
in severity for the more heavily exposed images, i.e., for
brighter stars. This causes a systematic shift between the
image centers of stars of di†erent brightnesses. In general,
the form of the magnitude equation can also be position-
dependent, varying across the plate. Three di†erent stra-
tegies can be imagined for dealing with a magnitude equa-
tion : (1) avoiding it by choosing reference and target images
of similar brightnesses (which may require artiÐcially
reducing the target image, as is commonly done in photo-
graphic parallax work), (2) calibrating the e†ect using addi-
tional external information, for instance, that members of a
cluster share a common proper motion, or (3) deriving the
o†sets directly from multiple images of the same star with
di†erent e†ective magnitudes such as those created by use
of an objective grating. The Ðrst of these is not an option for
the SPM Program, since the programÏs very goal is to
obtain proper motions and positions for a wide range of
stellar magnitudes. The second can be used to correct the
proper motions in those Ðelds that contain clusters, but this
is a limited number of Ðelds, and the correction could still
not be trusted over the entire extent of those Ðelds. Besides,
we also wish to derive positions that are free of magnitude
equation, in particular for stars much fainter than the
Hipparcos/Tycho reference stars. The third approach has
been explored by & Hudson usingSchlesinger (1914),
multiple-o†set exposures, and by usingEichhorn (1956),
grating images. We adopt the formalism of Je†erys (1962),
which we brieÑy reproduce in for convenience. This° 3
approach assumes that the central-order and Ðrst-order
grating images are similar in form or, more precisely, that
they share the same functional dependence of image center
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on e†ective magnitude. While this will only be approx-
imately true, the method is powerful in that it allows the
magnitude equation to be derived internally for each plate
and as a function of position across the plate. This is the
technique used in the SPM reductions.

We note that with the recent release of the superb
Hipparcos and Tycho astrometric catalogs, an alternative
means of magnitude equation calibration presents itself,
namely, direct calibration into an existing catalog reputed
to be essentially without magnitude equation, i.e.,
Hipparcos/Tycho. Unfortunately, the limited magnitude
range and, to a lesser extent, the spatial density of these
catalogs combine to make them substantially less e†ective
as magnitude equation calibrators for the purpose of the
SPM program than the method described here.

In we describe the SPM plate material, which° 2,
includes multiple images per star and an overview of how
these images are used to link bright stars to faint stars and
galaxies. In we provide details of our use of° 3, Je†erysÏs

formulation to ““ bootstrap ÏÏ the magnitude equation(1962)
correction. In the method is applied to actual SPM plate° 4,
measures and the validity of the results is checked by inter-
nal and external comparisons. A brief discussion of the
advantage of the method, in the case of the SPM, over a
direct calibration into the Tycho Catalogue is presented in

In we conclude with some thoughts on the impor-° 5. ° 6,
tance of magnitude equation correction and the potential of
the SPM data as they relate to other large astrometric
surveys currently underway.

2. PROGRAM OVERVIEW

2.1. Plate Material
The SPM plates are taken using the 51 cm double astrog-

raph of Cesco Observatory in El Leoncito, Argentina. The
plates, with a scale of mm~1, cover an area of55A.1 6¡.3

and are taken on 5¡ centers. Blue-passband (103a-O] 6¡.3
unÐltered) and visual-passband (103a-G with OG515)
plates are obtained simultaneously. An objective grating,
with grating constant *m\ 3.85, is used to produce mea-
surable di†raction images through second order. Each plate
contains two exposures, one 2 hr in duration and an o†set
exposure 2 minutes long which, combined with the grating,
provide measurable images of stars and galaxies in the
approximate range 5 \ V \ 18 and 6 \ B\ 19. For stars
fainter than V D 14, only the long-exposure, central-order
image is present. The Ðrst-epoch survey, which consists of
717 Ðelds with very nearly full coverage south of d \ [17¡,
was obtained in the years 1966È1974. The second-epoch
observations commenced in 1987 and are still underway,
with approximately one-third of the Ðelds completed.
Unfortunately, the discontinuation of the 103a emulsions
by Kodak jeopardizes the completion of the second epoch.
Suitable alternatives for the remaining second-epoch Ðelds
are being explored.

Some details of the plate material are noteworthy as they
relate to the subject of the magnitude equation. The astrog-
raph lenses have been suspected of su†ering from lens
decentering of at least one element et al.(Platais 1995),
which introduces a Ðeld-independent coma. In addition to
this, the long, fork mounting of the astrograph makes stable
polar alignment difficult, resulting in Ðeld rotation. Also,
the technique for guiding the long exposure has changed
over the years. During the Ðrst-epoch observations, guiding

corrections were made manually by updating the telescope
pointing. For the second-epoch plates, guiding is facilitated
by an image-dissector autoguider controlling stepping
motors that reposition the plateholder. Throughout both
epochs, all plates have been developed by hand. The com-
bination of all of these elements leads to a large range in
plate quality. Some plates su†er from slightly elongated
images whose shape and orientation vary across the plate,
an e†ect that is generally more noticeable on the visual
plates, which have images sharper than the wider passband
blue plates.

2.2. Plate Measurement
The plates are scanned with the Yale PDS microdensi-

tometer, which has laser-interferometer metrology and sub-
micron measuring precisionÈmore than adequate for the
moderately large-grained 103a emulsions. Time constraints
do not allow the digitization of the full plates ; instead, an
input catalog is prepared and the program stars and gal-
axies are scanned in an object-by-object mode. Details of
the input catalog preparation are given by Platais et al.

Measurable grating images through second(1992, 1993).
order are scanned and centered using a two-dimensional
Gaussian Ðt to the density proÐles & van Altena(Lee 1983).
The centering program yields (X, Y )-positions, uncertainties
in the positions and an instrumental magnitude for each
image scanned. Stars and galaxies are centered with the
same routine. A set of Ðve ““ drift ÏÏ stars is also repeatedly
measured throughout the approximately 12 hr scan, and
their measures are used to monitor and correct for drifts in
the plate coordinate system due to thermal and mechanical
relaxations in the PDS. Once drift-corrected, the positions
are then precorrected for atmospheric refraction.

2.3. Reduction
Before either the proper-motion solution or the equato-

rial coordinate solution can be made, measures from the
various grating and exposure systems must be combined
into a single system on each plate. We adopt as a standard
the system of the central-order images in the long exposure.
First, the di†raction-grating image measuresÈactually, the
mean positions of the Ðrst- and second-order pairsÈare
transformed to the system of the central order. This is the
crucial step during which the magnitude-dependent e†ects
are derived and corrected, as detailed in the procedure pre-
sented in This is done separately for the short and long° 3.
exposures, using all available stars for which both central-
and Ðrst-order images are measurable. Following this, the
short-exposure positions are transformed to the long-
exposure system using (as high as) cubic polynomial Ðeld
terms derived from ““ bridge ÏÏ starsÈstars for which long-
exposure Ðrst-order images and short-exposure central-
order images are measurable. In this manner, positions of
the bright stars are put on the same system as those of the
faint stars and galaxies that will deÐne the proper-motion
solution.

Relative proper motions are derived by applying a least-
squaresÈdetermined cubic transformation of the Ðrst-epoch
measures into the system of the second-epoch measures.
Faint anonymous stars, from 800 to 1300 per Ðeld, are used
to calculate the transformation. The centering-errorÈ
weighted mean of the relative proper motions of external
galaxies is then used to make a correction to absolute
proper motion. This two-step process is necessary because
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the sparsity and poor centering precision of galaxies on the
SPM plates precludes their being used directly to derive the
di†erential plate model.

Currently, the mean-epoch positions are transformed to
celestial coordinates using cubic Ðeld terms and reference
stars from the Catalogue of Positions and Proper Motions
(PPM; see Roeser, & Yagudin The absoluteBastian, 1993).
proper motions are also aligned to the celestial coordinate
system during this transformation. Now that the Hipparcos/
Tycho catalog is available, it replaces the PPM as our
choice for reference system. Thus, all published SPM posi-
tions will be on the Hipparcos/Tycho system.

Parallel with the astrometric reductions, the instrumental
magnitudes are calibrated to V and B in a two-step pro-
cedure. First, the di†erences in instrumental magnitudes of
central and Ðrst-order grating images are used to
““ linearize ÏÏ these magnitudes by forcing the di†erences to
equal the known grating constant. The formalism of this
linearization is mathematically similar to that of the
astrometric magnitude equation and thus is also presented
in for completeness. Once linearized, the Ðnal calibration° 3
of the magnitudes amounts to a constant o†set which, in
general, has a spatial dependence across the plate. This
o†set function is derived using a combination of CCD cali-
bration photometry in one small area of the Ðeld along with
V B values extracted from the SIMBAD database of stars
across the Ðeld. (With the newly available Tycho photo-
metric data, we expect these stars to replace the SIMBAD
stars as bright photometric calibrators for all SPM Ðelds.)
In practice, a linear and possibly small quadratic term in the
linearized instrumental magnitude is also needed, in addi-
tion to the purely geometric terms.

3. MAGNITUDE EQUATION CORRECTION

The method we use for deriving the magnitude equation
corrections is that laid out by who in turnJe†erys (1962),
credits for the Ðrst arithmetic use of thisEichhorn (1956)
general procedure. The basic approach is as follows :
Assume the magnitude equation produces o†sets in the
image positions of the form

*X \ F(m, X, Y ) , *Y \ G(m, X, Y ) , (1)

which is Je†erysÏs equation (1), where m is the e†ective mag-
nitude of an image and (X, Y ) is its position on the plate.
While the o†set for any single image is not known, the
di†erence in o†sets of two images of the same star can be
measured and will be nonzero if there is a di†erence in the
““ e†ective ÏÏ magnitude of the two images, as with central
and Ðrst-order grating images, for example. We assume that
in the absence of magnitude-dependent o†sets, the mean
position of the di†raction-grating pair would coincide with
the position of the central-order image and that the form of
the magnitude equation, [F(m, X, Y ), G(m, X, Y )], is iden-
tical for the central and di†racted images. Presumably, the
latter assumption will only be approximately true, and
more so for the Ðrst-order images as opposed to higher
order images. To the extent that it does hold, the di†erence
between the central-image position, and the mean(X0, Y0),position of the ith-order pair of images, will be(X

i
, Y

i
),

X
i
[ X0\ F(m

i
, X0, Y0) [ F(m0, X0, Y0) ,

Y
i
[ Y0\ G(m

i
, X0, Y0) [ G(m0, X0, Y0) , (2)

which is Je†erysÏs equation (3), where and are them0 m
ie†ective magnitudes of the central- and ith-order images,

respectively. Choosing an appropriate form for the func-
tions F and G with coefficients and the coefficients canf

n
g
n
,

be determined by a least-squares solution using a sufficient
number of stars for which both the central and grating
images can be measured.

In practice, we Ðnd that describing the magnitude equa-
tion present in the SPM plate material requires a rather
large number of polynomial terms in some cases. We use the
following general functional forms :

F\ f1m] f2m2] f3m3 ] f4mX] f5mY ] f6mX2
] f7mXY ] f8mY 2] f9mX3] f10 X2Y
] f11m2X ] f12m2Y ,

G\ g1m] g2m2] g3m3] g4mY ] g5mX] g6mY 2
] g7mXY ] g8mX2] g9mY 3] g10 Y 2X
] g11m2Y ] g12 m2X . (3)

Note that the coefficients and can be found by usingf
n

g
ndi†erences between the central- and Ðrst-order image posi-

tions or those of central- and second-order images, i.e., i\ 1
or i \ 2 in equation (2). found that the Ðrst-Je†erys (1962)
and second-order solutions yielded very di†erent coeffi-
cients on the McCormick 26 inch (0.66 m) refractor plates of
his study. We Ðnd that this is not the case with the SPM
plate material. The Ðrst- and second-order images yield
similar solutions. Thus, we have chosen to use the Ðrst-
order images to derive the magnitude equation correction,
and this is applied to all measured images, central through
second order. On the other hand, the long-exposure and
short-exposure magnitude equations are found to be signiÐ-
cantly di†erent, and therefore these two corrections are
derived separately.

Interpretation of the coefficients in is simpli-equation (3)
Ðed by using properly linearized magnitudes, but with the
zero point set near the plate limit. The raw, instrumental
magnitude estimates produced by the centering software are
not properly scaled or even linear with true apparent mag-
nitude. Thus, the Ðrst half of the photometric calibration
described in the previous section is performed prior to the
solution for the in order to provide the necessary( f

n
, g

n
)

magnitude values. This linearization of the instrumental
magnitudes also utilizes di†erences between the central-
and Ðrst-order image parameters, in this case, di†erences in
the photometric parameter.

Assume that the ““ proper ÏÏ magnitude estimates, m, are
some function of the raw instrumental magnitudes, p, along
with a possible Ðeld dependence :

m\ H(p, X, Y ) . (4)

The di†erence between the Ðrst-order and central-image
magnitudes, and will simply be the grating constant,m1 m0,which is taken to be 3.85, the approximate value for the*
g
,

SPM gratings. Thus,

*
g
\ H(p1, X0, Y0) [ H(p0, X0, Y0) , (5)

where, as with equation (2), the (X, Y )-position may be rep-
resented by the central-image position without any loss of
accuracy. The functional form adopted for H is

H \ h1p ] h2 p2] h3 p3] h4 p4] h5 p5] h6 pX

] h7 pY ] h8 pX2] h9 pXY ] h10 pY 2 . (6)
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As before, all stars on the plate for which central- and Ðrst-
order images can be measured are used to solve for the
coefficients by least-squares solution. Once determined,h

nthe function H is applied to all images, central through
second order. (The high degree of the polynomial in p is not
particularly troublesome, as extrapolations are slight and
infrequent.) Separate solutions are made in the short and
long exposures, and a Ðnal o†set is applied to set m\ 0
near the plate limit. This is primarily to simplify interpreta-
tion of the derived magnitude equation corrections, forcing
them to equal zero at the plate limit.

4. APPLICATION

4.1. Practical Aspects
The degree to which the magnitude equation a†ects the

SPM plates is suggested by The precorrectionFigure 1.
di†erences in position between the long-exposure central-
order image and the mean of the Ðrst-order images are
shown for a typical, blue-passband, second-epoch plate. A
linear magnitude equation on the plate would show itself as
a constant, nonzero o†set in these di†erence plots. A quad-
ratic magnitude equation would produce a slope in the (*X,
*Y ) versus magnitude plots. And a coma term, i.e., magni-
tude times coordinate, would produce a slope in the *X
versus X and *Y versus Y plots. It can be seen from Figure

FIG. 1.ÈPositional di†erences between central and Ðrst-order grating
images in the long-exposure system of a typical second-epoch blue plate
(No. 384) as a function of plate coordinate and image magnitude. The
e†ective magnitude di†erence between the central and Ðrst-order grating
images is 3.85 mag. The pseudomagnitudes plotted in the bottom panels
are essentially B magnitudes with an arbitrary zero point.

that this plate su†ers from a signiÐcant coma-like e†ect in1
both coordinates and a quadratic magnitude equation in Y .

This plateÏs values of the coefficients for linear magnitude
equation and coma lie in the middle of the distribution for
second-epoch blue (B2) plates. Figures and show the2 3
distributions of the dominant linear terms in equation (3)
(terms for the long-exposure systems of thef1, f4, g1, g4)SPM plates reduced thus far. Actually, the B2 plates are the
best behaved group in this respect, showing a relatively
tight grouping in both Ðgures. The V2 plates, on the other
hand, display the widest range of values. The Ðeld-to-Ðeld
variation of the coefficients within each group is quite sig-
niÐcant, as can be judged from the scatter relative to the
formal errors of the coefficients, which are slightly smaller
than the size of the symbols plotted. (This intrinsic variation
precludes a possible ““ stacking ÏÏ of the plate residuals to
better determine the coefficients.) The X- and Y -
components of the coma are highly correlated but generally
do di†er signiÐcantly, and thus the simpler form of a radial
coma was not assumed. Most worrisome is the fact that the
mean values, and that of the coma in particular, di†er
between the Ðrst and the second epoch. If left uncorrected,
or merely undercorrected, this could lead to survey-wide
systematic e†ects in the derived proper motions.

In fact, such an e†ect was detected during a comparison
with Hipparcos proper-motion data. These data covered 63
SPM Ðelds and were made available to us for the purpose of
helping to determine the link of the Hipparcos proper
motions to the extragalactic reference system &(Lindegren
Kovalevsky et al. shows the1995 ; Platais 1998b). Figure 4
correlation between the per Ðeld mean proper motion dif-
ferences, Hipparcos minus preliminary SPM, and the
amount of magnitude equation correction applied to the
SPM data. The SPM proper motions plotted in Figure 4
are the weighted average of all six exposure/grating-image
systems from the visual SPM plates, although for the rela-
tively bright Hipparcos stars, the central-order, long-
exposure image receives very low weight. The weights are
based on the scatter of each image system about the mean
of the others for all stars measured.

The sign of the correlation observed in indicatesFigure 4
that the SPM data have been overcorrected for magnitude
equation. A similar e†ect is observed in the blue plates.
SigniÐcantly, though, the various image systems yield con-
sistent results, i.e., the central-order, long-exposureÈderived
proper motions have the same o†sets from the Hipparcos
data as do the Ðrst-order, short-exposure proper motions,
which are based on images fainter by nearly 8 mag. This
implies that the stellar images are indeed being corrected
properly, but that the corrections to absolute proper
motion, which are based on the measured ““ reÑex ÏÏ motions
of the galaxies, are to blame. Further evidence that the
zero-point corrections are correlated with the amount of
magnitude equation correction is seen in Here theFigure 5.
di†erence in zero-point correction, blue minus visual plates,
are plotted as a function of the di†erence, blue minus visual,
of the di†erences in linear magnitude equation correction,
second epoch minus Ðrst. Although noisier than the data in

a similar correlation is evident.Figure 4,
Two possible causes for this residual magnitude equation

in the zero-point corrections have been postulated : (1) the
polynomial adopted for the magnitude equation (i.e., eq.

combined with the disparity in measuring precision[3]),
between bright and faint images could lead to a poor repre-
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FIG. 2.ÈDistribution of linear magnitude coefficients vs. in for the approximately 120 SPM Ðelds reduced thus far. The top panels show the( f1 g1 eq. [3])
Ðrst- and second-epoch blue plates, while the bottom panels show the Ðrst- and second-epoch visual plates. The typical error in the coefficients, as estimated
from the least-squares reduction, is 0.02 km mag~1, roughly one-fourth the diameter of the plot symbols. Clearly, the Ðeld-to-Ðeld variation in the coefficients
is real.

sentation at the faint end, and in particular, the region
occupied by galaxies, and (2) the galaxies may be subject to
a magnitude equation that is signiÐcantly di†erent from
that a†ecting the stellar images.

As for the Ðrst hypothesis, our experience with a number
of open cluster proper-motion studies (e.g., Kozhurina-

et al. et al. has indicated thatPlatais 1995 ; Dinescu 1996)
neither a linear nor a quadratic polynomial provides a good
description of a guiding-errorÈinduced magnitude equation.
One would expect that as one approaches the faint plate
limit, the magnitude equation should Ñatten out. We have
experimented with a modiÐed version of equation (3) that
was constrained such that the derivative with respect to
magnitude was forced to zero at a magnitude dm above the
plate limit and continues Ñat to the limit. All SPM Ðelds
were rereduced using ever-increasing values of dm until a
plot equivalent to no longer showed a signiÐcantFigure 5
trend. The necessary value of dm\ 2.5 mag, however,
resulted in much poorer Ðnal proper motions as judged by a
comparison between di†erent image orders, as well as in
direct comparison with Hipparcos data. This approach was
therefore rejected.

The second hypothesis, that the galaxies are subject to a

di†erent magnitude equation than are the stars, is problem-
atic. The individual measuring precision of the galaxy
proper motions is much too poor to allow us to detect, let
alone calibrate, the magnitude equation of the galaxies
directly for any given Ðeld. Instead, we make the (hopeful)
assumption that the galaxy images behave di†erently from
those of the stars in a consistent way from Ðeld to Ðeld and
use the ensemble of all measured Ðelds to derive a correc-
tion to the zero points. This is probably not an unreason-
able assumption. The mean di†erence in image shapes
between stars and galaxies is roughly consistent from Ðeld
to Ðeld ; at least, it is always in the same sense (i.e., galaxies
are always broader), although the di†erence is greater on
the visual plates. Presumably, the di†erent behavior of the
galaxy images is due to their being broader than the stellar
images, causing the onset of the magnitude equation to
occur at a di†erent magnitude. Therefore, we adopt as the
form of the galaxy magnitude equation correction one that
is the same as that of the stars but evaluated at a magnitude
equal to that derived for the galaxy plus The value of*m

g
.

will be chosen so as to minimize the slopes observed in*m
gFigures and4 5.

Actually, with a proper conversion of units the slope in
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FIG. 3.ÈDistribution of ““ coma ÏÏ coefficients (terms vs. in for the same SPM plates as in The plates are again grouped by blue andf4 g4 eq. [3]), Fig. 2.
visual passbands and by Ðrst and second epochs. The typical formal error of the coefficients is 0.15 km mag~1 m~1, roughly half the diameter of the plot
symbols. The units given for the coma are such that the values may be best appreciated by keeping in mind that the SPM plates are roughly 0.4 m per side.

is exactly the desired magnitude o†set. The meanFigure 5
of the slopes in X and Y yields mag. In other*m

g
\ [0.7

words, the galaxies su†er from the same magnitude equa-
tion as stars that are 0.7 mag brighter. This is contrary to
our expectation that the broader galactic images would be
less susceptible to magnitude equation e†ects. Possibly the
answer lies in the magnitude calibration itself, which is
based entirely on stellar images and perhaps underestimates
the brightness of galaxies (see, e.g., Fig. 3 of et al.Platais

It could also be that this shift approximates some1993).
other underlying cause. We note that artiÐcially brightening
the galaxies reduces the magnitude di†erence between the
galaxies and the mean of the anonymous reference stars
upon which the proper-motion solution is based. Whatever
its origin, we shall adopt the empirically determined value
of mag. Its positive e†ect on the proper-*m

g
\ [0.7

motion zero points is evident in Figures and6 7.

4.2. Assessment
After the magnitude equation corrections described

above are made, the SPM proper motions and positions
may be evaluated using both internal and external compari-
sons to search for remaining magnitude-dependent e†ects.
Internal checks include comparing data derived from blue-

and visual-plate pairs and also from the overlap regions of
adjacent Ðelds. shows the proper-motion di†er-Figure 8
ences, blue minus visual, from the central-order long-
exposure images for a sample SGP Ðeld. The obvious trends
in the uncorrected proper motions (left) are no longer
present in the corrected data (right). It is important to note
that the blue and visual plates are corrected totally indepen-
dently of one another as regards magnitude equation. Thus,
the agreement between blue- and visual-plate results pro-
vides conÐdence that each plate has been corrected prop-
erly. A similar improvement is achieved in the mean-epoch
positions. While the corrections eliminate the trends with
magnitude, a signiÐcant constant o†set between blue and
visual results is sometimes present in the proper motions,
positions, or both. This is due primarily to the uncertainty
in the correction to absolute proper motion for the proper
motions and to plate-modeling error in the case of the posi-
tions. The manner in which these o†sets are handled in
combining the blue and visual data is discussed by Platais
et al. (1998a).

The second type of internal check, employing the overlap
region of adjacent Ðelds, is demonstrated in TheFigure 9.
di†erences in derived declinations at the mean epoch for
stars in common between the two ÐeldsÏ blue-plate pairs is
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FIG. 4.ÈProper-motion di†erences, Hipparcos minus preliminary
SPM, as a function of the amount of magnitude equation correction
applied during the SPM reductions (i.e., the di†erence between the magni-
tude equation term applied to the positions on the Ðrst- and second-epoch
plates). Each symbol represents the mean of approximately 80È100
Hipparcos stars per Ðeld. The SPM proper motions are from the visual
plates, although a similar trend exists for the blue plates.

shown both with and without magnitude equation correc-
tions. The bottom panel, that with the corrections, still
shows some slight residual structure as a function of magni-
tude. Note that, in the middle panel, in which one Ðeld is
corrected and the other is not, the corrections are in fact
quite large. The scatter of the Ðnal di†erences for stars with
B\ 16 is implying a precision of (1.1 km) per0A.09, 0A.06
Ðeld for a single passband and single image system.

The most important external check on the SPM data is
comparison with Hipparcos proper motions and positions.
The usefulness of the proper motions has already been illus-
trated in for those selected SPM Ðelds for which weFigure 6
had access to preliminary Hipparcos data for the purpose of
determining the proper-motion link. With the recent release
of all Hipparcos data, we will be able to double the number
of Ðelds in a plot such as and, hopefully, verify theFigure 6
value for the galaxy magnitude o†set discussed in The° 4.1.
positions from Hipparcos also allow a direct comparison,
and we were fortunate to be provided preliminary Hip-
parcos positions for a number of the SPM south Galactic
pole Ðelds. The Y -coordinates from a second-epoch blue
plate of one such Ðeld are compared with Hipparcos posi-
tions in Although the magnitude range is limited,Figure 10.
a magnitude equation is obvious in the uncorrected SPM

FIG. 5.ÈDi†erences, Ðeld by Ðeld, between the zero-point correction to
absolute proper motion derived for the blue- and the visual-plate pairs
during the preliminary SPM reductions. The zero-point correction is basi-
cally the proper motion di†erence between the galaxies and the mean of
the reference stars used to perform the di†erential plate solution. These are
plotted as a function of the di†erences, the blue plate minus the visual one,
and second-epoch plate minus the Ðrst-epoch one, in the amount of magni-
tude equation correction applied to the individual SPM plates. The trend
indicates that either the stars are being overcorrected or the galaxies are
being undercorrected for magnitude equation.

positions and absent from the corrected data.
A second type of external check can be made on the SPM

proper motions by isolating a sample of objects known to
possess common proper motions, such as a star cluster.

shows the SPM proper motions of tentativeFigure 11
members of the open cluster Blanco 1. There is no detect-
able magnitude equation remaining in over the 9 magk

xspanned by the cluster sample. In which is typically thek
y
,

more afflicted of the two coordinates for the majority of the
SPM plates, there is a slight residual trend with magnitude
for the visual plates, approximately [0.4 mas yr~1 mag~1.
This corresponds to 0.16 km mag~1, whereas the expected
uncertainty, based on a propagation of the formal errors in
the applied magnitude terms, is 0.08 km mag~1. Thus, the
slope is only marginally larger than expected. The precision
of the Ðnal SPM proper motions can be estimated from the
scatter in about the mean motion of the cluster.Figure 11
The dispersion is 1.9 mas yr~1 per plate pair in each coordi-
nate. Note that the plates contributing to these proper
motions were corrected with magnitude terms ranging from
[0.4 to 1.0 km mag~1 and coma terms from [3.5 to 2.5
km mag~1 m~1.
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FIG. 6.ÈSame as but after having modiÐed the SPM zero-pointFig. 4,
corrections to absolute proper motion by making an adjustment of [0.7
mag in the galaxy image pseudomagnitudes as described in the text. There
is deÐnite overall improvement, although a residual trend in remains.k

x

5. COMPARISON WITH TYCHO-BASED CALIBRATION

It might be thought that the magnitude equationÈfree
Hipparcos/Tycho catalog would provide a more direct and
much more e†ective means of removing the magnitude-
related systematics in the SPM plate material. Unfor-
tunately, this is not the case. While, in the short-exposure
system of the SPM, Tycho yields comparable results to the
di†erential grating method we have adopted, such is not the
case with the long-exposure system. This is primarily
because of the limited magnitude range of the Tycho Cata-
logue, as we demonstrate below.

The Hipparcos Catalogue provides very accurate posi-
tions (D1 mas) and proper motions (D1 mas yr~1) for
approximately 100 stars per SPM Ðeld at roughly 11th
magnitude and brighter. The Tycho Catalogue, which
includes those Hipparcos data, is denser yet less accurate,
providing approximately 440 stars per SPM Ðeld (in the
SGP region) in a magnitude range similiar to Hipparcos,
but with D25 mas positional accuracy at epoch 1991.25. All
Hipparcos stars are included for measurement in the SPM
program. The Tycho Catalogue is not explicitly included in
the SPM program, however, since the SPM input catalog
does include the PPM, the Southern Reference Stars, and
the other relatively bright catalogs (see Platais et al. 1992,

for a more complete description), we Ðnd that in the1993
SGP region roughly 70% of the Tycho stars are also SPM
program stars.

The measuring precision of a typical SPM stellar image is

FIG. 7.ÈSame as but after the adjustment of [0.7 mag to theFig. 5,
galaxy pseudomagnitudes and the resulting changes in the zero-point cor-
rections to absolute proper motion. The value of [0.7 mag was, in fact,
chosen to minimize the slopes in these blue minus- visual di†erence plots.
Note that the highly discordant point in the plot is due to a severelyk

xafflicted second-epoch visual plate, for which we may obtain a replace-
ment.

about 1 km, or 55 mas. Both Hipparcos and Tycho posi-
tions are substantially better, and therefore we are limited
(at least at the second epoch of SPM in the case of Tycho)
by the SPM centering precision. Thus, despite the superior
precision of Hipparcos, Tycho provides a better reference
system for SPM calibration, as a consequence of its higher
star density. As a test of the e†ectiveness of Tycho for cali-
bration of the SPM magnitude equation, we have selected
two second-epoch SPM plates and transformed their raw
measures (i.e., uncorrected for magnitude equation) into the
Tycho positions using a plate model that includes general
quadratic magnitude terms. Separate calibrations were per-
formed for the long and short exposures. In each solution,
the central and Ðrst-, and second-order grating images were
used simultaneously (weighting the average of a grating pair
as a single image), with the properly scaled SPM magnitude
estimates providing ““ e†ective ÏÏ magnitudes for all images.

The results, as represented by the formal errors of the
derived coefficients for the mag2 terms, are listed in Table 1.
For comparison, the mean formal errors of the correspond-
ing terms from the standard SPM magnitude equation solu-
tion (terms and from eq. [3]), are also listed. In thef2 g2short exposure, the two methods yield comparable accuracy
on the visual plate, while the standard SPM solution per-
forms marginally better on the blue plate. The numbers of
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FIG. 8.ÈDi†erences in proper motions derived from blue plates and from visual plates for a sample SPM Ðeld (No. 457). Data displayed in the left panels
have not been corrected for magnitude equation, while data in the right panles have been corrected.

stars contributing to the two solutions, in areNst Table 1,
roughly equal on the blue plate, but the number of measur-
able Tycho stars on the yellow plate is signiÐcantly higher.
The higher number is due to the relatively faint Tycho stars
for which the short-exposure central-order image is measur-
able on the yellow plate but not the short-exposure grating
images. These stars can contribute to the Tycho-based solu-
tion but not to the standard SPM solution, which is based
on central/grating-order di†erences. On both plates, the

number of reference images in the short-exposure solution,
favors the Tycho solution, partly becuase of the inclu-Nim,

sion of the second-order grating images. With a larger
number of reference images, one would expect the Tycho-
based solution to outperform the di†erential-grating
method on the yellow plate in particular, yet it does not.
This is possibly because of a correlation between the
magnitude-dependent terms and the purely geometric terms
in the plate model required of the Tycho-based solution. In

TABLE 1

COMPARISON OF MAGNITUDE EQUATION CORRECTION METHODS

SHORT EXPOSURE LONG EXPOSURE

METHOD p
x

p
y

Nst Nim p
x

p
y

Nst Nim
Visual plate (598V2) :

Tycho-based . . . . . . . . . . . . . 1.60 1.81 273 516 0.88 0.96 270 805
Di†raction grating . . . . . . 1.59 1.93 195 390 0.39 0.47 821 1642

Blue plate (598B2) :
Tycho-based . . . . . . . . . . . . . 1.16 1.12 275 751 1.97 1.93 148 443
Di†raction grating . . . . . . 0.86 0.87 268 536 0.28 0.30 945 1890

NOTE.ÈQuoted errors represent formal errors of mag2 terms in mas mag~2.
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FIG. 9.ÈDi†erences in declinations derived for stars in the overlap
region of two adjacent SPM Ðelds (Nos. 385 and 386) as a function of B
magnitude. The positions are at mean epoch of the blue-plate pairs in each
Ðeld and based solely on the central-order, long-exposure image system.
The top Ðgure displays data not corrected for magnitude equation. In the
middle panel, one Ðeld has been corrected and the other has not. In the
bottom panel, both Ðelds have been corrected.

FIG. 10.ÈDi†erences in Y position, Hipparcos minus SPM, for a
sample second-epoch blue plate (No. 526). The SPM positions are from the
central-order, short-exposure images. The top and bottom panels are of
SPM data before and after correction for magnitude equation, respectively.

the standard SPM method, only magnitude-dependent
terms are involved.

In the long-exposure system, the Tycho-based solution
yields much larger uncertainties, by factors of 2È6, relative
to the standard SPM method. Not only are the formal
errors of the solution larger, but the range in e†ective mag-
nitude over which the terms are applicable is also reduced.
This is illustrated in in which the distributions inFigure 12,
e†ective magnitude for the two solutions are compared. In
the short-exposure system, the two methods rely on roughly
similar reference image distributions. In the long-exposure
system, there are many more central- and Ðrst-order pairs
measured, sampling a broader range in e†ective magnitude
than Tycho alone can provide. It is this combination of
greater numbers of images and their wider e†ective magni-
tude range that makes the adopted central/grating-order
di†erence method superior to a direct Tycho-based magni-
tude equation calibration in the long-exposure system of the
SPM plate material.

One could envision a procedure in which the Tycho-
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FIG. 11.ÈSPM-derived proper motions for tentative members of the
open cluster Blanco 1. The top panel shows ( Ðlled circles) and (openk

x
k
ycircles) derived from the blue-plate pair and representing the weighted

mean of the various image systems. The bottom panel shows the proper
motions derived from the visual-plate pair. The scale of the plots matches
that of for the sake of comparison.Fig. 8

based solution is used to calibrate the short-exposure
system and the central/grating-order di†erence method is
used for the long exposure. However, there is no indication
that the short-exposure calibration would beneÐt at all. In
addition, a calibration based on Tycho/Hipparcos is prob-
lematic for the Ðrst-epoch SPM plates. It is our desire to
keep the SPM absolute proper-motion system independent
of the Hipparcos system. (Indeed, the Hipparcos proper-
motion link to the extragalactic reference system is based, in
part, on SPM data.) Even the use of proper motions derived
from Tycho minus Astrographic Catalogue (AC) positions
could introduce a bias from the Hipparcos system as,
undoubtedly, the Hipparcos proper motions will be needed
to correct the magnitude equation in the AC.

For these reasons, we feel that it is clearly best to adopt
the central/grating-order technique for both the long and
short exposures.

6. CONCLUSIONS

The plate material used in the SPM program, as is true of
all plate material, su†ers from varying degrees of magnitude
equation. Making use of the positional di†erences in the
central-order and di†raction-grating images, it is possible to
derive individual corrections for each SPM plate. The
resulting stellar positions and proper motions are free of
signiÐcant magnitude e†ects, as shown by a number of
checks made possible by the multiple image systems mea-
sured (i.e., long and short exposures, overlap regions, and
blue and visual plates), as well as by direct comparison with
external data such as the Hipparcos Catalogue.

Unfortunately, it is unlikely that many other photogra-
phic surveys are able to make direct use of the magnitude
equation correction techniques discussed here, because of
the requirement of having grating images or multiple expo-
sures. While these other surveys will be able to use the
Hipparcos and Tycho Catalogues to calibrate their magni-
tude equation down to a magnitude of approximately 11,
extending the calibration to fainter magnitudes is crucial.
We are fortunate in the case of the SPM to have an alter-
nate method of calibration that allows correction down to
the plate limit and on a plate-by-plate basis.

Final SPM positions and proper motions are presently
available for 32,000 stars in an extended region around the
south Galactic pole and spanning the magnitude range
5 \ V \ 18. A complete description of these data is given
by et al. Also nearing completion are thePlatais (1998a).
entire [30¡ and [35¡ zones (minus the Ðelds containing
the Galactic plane). These zones will be presented in the
near future.

We feel that these SPM data present an invaluable
resource for studies of Galactic structure. They also have
the potential to be an important source of calibration for
other, deep photographic surveys, primarily the numerous
Schmidt-based programs now underway. While yielding
vast numbers of absolute stellar proper motions, the useful-
ness of the Schmidt plate data may be undermined if sig-
niÐcant systematics go undetected and uncorrected.
Preliminary SPM data have contributed to the develop-
ment of one technique for removing the geometric distor-
tions inherent in Schmidt plate measures et al.(Bucciarelli

While several such techniques now exist for treating1995).
the purely geometric distortions, the magnitude e†ects are
potentially more troublesome. et al. haveMorrison (1996)
investigated the constant, repeatable component of magni-
tude equation in Schmidt plate measures, using overlap
regions ; however, the plate-to-plate variation of the magni-
tude equation remains largely unexplored. et al.Lu (1996)
conducted a preliminary investigation of the magnitude-
dependent errors in positions derived from POSS I plates,
concluding that the e†ects are signiÐcant and will adversely
a†ect the planned POSS IÈPOSS II proper motions, for
instance. The Schmidt plate data analyzed by Lu et al. had
not been corrected with the coma term derived by Morrison
et al. and further work is needed in this area in(1996),
quantifying the plate-to-plate component of the Schmidt
plate magnitude equation.

To the extent that this component is signiÐcant, we
suggest that the SPM provides a sufficiently deep and dense
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FIG. 12.ÈE†ective magnitude distributions of SPM-measured Tycho stars and of anonymous central/grating-order pairs used in the di†erential-grating
method of magnitude equation correction. The distributions shown are for a representative pair of second-epoch plates (No. 598) near the SGP. The top
panels correspond to the visual plate, and the bottom panels correspond to the blue plate. The distributions in the short and long exposures are shown in the
left and right panels, respectively.

reference catalog with which individual Schmidt survey
plates may be directly calibrated.
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