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ABSTRACT

This article presents a measurement of the proper motion of the Sculptor dwarf spheroidal galaxy determined from
images taken with the Hubble Space Telescope using the Space Telescope Imaging Spectrograph in the imaging mode.
Each of two distinct fields contains a quasi-stellar object that serves as the “reference point.” The measured proper
motion of Sculptor, expressed in the equatorial coordinate system, is (yz,,, p5) = (9 £ 13, 2 + 13) mas century .
Removing the contributions from the motion of the Sun and the motion of the local standard of rest produces the
proper motion in the Galactic rest frame: (uS™, pS™) = (—23 + 13, 45 £ 13) mas century~'. The implied space
velocity with respect to the Galactic center has a radial component of ¥, =79 & 6 km s~! and a tangential
component of ¥, = 198 + 50 km s~ !. Integrating the motion of Sculptor in a realistic potential for the Milky Way
produces orbital elements. The perigalacticon and apogalacticon are 68 (31, 83) and 122 (97, 313) kpc, respectively,
where the values in the parentheses represent the 95% confidence interval derived from Monte Carlo experiments.
The eccentricity of the orbit is 0.29 (0.26, 0.60), and the orbital period is 2.2 (1.5, 4.9) Gyr. Sculptor is on a polar

orbit around the Milky Way: the angle of inclination is 86° (83°, 90°).
Key words: astrometry — galaxies: dwarf — galaxies: individual (Sculptor)

1. INTRODUCTION

Shapley (1938) discovered the Sculptor dwarf spheroidal
galaxy (dSph)—the first example of this type of galaxy in the
vicinity of the Milky Way—on a plate with a 3 hr exposure time
taken with the Bruce telescope. Shapely notes “that systems such
as the Sculptor cluster may not be uncommon; their luminosity
characteristics would enable them to escape easy discovery.”
Since the detection of Sculptor, astronomers have identified eight
other dSphs.

Sculptor is at a celestial location of (c, §) = (01"00™09*,
—33°42/30"") (J2000.0; Mateo 1998), which corresponds to Ga-

! Based on observations with the NASA/ESA Hubble Space Telescope, ob-
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lactic coordinates of (I, b) = (287°5, —83%2). Thus, Sculptor lies
nearly at the south Galactic pole.

Kaluzny et al. (1995) searched for variable stars ina 15’ x 15’
field centered approximately on the dSph by taking /- and /-band
images with the 1 m Swope telescope at Las Campanas Obser-
vatory over a period of more than 2 months. The search resulted
in the identification of 226 RR Lyrae stars. The average V-band
magnitude of the RR Lyrae stars gives a distance modulus of
(m — M), = 19.71, which corresponds to a heliocentric distance
of 87 kpc. This estimate is practically the same as that obtained
by Hodge (1965); it is consistent with the estimate of Baade &
Hubble (1939) but somewhat larger than the estimate of Kunkel
& Demers (1977). This study adopts the estimate of Kaluzny
et al. (1995) for the distance to Sculptor.

Irwin & Hatzidimitriou (1995) derive the most comprehensive
set of structural parameters for Sculptor—and seven other dSphs—
using star counts from UK Schmidt Telescope plates. With a
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Fic. 1.—Left: Image of the sky in the direction of the Sculptor dSph. The dashed ellipse has an ellipticity of 0.32 and a semimajor axis equal to the Irwin &
Hatzidimitriou (1995) core radius. The two squares represent the fields studied in this article. The one within the core corresponds to the SCL J0100—3341 field and the
one outside to the SCL J0100—3338 field. Top right: Sample image from the epoch 2000 data for the SCL J0100—3341 field. The crosshair indicates the location of the
QSO. Bottom right: Sample image from the epoch 1999 data for the SCL J0100—3338 field. Again, the crosshair indicates the location of the QSO.

luminosity of (1.4 + 0.6) x 10° L., Sculptor is among the most
luminous dSphs. Its major-axis core and limiting radii are 5/8 +
1/6 and 76!5 & 5/0, respectively, which are in good agreement
with the values derived by Demers et al. (1980). However, they
differ from the values derived by Eskridge (1988a), who also
uses star counts from UK Schmidt Telescope plates. The dis-
crepancy is likely due to an underestimation of the central den-
sity in the latter study for reasons that are discussed in Irwin &
Hatzidimitriou (1995). The isopleth map of Sculptor (Fig. 11
in Irwin & Hatzidimitriou 1995) shows that the ellipticity of the
isodensity contours increases with increasing projected radius
from the center of the dSph: the ellipticity is consistent with 0 in
the inner 10" and smoothly increases to a value of 0.32 in the
outermost region. The study observes that Sculptor “looks re-
markably similar to numerical simulations of dSph galaxies that
are tidally distorted.” The position angle of the major axis is
99° 4 1°. Eskridge (1988b) finds asymmetric “structure” in
Sculptor in an isopleth map of the difference between the stellar
surface density and a fitted two-dimensional model. In contrast,
Irwin & Hatzidimitriou (1995) find only the increase of the el-
lipticity with projected radius in a similar map. Figure 1 (leff)
shows a 30’ x 30’ region of the sky centered on Sculptor. The
dashed ellipse is the boundary of the core.

Walcher et al. (2003) study the structure of Sculptor—together
with those of Carina and Fornax—using /-band images taken
with the Max Planck Gesellschaft ESO 2.2 m telescope at La
Silla. The images have an areal coverage of 16.25 deg? and reach
a limiting magnitude of V' ~ 23.5. The study derives major-axis
core and limiting radii of 756 + 0/7 and 40’ + 4/, respectively,
using a King (1962) model, as did Irwin & Hatzidimitriou
(1995). The 1 o disagreement between the two derived core radii
is perhaps larger than expected from two data sets that have many
stars in common. The apparently more serious disagreement be-
tween the two limiting radii is most likely due only to a larger true

uncertainty in the limiting radius caused by uncertainties in the
background surface density and the poor fit of the model to the
outer part of the surface density profile. Walcher et al. (2003)
confirm that the ellipticity of the surface density contours in-
creases with increasing projected radius; the contours also suggest
“extensions” from the ends of the major axis that are interpreted as
tidal tails. The radial projected density profile shows a “break”—a
departure from the fitted King model—at around 30’, which the
study interprets as evidence for the existence of an extended
stellar component. Walcher et al. (2003) use the relation between
the King-model tidal radius, the mass, and the perigalacticon of a
Galactic satellite developed by Oh et al. (1992) to deduce that
Sculptor has a perigalacticon of 28 kpc.

A recent article by Coleman et al. (2005) does not confirm the
finding in Walcher et al. (2003) that Sculptor has tidal tails and an
extended stellar component. Instead, the analysis of photometric
data in the V'and I bands for a 3°1 x 3°1 field shows that a King
model with a limiting radius of 72/5 + 4/0 is a satisfactory fit to
the radial profile of stars that lie on the giant branch. The limiting
magnitudes of the photometry are V' = 20 and / = 19, respec-
tively. The study notes that oversubtracting the field population
in its data produces a radial profile with the smaller fitted limiting
radius and significant extratidal structure found in Walcher et al.
(2003). Using additional information from the spectroscopy of
723 stars selected from the red giant branch, Coleman et al. (2005)
derive an upper limit of 2.3% =+ 0.6% for the contribution from
stars beyond the tidal boundary to the total mass of Sculptor. The
study does not find any conclusive evidence for tidal interaction
between the Milky Way and Sculptor.

In contrast, Westfall et al. (2006) do find evidence. This study
uses imaging in the M, T,, and DDOS5 1 bands to separate member
giants from foreground dwarfs in a 7.82 deg? area that covers the
eastward side of Sculptor, including the central region. Candidate
members are also selected from the region of the blue horizontal
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branch in the color-magnitude diagram. The selection of mem-
bers is checked with spectroscopy for 147 candidates. The study
finds members up to 150’ from the center of Sculptor—the spatial
extent of the survey and beyond the tidal boundary if that is iden-
tified with the measured King limiting radius of 80’. Several of
these stars are spectroscopically confirmed members. The radial
surface brightness profile shows a break to a shallower slope at a
radius of about 60’, which resembles the radial profiles seen in
simulations of satellites interacting with the Milky Way (Johnston
et al. 1999). Thus, Westfall et al. (2006) argue in favor of a sig-
nificant tidal interaction between the Milky Way and Sculptor. Itis
beyond the scope of this work to resolve the apparent conflict be-
tween Coleman et al. (2005) and Westfall et al. (2006) by judging
the merits of the analyses presented in both articles. Needless to
say, a disagreement exists about the effect of the Galactic tidal
field on the structure of Sculptor; measuring the proper motion of
the dSph may allow us to impose constraints on this effect.

Armandroff & Da Costa (1986) measured the radial velocities
of 16 giants in Sculptor, which average to produce a systemic
heliocentric velocity of 107.4 4 2.0 km s~'. This measurement
alleviated the large uncertainty in this quantity, which existed due
to mutually contradictory estimates from Hartwick & Sargent
(1978) and Richter & Westerlund (1983). More recently, Queloz
et al. (1995) measured the radial velocities of 23 giant stars. The
sample included 15 stars observed previously by Armandroff &
Da Costa (1986). The implied systemic heliocentric velocity of
109.9 + 1.4 km s~! (after excluding two stars that are likely bi-
naries) agrees within the quoted uncertainties with the measure-
ment of Armandroff & Da Costa (1986). Our article adopts a mean
velocity of 109.9 + 1.4 km s~! for calculating the space velocity
of Sculptor. Queloz et al. (1995) found no apparent rotation of the
dSph around its minor axis. Tolstoy et al. (2004) measured radial
velocities for 308 potential members of the dSph and found a sys-
temic velocity of 110 km s~!. There is no discussion of rotation,
but Figure 4 in that article shows that the velocity dispersion does
not increase with radius, as would be expected if there were a net
rotation larger than the central dispersion. Interestingly, the study
found that the red horizontal branch stars have a more compact
spatial distribution and a smaller velocity dispersion than the older
and more metal-poor blue horizontal branch stars. The two most
recent photometric and spectroscopic surveys by Coleman et al.
(2005) and Westfall et al. (2006) confirm the greater central con-
centration of the more metal-rich stars. The two studies also find
no evidence for rotation.

The mass-to-light ratio (M/L) of Sculptor is larger than a typical
value for a Galactic globular cluster; it is, however, smaller than
the M/Ls for some other Galactic dSphs. Armandroff & Da Costa
(1986) derive a central M/Ly of 6.0 =+ 3.1, and Queloz et al. (1995)
determine the somewhat larger value of 13 £ 6 (all M/L values in
this paper are in solar units). Both studies note that the measured
M/L does not imply unequivocal support for dark matter in Sculptor.

The stars of Sculptor are old. Fitting isochrones to the principal
sequences in the color-magnitude diagram, Da Costa (1984)
finds that the majority of the stars are younger by “2-3 Gyr than
Galactic globular clusters of similar metal abundance provided
the helium abundances and the CNO/Fe ratios are also similar.”
Da Costa (1984) also detects “blue stragglers” and estimates
their age to be about 5 Gyr under the assumption that they are
“normal” main-sequence stars, i.e., stars that did not acquire mass
from a companion. No stars younger than 5 Gyr exist in Sculptor,
indicating an absence of ongoing or recent star formation. How-
ever, Sculptor contains H 1 gas.

Carignan et al. (1998) and later Bouchard et al. (2003) detect
two distinct clouds of H 1 that are diametrically opposite each
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other almost along the minor axis and 20'—30’ from the center of
the dSph. These clouds are within the tidal radius. The H1 gas is
very likely to be associated with Sculptor because its mean he-
liocentric velocity is similar to that of the dSph.

Carignan et al. (1998) discuss mechanisms that might account
for the existence of the clouds. Removing the gas from the dSph
by a time-dependent tidal force due to the Milky Way is one
possibility. Carignan et al. (1998) suggest that the alignment be-
tween the proper-motion vector from Schweitzer et al. (1995)
and a line passing through the two clouds supports this hypoth-
esis for the origin of the clouds. However, if the tidal force affects
the H 1, it should also affect the stars, and the possible signatures
of tides in the stellar component of Sculptor are either absent or
inconsistent with the direction of the Schweitzer et al. (1995)
proper-motion vector. For example, the increasing ellipticity of
isodensity contours with increasing projected radius could be
due to tides (e.g., Johnston et al. 1995), but then the major axis
should be along the proper-motion vector. The possible “tidal
extensions” reported by Walcher et al. (2003) are at the ends of
the major axis. If these extensions are a continuation of the in-
creasing ellipticity, they also argue for an orbital plane parallel
to the major axis. Walcher et al. (2003) claim that the eastern
extension bends to the south, i.e., parallel to the minor axis, and
so argue that the orbital plane is aligned in the north-south di-
rection. However, this alignment is inconsistent with the in-
creasing ellipticity being due to the tidal force, since, given the
large distance of Sculptor, the Sun is nearly in the orbital plane,
and so the increasing ellipticity should be aligned with the tidal
extensions.

Schweitzer et al. (1995) report the first measurement of the
proper motion for Sculptor, (11, i15) = (72 £ 22, —6 £ 25) mas
century~!. This value includes contributions from the motions of
the Sun and the LSR; this article refers to this quantity as the
“measured proper motion.”” The measurement derives from 26
photographic plates imaged with a variety of ground-based
telescopes using either a ““blue”, B, or V filter. The earliest epoch
is 1938, and the latest is 1991. The study estimates, among other
quantities, the perigalacticon of the implied orbit. The best esti-
mate ranges from 60 kpc for the “infinite halo” potential of the
Milky Way to 78 kpc for the “point mass” potential. If the
perigalacticon is no smaller than 60 kpc, then the Galactic tidal
force has not played a significant role in the evolution of
Sculptor. The numerical simulations of Piatek & Pryor (1995)
and Oh et al. (1995) show that for a typical dSph, even with a
M/Ly as low as 3, a perigalacticon of 60 kpc is too large for
tides to have an important effect.

Motivated by the idea that some of the Galactic dSphs and
globular clusters may be pieces of a tidally disrupted progenitor
satellite galaxy, several studies propose that they form “streams”
in the Galactic halo. Lynden-Bell (1982) hypothesizes that Fornax,
Leo I, Leo II, and Sculptor are members of the “FLS stream.”
Majewski (1994) adds the newly discovered Sextans to the FLS
stream and recalculates its common plane, naming it the “FL2S?
plane.” The FLS and the FL?S? planes differ only slightly. In a
more extensive study, Lynden-Bell & Lynden-Bell (1995) infer
that Sculptor may belong to one of three possible streams (see their
Table 2). Stream 2 contains the LMC, SMC, Draco, Ursa Minor,
and possibly Sculptor and Carina; stream 4a contains Sextans,
Sculptor, Pal 3, and possibly Fornax; finally, stream 4b contains
Sextans, Sculptor, and possibly Fornax. For each stream, Lynden-
Bell & Lynden-Bell (1995) calculate the expected proper motion
of Sculptor.

Kroupa et al. (2005) note that the 11 dwarf galaxies nearest to
the Milky Way form a disk with a thickness-to-radius ratio of
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<0.15. The article argues that the distribution expected for such
nearby substructure in a cold dark matter universe is spherical,
that the observed distribution is not, and thus that these objects
are the tidal debris from the disruption of a larger satellite galaxy.
In contrast, Kang et al. (2005) and Zentner et al. (2005) find that a
planar distribution of nearby Galactic satellites is actually common
in numerical simulations of galaxy formation. A direct comparison
between the results of the simulations and the distribution of
nearby satellites finds that they are consistent.

A test of the reality of streams or planar alignments is to
measure the space motions of the satellites. Piatek et al. (2005,
hereafter P0OS) report a proper motion for Ursa Minor. The im-
plied orbit for Ursa Minor is not in the plane defined by Kroupa
etal. (2005). The proper motion also rules out membership in the
stream proposed by Lynden-Bell & Lynden-Bell (1995). The
measured proper motion for Carina (Piatek et al. 2003, hereafter
P03) does not agree well with the predictions of Lynden-Bell &
Lynden-Bell (1995) but is not precise enough to rule out mem-
bership in a stream. Piatek et al. (2002, hereafter P02) find that a
preliminary proper motion for Fornax is inconsistent with the
predictions of Lynden-Bell & Lynden-Bell (1995) and that its
direction is also inconsistent with an orbit in the FL?S? plane.
Dinescu et al. (2004) report an independent measurement of the
proper motion of Fornax. This motion is consistent, within its
uncertainty, with the predictions of Lynden-Bell & Lynden-Bell
(1995), and the direction of this motion is along the great circle
defined by the FL?S? plane. Dinescu et al. (2004) note that the
proper motion for Sculptor in Schweitzer et al. (1995) is in-
consistent with the FL?S? plane.

This article reports a second independent measurement of the
proper motion for Sculptor and discusses the implications of the
derived space motion on the dSph-Galaxy interaction. Section 2
describes observations and the data. Section 3 describes the anal-
ysis of the data leading to the derivation of the proper motion.
Section 4 describes the derivation of the proper motion for Sculptor
and compares the result to the proper motion from Schweitzer et al.
(1995). Section 5 integrates and describes the orbit of Sculptor.
Section 6 discusses the implications of the orbit for the importance
of the Galactic tidal force on the structure and internal kinematics
of Sculptor, for the star formation history, and for the member-
ship of Sculptor in the proposed streams of galaxies and globular
clusters in the Galactic halo. Section 7 is a summary of the main
results and conclusions.

2. OBSERVATIONS AND DATA

The Hubble Space Telescope (HST ) imaged two distinct fields
in Sculptor using the Space Telescope Imaging Spectrograph
(STIS) in imaging mode with no filter (SOCCD). Each field con-
tains a known quasi-stellar object (QSO), which serves as a refer-
ence point. Figure 1 (left) depicts the locations of the two fields
on the sky with two squares, one inside and the other outside of
the core. The name of the field inside the core is SCL JO100—
3341, which derives from the IAU designation of the QSO in
this field. Tinney et al. (1997) confirm the identity of this QSO:
itisat (o, &) = (01"00™25%3, —33°41'07"") (J2000.0), has a red-
shift z = 0.602 + 0.001, and has a magnitude B = 20.4. The
observations of the SCL J0100—3341 field occurred on 2000
September 24 and 2002 September 26. At each epoch there are
three exposures at each of the eight dither pointings for a total of
24 images. The “ORIENTAT” angle—the position angle of the
Y-axis of the CCD measured eastward from north—is the same to
within 1/10 of a degree for all of the exposures and is equal to
—67°5. Figure 1 (top right) shows the SCL J0100—3341 field.
The QSO is in the crosshair.
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The name of the field outside of the core is SCL J0100—3338.
The QSO in this field, also confirmed by Tinney et al. (1997), is
at(ar, 6) = (01"00™3236, —33°38/32"") (J2000.0), has a redshift
z=0.728 & 0.001, and has a magnitude B = 20.4. HST ob-
served this field on 1999 September 13, 2000 September 28, and
2002 September 28. At each of the three epochs, there are three
exposures at each of the eight dither pointings for a total of
24 images. The “ORIENTAT” angle is the same to within 1/10
of a degree and equal to —69°3 for all of the exposures for this
field. Figure 1 (bottom right) shows the SCL J0100—3338 field.
The QSO is in the crosshair. Owing to its greater distance from
the center of the dSph, the SCL J0100—3338 field contains fewer
stars than does the SCL J0100—3341 field.

Bristow (2004) and P05 discuss the effect of the decreasing
charge transfer efficiency of the STIS CCD on astrometric measure-
ments. If not accounted for, the decreasing charge transfer effi-
ciency may introduce a spurious contribution to a measured proper
motion. Bristow & Alexov (2002) developed computer software
that approximately restores an image taken with STIS to its preread-
out condition. All of the results that this article reports are based on
images restored using the program of Bristow & Alexov (2002).

3. ANALYSIS

P02 describe our method of deriving a proper motion from im-
ages taken with HST and containing at least one QSO. Funda-
mental to the method is the concept of an effective point-spread
function (ePSF), which Anderson & King (2000) describe in
detail. The subsequent two articles in this series, P03 and P05,
expand and improve on the basic method. The analysis reported
here incorporates only minor new features into the method; thus,
the reader should consult those earlier articles for the details. This
study mentions the major elements of the method alongside fig-
ures depicting key diagnostics of the performance of the method
and briefly describes the new features.

3.1. Flux Residuals

Equation (22) in P02 defines a “flux residual” diagnostic,
RF. It is a measure of how the shape of the constructed ePSF
matches the shape of an image of an object. In the case of a per-
fect match, RF = 0; if the ePSF is narrower, RF > 0; other-
wise, RF < 0.

Several factors affect the shape ofthe PSF for an object: (1) Type
of object. A PSF for a galaxy is generally wider than that for a star,
all else being equal. (2) Color of object. Because of diffraction
and aberrations, the width of the PSF is color-dependent. (3) Tilt
or curvature of the focal plane. The PSF varies with location
because the CCD surface and focal plane do not coincide every-
where. (4) Thermal expansion. Because the HS7 moves in and out
of the Earth’s shadow, its temperature is continuously changing.
These changes cause the telescope to expand or contract, affecting
its focal length. (5) Charge traps in the CCD. As the packets of
charge representing an object move along the Y-axis (the direction
of readout for STIS), those on its leading side partially fill each
trap encountered, so that there are fewer traps available to remove
charge from subsequent packets (Bristow & Alexov 2002). This
nonuniform loss of charge across the object changes its PSF.

Given the aforementioned factors affecting the shape of the
PSF, a plot of RF versus the X- or Y-coordinate of an object will,
in the best case, show that the points scatter around RF = 0.Ina
less desirable case, the points may show trends with X or Y or
both. These trends signal that the true PSF varies with location.

Because of the scarcity of stars in the observed fields, our
method constructs a single, constant ePSF for a given field and
epoch. A constant ePSF is one that does not vary with either X or
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FiG. 2.—Flux residual vs. location for objects in an image for the SCL J0100—
3341 field. Every plot displays points from 24 images. The left panels plot RF
vs. the X-coordinate, and the right panels plot RF vs. the Y-coordinate. The
squares represent the QSO. The top panels correspond to the 2000 epoch and the
bottom panels to the 2002 epoch. For ease of comparison, all of the plots have the
same scale on the vertical axis. Only objects with a S/N greater than 30 are plotted.

Y. Figures 2 and 3 show plots of RF versus X (left panels) and
RF versus Y (right panels) for the SCL J0100—3341 and
SCL J0100—3338 fields, respectively. Each row of panels shows
one epoch, arranged in chronological order from top to bottom.
The squares correspond to the QSO. Note that the number of R F
values for a given object may be equal to the number of ex-
posures—individual images—at a given epoch, or less if the
object is not measured in one or more exposures.

No panel in Figure 2, except for the top left one, shows a trend
between RF and X or RF and Y. The top left panel shows that
the mean RF decreases linearly with X, implying that the shape
of the true PSF becomes progressively narrower and more
peaked than that of the constructed ePSF with increasing X. We
are unable to trace the origin of this dependence. The values of
RF for the QSO are larger than those for other objects at both
epochs and are all positive, implying that the true PSF for the
QSO is wider than the constructed ePSF and that for a star.

No panel in Figure 3 shows a trend as conspicuous as the one
in Figure 2 (top leff). Nevertheless, Figure 3 (middle left) does
show a hint of variability of the true PSF with location. The PSF
of the QSO in SCL J0100—3338 is similar to that of a star. The
values of RF, although still biased toward positive values, are
comparable to those for bright stars.

There are two reasons why the PSF of a QSO can be different
from that of a star: (1) The underlying galaxy can broaden the
image of a QSO. (2) The color of a typical QSO is bluer than that
of a typical star. So, particularly for the unfiltered STIS imaging,
the true PSF is narrower for a bluer object. Thus, depending on
the interplay between the distance to a QSO and its color, the
values of RF for the QSO can on average be more positive than,
more negative than, or the same as those for a bright star. Visual
inspection of the QSO in the SCL J0100—3341 field shows what
appears to be a single spiral arm or tidal feature extending from
its image, suggesting that the underlying galaxy is indeed the
cause of the large positive values of RF for this QSO.

Experience with the data for other dSphs (P02, P03, and P05)
has shown that trends in the RF values with position do not nec-
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Fic. 3.—Flux residual vs. location for objects in an image for the SCL J0100—
3338 field. Every plot displays points from 24 images. The left panels plot R F
vs. the X-coordinate, and the right panels plot RF vs. the Y-coordinate. The
squares represent the QSO. From top to bottom, the panels correspond to the 1999,
2000, and 2002 epochs, respectively. For ease of comparison, all of the plots have
the same scale on the vertical axis. Only objects with a S/N greater than 15 are
plotted.

essarily produce systematic errors in the positions of objects. The
next section searches for such systematic errors in the position.

3.2. Position Residuals

Fitting an ePSF to the science data array of an object (the 5 x 5
array of pixels representing an object; see P02 for more detail on
this array and our procedures) determines its centroid. With 24
images per field and epoch, there can be up to 24 measurements
of the centroid. The actual number will be smaller than 24 if an
object is flagged out from one or more images because its array is
corrupted by cosmic rays or hot pixels. The dithering, rotation,
and change of scale (e.g., due to the “breathing” of the HST)
between any two images cause the centroid of an object mea-
sured in these two images to differ. Therefore, at each epoch
every field has a fiducial coordinate system that coincides with
the coordinate system of the first image in chronological order.
The adopted transformation from the coordinate system of each
subsequent image to the fiducial system contains a hnear trans—
lation, rigid rotation, and a uniform scale change. Let (X0 LYy )
be the centroid of object i at epoch j in image k& transformed to the
fiducial coordinate system, and let the mean centroid of object i
in the fiducial coordinate system (%f epoch J bek(<X0 ' (Yo ).
Define position re51duals RX Rj}j for an object i
as RX = (X, ;) — X, and Ry; i —(Yo,) — vt /- Ideally,
RX’k RY? *=0 for all values of j and &. Random noise
causes RX ik and R)i ¥ to differ from zero, but it does not cause
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Fic. 4—SCL J0100—-3341 field: position residuals, RX" and R)), as a function of the pixel phase, ®, and ®,. Panels a and b correspond to epochs 2000 and 2002,
respectively. The squares correspond to the QSO. Only objects with S/N greater than 30 are plotted.

any trends with respect to other quantities. However, systematic
errors can cause such trends. Anderson & King (2000) demon-
strate that a mlsmatch between the true PSF and the ePSF causes
RX; i+ and R)}” to depend on the location of a centr01d within a
p1xe1—the plxel phase <I> or . By definition, <I>’ = X"
Int(Xy ) and <I>’ = Y Int(Y ) where the functlon Int(x)
returns the 1nteger part of the variable x.

Figure 4 plots RX and RY versus ®, or @, for the SCL
J0100—3341 field. The plots in Figure 4a are for the 2000 epoch,
and those in Figure 4b are for the 2002 epoch. The squares cor-
respond to the QSO and the dots to stars with a signal-to-noise-
ratio (S/N) greater than 30.

The plots of RX versus ®, and R) versus ®,, in Figures 4a
and 4b show trends between these quantities for the QSO. Values
of RX and R tend to be negative for ®, and ®, less than about
0.5 pixels, and they tend to be positive for ®, and ®,, greater than
about 0.5 pixels. The points corresponding to the stars do not
show these trends. The plots of the cross terms, RX versus @,
and R versus ®,., do not show any trends for the QSO or for the
stars. These trends indicate a mismatch between the ePSF and the
true PSF (Anderson & King 2000). Both stars with S/N > 15
and the QSO contribute to the construction of the ePSF. There-
fore, the more extended true PSF ofthe QSO causes the ePSF to be
wider than an ePSF constructed using only stars; in other words,
the ePSF is a “compromise” between that of the stars and that
of the QSO. An ePSF constructed using objects with S/N > 100

diminishes the trends in the values of RX and R) for the QSO
because the shape of the ePSF is more akin to the shape of the true
PSF of the QSO. However, increasing the S/N threshold to 100 or
more in the construction of the ePSF is undesirable because the
resulting ePSF is poorly sampled, since there are only a few stars
with S/N greater than this limit. Instead, we choose to allow the
errors in the position of the QSO to remain and be reflected in a
greater uncertainty for the measured proper motion for this field.

Figure 5 plots RX and RY versus @, or ®, for the
SCL J0100—3338 field. Figures 5a, 5b, and 5c¢ are for the 1999,
2000, and 2002 epochs, respectively. Only objects with a S/N
greater than 15 are shown. No plot shows clear evidence for
trends between RA" or R) and @, or ®,, for the QSO or the stars.
In this field, the true PSF of the QSO resembles that for a star,
which is confirmed by Figure 3, in which the values of RF for
the QSO are indistinguishable from those for stars.

4. PROPER MOTION OF SCULPTOR

At this point there are two lists of fiducial coordinates, one for
each epoch, for the SCL J0100—3341 field and three for the SCL
J0100—3338 field. We define the standard coordinate system to
be that which moves uniformly together with the stars of Sculptor.
Thus, transforming the fiducial coordinates of a star of Sculptor
from different epochs into the standard coordinate system pro-
duces the same value within the measurement uncertainties. In
contrast, the transformed coordinates of the QSO or any other
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Fic. 5—SCL J0100—3338 field: position residuals, R and R, as a function of the pixel phase, ® and ®,. Panels a, b, and c correspond to the epochs 1999, 2000,
and 2002, respectively. The squares correspond to the QSO. Only objects with S/N greater than 15 are plotted.

object that is not a member of Sculptor will show uniform motion.
The proper motion of Sculptor derives from the motion of the
QSO in the standard coordinate system.

P05 describe a procedure for deriving the motion of the QSO
and any other object that is not a member of the dSph in the stan-
dard coordinate system from lists of fiducial coordinates at three
epochs. The procedure includes a linear motion in the fitted trans-
formations between the fiducial coordinate systems and the stan-
dard coordinate system for those objects whose x? calculated with
zero motion is above a threshold. The SCL J0100—3341 field has
only two epochs, so we have modified the procedure for this case
by excluding those objects with x? values above a threshold from
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the calculation of the transformations between the coordinate sys-
tems. The motion of the QSO is just the difference of the two trans-
formed coordinates. Sections 4.1 and 4.2 describe the results from
applying these procedures to the two fields.

4.1. Motion of the QSO in the SCL J0100—3341 Field

The number of objects with a measured centroid is 567 and
516 in epochs 2000 and 2002, respectively. Among these, 470
are common to the two epochs. The choice for the individual x?
that triggers fitting for uniform linear motion is 15. The multi-
plicative constant that ensures a x2 of 1 per degree of freedom is
1.151 (see POS for a discussion of these parameters).
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Fic. 6.—Position residuals defined by eqgs. (10) and (11) in POS5 for the objects in the SCL J0100—3341 field. The top panels are for the 2000 epoch, and the bottom
panels are for the 2002 epoch. Left: RX vs. X. Right: RYvs. Y. The squares correspond to the QSO. The arrows indicate points beyond the boundaries of the plot. Note the

“steps” in the plots of RX;_; and RX, | vs. X at X ~ 320 pixels.
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Fic. 7.—Same as Fig. 6, but after replacing x; with x]’ + ¢7 in the transformation for X' < 320 pixels. The fitted value of c¢; is 0.019 pixels. Note the absence of “steps.”

The transformation of the measured centroids to the standard
coordinate system used in this article is

3<yj—yoﬂv), (1)

y' —yoff+C4+CS<X _xoff> +Cé(y;_y0ff)a (2)
=yl re)s 0
O—)/zji = \/(csa)éj)z—ﬁ-(cts yj) . (4)

The above represents a modification of the method described in
P05, afforded here because of the greater number of stars. In the

xj =Xoff +C1 + (xj — xoff>

equations, c1—cq are the free parameters, (xof, Vor) = (512,
512) pixels defines the reference point for the transformation,
and o i) is a measured centroid of the ith object at the jth
epoch whlch is transformed to (x ’) in the standard coor-
dinate system.

Equations (10) and (11) in PO5 define position residuals RXJL |
and RYi’_1 for an object i transformed to the standard coordinate
system from the fiducial coordinate system of the jth epoch. For
an ideal case, RX;_; = RY;_; = 0. Figure 6 shows RX versus
Xand RYversus Y for the SCL J0100—3341 field. The most prom-
inent feature is a “step” in RX|_; versus X at X ~ 320 pixels. The
values of RX;_; tend to be negative for X below the step, indicat-
ing the presence of a systematic error in the X-coordinates whose
source we are unable to trace. The values of RX,_; tend to be pos-
itive for X < 320 pixels, which is forced by the fitting procedure.

(=}

500
X(t=0) [pixel]

1000

—— ——
3 of I ]
X 2F 1 % 3¢ E
B °r 1 & °t ]
/\To_% b4 —t ] /\To_i } 4 i H
~ v - - v -
ﬁéo.'_ ] QO.'_ 3
v 9L 1 VvV 9 ]

L 1 " " 1] L 1 1]

[ T T T T] [ T T]
— I 1 r 1
T <[ 1 T =f ]
X oF 1 % oF 3
B of 1 4 ot 1
— L *- —_— L i
N ot H— N I — ¥ H
(. ] o - [ ]
' O f i % of :
2 ofl . R o[ .
Vot ] Vot ]

L | ! ! 1] L | 1]

(=}

500
Y(t=0) [pixel]

1000

Fic. 8.—Same as Fig. 7, except that the points are the weighted mean residuals in 10 equal-length bins in X or Y. The points are plotted at the mean of the coordinate

values in the bin.



No. 3, 2006

458.58 - B

458.575 - -

X [pixel]

458.57 | B

352.34 - B

'3,352.335 = B

Y [pixel]

352.33 - 1

Time [years]

FiG. 9.—Location of the QSO as a function of time for the SCL J0100—3341
field in the standard coordinate system. The vertical axis in each plot has the
same scale.
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An ad hoc approach for removing the “steps” is to replace x;
with x; 4- ¢ in equations (1)—(4) when x; < 320 pixels and to fit
for the additional free parameter ¢;. Applying this remedy removes
the “steps,” as shown by Figure 7, which plots the same quantities
as Figure 6. In this corrected fitting procedure, the value of the
multiplicative constant that ensures a x° of 1 per degree of freedom
decreases to 1.123 because of the smaller residuals. The fitted
value of ¢7 is 0.019 pixels. The proper motion for this field derives
from this fit. Figure 8 is the same as Figure 7 except that the points
are the weighted mean residuals in 10 equal-length bins in X or ¥.
Note the different vertical scale. The points are plotted at the mean
of the coordinate values in the bin. The average residuals show no
systematic trends above a level of 0.001 pixels.

Figure 9 shows the location of the QSO as a function of time in
the standard coordinate system. The top panel shows the variation
of the X-coordinate, and the bottom panel does the same for the
Y-coordinate. The motion of the QSO is (4, p,) = (0.0032 £
0.0032, 0.0005 & 0.0035) pixel yr—'. The contribution to the
total x? from the QSO, and from any other object whose motion
was fitted for, is 0 because a line always passes exactly through
two points.

4.2. Motion of the QSO in the SCL J0100—3338 Field

The number of objects with measured centroids is 343, 326,
and 314 in epochs 1999, 2000, and 2002, respectively. Among
these, 257 are common to the three epochs. The choice for the
individual  that triggers fitting for uniform linear motion is 15.
The multiplicative constant that ensures a x> of 1 per degree of
freedom is 1.176.
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FiG. 10.—Position residuals for the SCL J0100—3338 field. Lefi: RX vs. X. Right: RYvs. Y. The epochs increase chronologically from the top to the bottom row. The
squares mark the QSO. The arrow indicates a point beyond the boundaries of the plot.
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Fic. 11.—Same as Fig. 10, except that the points are the weighted mean residuals in 10 equal-length bins in X or Y. The points are plotted at the mean of the coordinate

values in the bin.

Figures 10 and 11 show position residuals, RX and RY, as a
function of position in the standard coordinate system for the
SCL J0100—3338 field. They are analogous to Figures 6 and 8.
From top to bottom, the rows of panels are for epochs 1999, 2000,
and 2002. No panel shows unambiguous trends between RX and
Xor RYand Y. The largest deviations of the average residuals are
RY ~ 0.004 pixels for ¥ < 100 pixels. Any systematic trends at
the location of the QSO are on the order of 0.001 pixels. Although
not shown in the figures, the plots of the cross terms do not show
trends either.

Figure 12 is analogous to Figure 9 for the SCL J0100—3338
field. Note that the slopes in the corresponding plots in Fig-
ures 12 and 9 need not be the same because the two fields are
rotated with respect to each other, although for the fields in
Sculptor the rotation is only a few degrees. The uncertainties
shown for the points in Figure 12 are those calculated from the
scatter of the measurements about the mean for an individual
epoch increased by a multiplicative factor. The introduction of
this factor reduces the contribution to the total x? from the QSO.
Without it, the contribution was 9.52. The contribution to the x>
has approximately 2 degrees of freedom, which implies a 0.9%
probability of a x2 that is larger than 9.52 by chance. Such a small
probability likely indicates the presence of unaccounted for sys-
tematic errors. We choose to increase the uncertainty in our fitted
proper motion by multiplying the uncertainties of the mean posi-
tions at each epoch by the same numerical factor so that the con-
tribution to the total x> is about 1 per degree of freedom. Our
fitting procedure calculates a value for the factor for all objects
whose contribution to the total x? exceeds 4.6, which is expected
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Fic. 12.—Location of the QSO as a function of time for the SCL J0100—3338
field in the standard coordinate system. The vertical axis in each plot has the
same scale.
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TABLE 1
MEASURED PROPER MOTION OF SCULPTOR

P s

Field (mas century ") (mas century ')
) @ 3
SCL J0100—3341 ......... 9417 14+ 16
SCL J0100—3338 ......... 8 £20 —27+25
Weighted mean ......... 9+13 2+13

10% of the time by chance. The value of the factor is 2.2 for the
QSO, and the uncertainty in the fitted motion of the QSO increases
by essentially the same amount. The motion of the QSO is (i,
) = (—0.0043 £ 0.0050, 0.0034 =+ 0.0038) pixel yr L.

4.3. Measured Proper Motion

Table 1 gives the measured proper motion for each field in the
equatorial coordinate system and its weighted mean. Table 2
gives the proper motions for those objects in the SCL J0100—
3341 field for which it was measured. Table 3 does the same for
the SCL J0100—3338 field. The first lines of Tables 2 and 3
correspond to the QSO, and subsequent objects are listed in order
of decreasing S/N. In Tables 2 and 3, the ID number of an object
is in column (1), the X- and Y-coordinates of an object in the ear-
liest image of the first epoch (065909010 for SCL J0100—3341
and 05b102010 for SCL J0100—3338) are in columns (2) and (3),
and the S/N of the object at the first epoch is in column (4). The
components of the measured proper motion, expressed in the
equatorial coordinate system, are in columns (5) and (6). Each
value is the measured proper motion in the standard coordinate
system corrected by adding the weighted mean proper motion of
Sculptor given in the bottom line of Table 1. To indicate that this
correction has been made, the proper motion of the QSO is given
as zero. The listed uncertainty of each proper motion is the uncer-
tainty of the measured proper motion, calculated in the same way
as for the QSO, added in quadrature to that of the average proper
motion of the dSph. The contribution of the object to the total x?
is in column (7). Although column (7) is included in Table 2 for
the sake of symmetry with Table 3, the x? contributions are not
meaningful.

Schweitzer et al. (1995) report the first measurement of the
proper motion for Sculptor; this study reports an additional two
independent measurements. Figure 13 compares the three in-
dependent measurements, each represented by a rectangle. The
circles at the center of each rectangle are the best estimates
of the proper motion. The sides of each rectangle are offset from
the center by the 1 o uncertainties. Rectangles 1, 2, and 3 represent
the measurements by Schweitzer et al. (1995), this study for field

TABLE 2
MEeAsURED PropPER MoTions For OBJects IN THE SCL JO100—3341 FieLp

X Y Ha Hs
ID (pixels) (pixels) S/N  (mas century™') (mas century™ ') x?
m 3 @ ®) ©) @)
L...... 459 352 125 0+21 0421
2. 327 740 164 2766 + 17 1048 + 18
3. 588 330 112 —812 £ 16 1714 £ 17
4..... 137 627 99 180 + 17 —127 + 21
Sevee 496 398 10 —66 + 46 178 £ 72
6...... 574 710 6 36 +93 258 + 63
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TABLE 3
MEASURED PrOPER MoTioNs FOR OBJECTS IN THE SCL JO100—3338 FieELD

X Y i s
ID (pixels) (pixels) S/N (mas century™') (mas century™!)  x?
0] @ 3 “ () (6) (@]
l.... 523 490 180 0+24 0+28 2.10
2. 414 177 42 —188 + 22 —299 + 20 0.61

3. 950 832 20 89 £31 —562 £ 27 425

SCL J0100—3341, and this study for field SCL J0100—3338,
respectively.

The a-components of our measurements 2 and 3 agree almost
exactly, and their §-components differ by only 1.4 times the un-
certainty of their difference. While the 6-component of measure-
ment 1 agrees with the 6-components of measurements 2 and 3, the
a-component does not agree with either one. The a-components
of measurements 1 and 2 differ by 2.3 times the uncertainty of
their difference, and those for measurements 1 and 3 differ by
2.2 times this uncertainty. Because of the large difference in the
a-components of the proper motion between the measurement
from Schweitzer et al. (1995) and from our two fields, we choose
to use the weighted average proper motion from Table 1 to de-
termine the space velocity of Sculptor.

4.4. Galactic Rest-Frame Proper Motion

The measured proper motion of the dSph contains contribu-
tions from the motion of the LSR and the peculiar motion of the
Sun. The magnitude of the contributions depends on the Galactic
longitude and latitude of the dSph. Removing them yields the
Galactic rest-frame proper motion—the proper motion measured
by a hypothetical observer at the location of the Sun but at rest
with respect to the Galactic center. Columns (2) and (3) of Table 4

o T T
S+ i
T L]
=
g ol 2 .
n °
«
£
<
3 . 1
o 3
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Fic. 13.—Comparison of three independent measurements of the proper
motion for Sculptor. The center of each rectangle, marked with a circle, is the
best estimate of the proper motion, and the sides are offset by the 1 o un-
certainties. Rectangles 1, 2, and 3 correspond to the measurements from
Schweitzer et al. (1995), this study for field SCL J0100—3341, and this study for
field SCL J0100—3338, respectively.
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TABLE 4
Gavactic REsT-FRaME PROPER MOTION AND SPACE VELOCITY OF SCULPTOR

}LSTF Iugrf /1/531'{ N}G}rf 11 [€) 7 V, Vt
Field (mas century™')  (mas century~!) (mas century”!) (mas century™')  (km s~ (km s (kms™") (kms™)) (kms

1 2 3 “ () (6 (7 ®) )] (10)
SCL J0100—3341 ....... —23+17 57+ 16 6+ 17 —62 £ 17 —186 =69 159 + 68 —107 £ 8 82 +7 254+ 66
SCL J0100—-3338....... —24 £20 17 £ 25 18 + 21 —23 £25 —113 + 88 10+100 —88+12 73+9 124+76
Weighted mean ....... —23+13 45+ 13 11 £ 13 —50 £ 14 —158+54 112+56 —101+7 79+ 6 198 £ 50

(&3
frame proper motion. Their derivation assumes 220 km s~ for the

circular velocity of the LSR, 8.5 kpc for the distance of the Sun
from the Galactic center, and (e, ve, we) = (—10.00 £ 0.36,
5.2540.62, 7.17 & 0.38) km s~' (Dehnen & Binney 1998)
for the peculiar velocity of the Sun, where the components are
positive if u., points radially away from the Galactic center, v, is
in the direction of rotation of the Galactic disk, and w,, points
in the direction of the north Galactic pole. Columns (4) and (5)
give the Galactic rest-frame proper motion in the Galactic coor-
dinate system, (4™, pS™). Columns (6)—(8) give the IT-, ©-, and
Z-components of the space velocity in a cylindrical coordinate
system centered on the dSph. The components are positive if
IT points radially away from the Galactic axis of rotation, © points
in the direction of rotation of the Galactic disk, and Z points in the
direction of the north Galactic pole. The derivation of these
components assumes 87 kpc (Kaluzny et al. 1995) for the helio-
centric distance to Sculptor and 109.9 + 1.4 kms~' (Queloz et al.
1995) for the heliocentric radial velocity of Sculptor. Columns (9)
and (10) give the radial and tangential components of space ve-
locity for an observer at rest at the Galactic center. The component
V. is positive if it points radially away from the Galactic center.
Thus, at present, Sculptor is moving away from the Milky Way.

give the equatorial components, (1™, ug‘rf ), of the Galactic rest-

5. ORBIT AND ORBITAL ELEMENTS OF SCULPTOR

Knowing the space velocity of a dSph permits a determination
of'its orbit for a given form of the Galactic potential. This study
adopts a Galactic potential that has a contribution from a disk of
the form (Miyamoto & Nagai 1975)

GMy;
Vgisk = — ok = (5)
\/R2 +(a+ V22 +12)
from a spheroid of the form (Hernquist 1990)
GMS her
\} — _ _—Tspher 6
spher RGC + C7 ( )
and from a halo of the form
Whalo = tayo In (RGe + d?). (7)

In the above equations Rgc is the galactocentric distance, R is
the projection of Rgc onto the plane of the Galactic disk, and Z
is the distance from the plane of the disk. All other quantities in
the equations are adjustable parameters, and their values are the
same as those adopted by Johnston et al. (1999): Mgigx = 1.0 x
10" Mo, Mgpher = 3.4 %10 My, vhato = 128 km s7!, a =
6.5 kpc, b = 0.26 kpc, ¢ = 0.7 kpc, and d = 12.0 kpc.

Figure 14 shows the projections of the orbit of Sculptor onto
the X-Y (top left), X-Z (bottom left), and Y-Z (bottom right)
Cartesian planes. The orbit results from an integration of the mo-

tion in the Galactic potential given by equations (5)—(7). The in-
tegration extends for 3 Gyr backward in time and begins at the
current location of Sculptor, with the negative of the space ve-
locity components given in the bottom line of columns (6)—(8) of
Table 4. The squares in Figure 14 mark the current location of the
dSph, the stars indicate the center of the Galaxy, and the two
small circles mark the points on the orbit at which Z = 0, or, in
other words, at which the orbit crosses the plane of the Galactic
disk. The large circle is for reference; it has a radius of 30 kpc. In
the right-handed coordinate system of Figure 14, the current lo-
cation of the Sun is on the positive X-axis. The figure shows
that Sculptor is moving away from the Milky Way, is closer to
perigalacticon than apogalacticon, and has a nearly polar orbit
with a modest eccentricity.

Table 5 tabulates the elements of the orbit of Sculptor. The
value of the quantity is in column (4), and its 95% confidence
interval is in column (5). The latter comes from 1000 Monte Carlo
experiments, where an experiment integrates the orbit using an
initial velocity that is generated by randomly choosing the line-of-
sight velocity and the two components of the measured proper
motion from Gaussian distributions whose mean and standard
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Fic. 14.—Projections of the orbit of Sculptor onto the X-Yplane (fop left), the
X-Z plane (bottom left), and the Y-Z plane (bottom right). The origin of the right-
handed coordinate system is at the Galactic center, which is marked with a star.
The Galactic disk is in the X-Y plane, and the present location of the Sun is on
the positive X-axis. The squares mark the current location of Sculptor at
X, Y, Z)=(54, 9.9, —86) kpc. For reference, the large circle in the X-Y
plane has a radius of 30 kpc. The two small circles in the X-Yprojection mark the
points at which Sculptor passes through the plane of the Galactic disk. The
integration starts from the present and extends backward in time for 3 Gyr.
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TABLE 5
ORBITAL ELEMENTS OF SCULPTOR
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TABLE 6
PrEDICTED PROPER MOTION OF SCULPTOR

Quantity Symbol  Unit  Value 95% Confidence Interval
) @ 6 @ ®)
Perigalacticon....... R, kpc 68 (31, 83)
Apogalacticon ...... R, kpc 122 (97, 313)
Eccentricity .......... e 0.29 (0.26, 0.60)
Period ......ccoeenee T Gyr 2.2 (1.5, 4.9)
Inclination ............ P deg 86 (83, 90)
Longitude.............. Q deg 275 (243, 3006)

deviation are the best estimate of the quantity and its quoted un-
certainty, respectively. The eccentricity of the orbit is defined as

e = (R";RP. (8)

(Ra + Ry)
The most likely orbit has about a 2:1 ratio of apogalacticon to
perigalacticon, although the 95% confidence interval for the ec-
centricity allows ratios approximately between 1.7:1 and 4:1.
The orbital period of Sculptor, 2.2 Gyr, is about 50% longer than
those of Carina (1.4 Gyr; P03) and Ursa Minor (1.5 Gyr; P05).

6. DISCUSSION

Knowing the orbit can help answer several questions about
Sculptor, or at least increase the level of our understanding of this
galaxy. These questions are: (1) Is Sculptor a member of a stream
of galaxies? (2) Is its star formation history correlated with the
orbit? (3) What is the origin of the H 1 clouds detected in close
proximity to the dSph? (4) Does Sculptor contain dark matter?

6.1. Is Sculptor a Member of a Stream?

Lynden-Bell & Lynden-Bell (1995) propose that Sculptor
may be a member of one of three possible streams: streams 2
(together with the LMC, SMC, Draco, Ursa Minor, and Carina),
4a (together with Sextans, Pal 3, and Fornax), or 4b (together
with Sextans and Fornax). Columns (2) and (3) in Table 6 give
the predicted heliocentric (i.e., “measured” in our terminology)
proper motion in the equatorial coordinate system for Sculptor if
it indeed belongs to any of the three streams. The magnitude of
the proper-motion vector, |u| = (u(zy + M%) , and its position
angle are in columns (4) and (5). For easy comparison, the cor-
responding quantities from our study are in the bottom line of the
table. Comparing the entries shows that the predictions for streams
2 and 4a disagree significantly with our measurement. However,
the prediction for stream 4b is closer: the magnitudes differ by
1.6 times the uncertainty in their difference, while the position
angles differ by 1.6 times this uncertainty. Differences of this size
should occur by chance 1% of the time. The measured proper
motion based on only the three-epoch data in the SCL JO100—
3338 field improves the agreement with the prediction for stream
4b. Thus, while we rule out the possibility that Sculptor is a mem-
ber of streams 2 or 4a, its membership in stream 4b is possible.

Stream 4b contains both Sculptor and Fornax. The Dinescu
et al. (2004) proper motion for Fornax is (u,, ps) = (59 £ 16,
—15 + 16) mas century~!. The magnitude and position angle of
the proper motion are 61 & 16 mas century~' and 104° + 15°,
The prediction for stream 4b from Lynden-Bell & Lynden-Bell
(1995) is 20 mas century ! and 162°. The difference between the
measured and predicted proper motions would be this large or
larger by chance only 0.4% of the time. Thus, the physical reality
of stream 4b is doubtful.

o s | PA.
Stream No.  (mas century~') (mas century~') (mas century™!) (deg)
(O] @ 3 “ ()]
2ot 51 —80 95 147
80 —61 101 127
—13 -27 30 205
9+13 2+13 9+13 77 £ 81

Dinescu et al. (2004) argue that Fornax and Sculptor are mem-
bers of the same stream that also includes Leo I, Leo II, and
Sextans. Together, the galaxies define the FL2S? plane. If they do
form a stream, their Galactic rest-frame proper-motion vectors
should be aligned with the great circle passing through the gal-
axies. The position angle of the great circle passing through
Sculptor and Fornax is about 99° at the location of Sculptor and
95° at Fornax. The position angle of the Galactic rest-frame
proper motion for Fornax reported by Dinescu et al. (2004) is
79° £ 25°, which differs by 0.64 times its uncertainty from the
position angle of the great circle. If Sculptor and Fornax form a
stream, then they should move in the same direction along the
great circle connecting them. Thus, the proper motion of Fornax
from Dinescu et al. (2004) implies that the position angle of the
Galactic rest-frame proper motion of Sculptor should be 99°. The
position angle for the proper motion of Sculptor reported here is
333° 4+ 1°, which differs from the prediction by 8.4 times its
uncertainty. Discounting the proper motion from this study and
instead using the position angle of 40° 4 24° implied by the
proper motion measured by Schweitzer et al. (1995) does not
remove the disagreement; the position angle differs by 2.5 times
its uncertainty from that of the great circle. We conclude that
Sculptor and Fornax do not belong to the same stream.

Kroupa et al. (2005) show that the 11 dwarf galaxies nearest
to the Milky Way are nearly on a plane, whose two poles are at
(I, b) = (168°, —16°) and (348°, +16°). Adopting the direction
of the angular momentum vector as the pole of the orbit, the lo-
cation of the pole is

(4, b) = (2 +90°, & —90°). (9)

Because of the left-handed nature of the Galactic rotation, pro-
grade orbits have b < 0 and retrograde orbits have b > 0. Thus,
the pole of our orbit for Sculptor is (I, b) = (5° £ 16°, —4° £+
1%6), where the uncertainties are 1 o values from the Monte Carlo
simulations. The Galactic longitudes of the poles of the plane
and orbit agree within the uncertainty, but the Galactic latitudes
do not. They differ by 20°, which is more than 12 times the
uncertainty in the location of the pole of the orbit. However, there
is also some uncertainty in the orientation of the plane passing
through the dwarf galaxies near the Milky Way. We conclude
that the plane of the orbit of Sculptor is similar to the plane
defined by the nearby dwarf galaxies.

6.2. The Effect of the Galactic Tidal Force
on the Structure of Sculptor

The measured ellipticity of the isodensity contours increases
with projected distance from the center of Sculptor (see Fig. 1 in
Irwin & Hatzidimitriou 1995), akin to the surface density con-
tours of a model dSph in the numerical simulations of Johnston
et al. (1995; e.g., see Fig. 4). If the Galactic tidal force deformed
Sculptor from an initial nearly spherical shape to its present
elongated shape in the outer regions, then, from our vantage
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point nearly in the orbit plane, the position angle of its projected
major axis should be similar to—or differ by 180° from—the
position angle of the Galactic rest-frame proper-motion vector,
as predicted by the numerical simulations of Oh et al. (1995),
Piatek & Pryor (1995), or Johnston et al. (1995). The position
angle of the projected major axis is 99° & 1°, and the position
angle of our measured Galactic rest-frame proper-motion vector
is 333° 4 15°. Allowing for the 180° degeneracy, the difference
between the two position angles is 3.6 times the uncertainty of
their difference, which suggests that the Galactic tidal force has
not elongated Sculptor.

6.3. Does Star Formation History Correlate with the Orbital
Motion of Sculptor?

Da Costa (1984) imaged a 3’ x 5’ field located just outside
of the core radius of Sculptor in three bands, B, ¥, and R. The
photometry reaches the main-sequence turnoff. Comparing the-
oretical isochrones with the distribution of stars in the color-
magnitude diagram, the study finds that the majority of stars are
about 2—3 Gyr younger than the Galactic globular clusters of
comparable metal abundance. An earlier study by Kunkel &
Demers (1977) based on B and V photometry extending to
0.4 mag below the horizontal branch reaches a similar con-
clusion. The color-magnitude diagram also shows a population
of blue stragglers, which might be indicative of an extended
period of star formation. Da Costa (1984) concludes, however,
that if an intermediate-age stellar population exists in Sculptor,
it is “infinitesimal compared to that of the Carina system.”

Deep HST imaging by Monkiewicz et al. (1999) in a single
field, reaching 3 mag below the main-sequence turnoff, confirms
the basic picture of Sculptor uncovered by Kunkel & Demers
(1977) and Da Costa (1984). This color-magnitude diagram also
reveals the presence of “blue stragglers” and implies an age
comparable to that of the Galactic globular clusters. The small
number of stars in the small field made a search for an inter-
mediate-age stellar population inconclusive.

Majewski et al. (1999), Hurley-Keller et al. (1999), and
Harbeck et al. (2001) use wide-field imaging to show the pres-
ence of two stellar populations with distinctly different metal-
licities ([Fe/H] = —2.3 and —1.5; Majewski et al. 1999). The
more metal-rich population is more centrally concentrated in the
galaxy. Most recently, Tolstoy et al. (2004) confirm the above
picture using wide-field imaging and spectroscopy. Spectro-
scopically determined metallicities range from —2.8 to —0.9.
Stars more metal-rich than —1.7 are more centrally concentrated
and have a smaller velocity dispersion than the rest of the sample.
However, both stellar populations are older than 10 Gyr.

The aforementioned studies show that there were at least two
episodes of star formation at times more than 10 Gyr ago. Be-
cause 10 Gyr is much longer than the orbital period of approx-
imately 2.2 Gyr, there is no clear connection between the
stimulation of star formation and processes such as the Galaxy-
Sculptor tidal interaction or the effects of ram pressure. The lack
of correlation could be due to the loss of all of the gas in Sculptor
about 10 Gyr ago. But, surprisingly, the observations indicate
that Sculptor has H 1 today.

6.4. H 1 Gas in Sculptor

Unlike most other Galactic dSphs, Sculptor contains a de-
tectable amount of H 1. Knapp et al. (1978) detect three clouds of
H1in the vicinity of Sculptor and speculate that one of them, with
aradial velocity of 120 km s~!, may be associated with Sculptor,
whose radial velocity at the time was uncertain. Carignan et al.
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Fic. 15.—Gray-scale map of the distribution of H 1 in the direction of
Sculptor based on data taken with the Australia Telescope Compact Array by
Bouchard et al. (2003). The map is centered at (X, Y) = (0, 0), which corre-
sponds to (v, §) = (00"59™18%, —34°10700"") (J2000.0). North is up, and east
is to the left. Overplotted on the map are the center of Sculptor (asterisk), its
optical boundary ( partial ellipse), the Galactic rest-frame proper motion derived
by Schweitzer et al. (1995; dashed arrow) and by us (solid arrow), and the line
connecting the centers of Sculptor and Fornax (dotted line).

(1998) confirm and refine this detection and put a lower limit on
the mass of H1of3.0 x 10* M_,. Bouchard et al. (2003) repeat the
observations over a wider field with the Parkes single-dish
telescope and, over a smaller region, at higher angular resolution
with the Australia Telescope Compact Array. The better data
show that the H 11is not associated with a background galaxy, and
the probability of a chance superposition of a Galactic high-
velocity cloud is less than 2%. These arguments, together with
the agreement within 4 km s~! of the radial velocity of the H 1and
the radial velocity of Sculptor, make a strong case for the phys-
ical association of the clouds with the dSph.

The gas is in two clouds. Figure 15 shows the distribution of
H 1 on the sky in the direction of Sculptor based on the Australia
Telescope Compact Array data from Bouchard et al. (2003). The
asterisk marks the optical center of Sculptor, and the two clouds
are about 20'—30’ from the center, one to the northeast and one to
the southwest. The masses of the clouds are (4.1 & 0.2) x 10*
and (1.93 £ 0.02) x 10> M_, respectively. The two clouds lie
nearly along the minor axis of the dSph; the orientation of
Sculptor is shown in Figure 15 by the ellipse representing the
optical boundary.

Although the association between the gas and the dSph seems
well established, why Sculptor still has gas when most of the
other Galactic dSphs do not and the cause of the observed con-
figuration of the gas are debated. Mayer et al. (2005) study the
loss of gas from dwarf galaxies in the Local Group using nu-
merical simulations that include ram pressure stripping. It quan-
tifies the expected result that a galaxy with a deeper potential well
or with a larger perigalacticon is more likely to retain its gas. The
orbit of Sculptor is similar to those of Carina and Ursa Minor,
which suggests that differences in the degree of tidal shocking or
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ram pressure stripping are not the reason for the difference in gas
retention. However, note that the 95% confidence intervals for the
perigalacticons of all three orbits are still too large to make a
conclusive statement. The larger mass of Sculptor compared to
Carina and Ursa Minor is the most likely reason it was able to
retain gas.

Mechanisms that could affect the distribution of H 1 within the
dSph are tidal interaction, ram pressure, and forces from super-
novae or winds from young stars. Tidal interaction and ram
pressure tend to spread the gas in the plane of the orbit. The two
arrows in Figure 15 represent the Galactic rest-frame proper
motions as measured by Schweitzer et al. (1995; dashed arrow)
and this study (solid arrow). The ratio of their lengths is the same
as the ratio of the magnitudes of the proper motions. The dotted
line is a section of a great circle that passes through Sculptor and
Fornax; its position angle is 99°.

The Schweitzer et al. (1995) proper motion (dashed arrow)
is nearly aligned with the line that connects the centers of the
clouds. Carignan et al. (1998) notes this alignment and suggests
that it may indicate a “tidal” origin for the clouds: presumably, the
Galactic tidal force stretches the gas, initially centered within
the dSph, into its observed distribution. The most serious prob-
lem with such a picture is that the tidal force would stretch the
distribution of both the stars and the gas, which then aligns the
major axes of the gaseous and stellar distributions from our per-
spective as an observer nearly in the plane of the orbit of Sculptor.
They are not aligned, perhaps because the motion of the gas is
governed by both gravitational forces and pressure gradients. As
was noted in § 6.2, if the observed ellipticity of Sculptor is due
to the tidal force, then the Galactic rest-frame proper motion
should be aligned with the major axis. Figure 15 shows that the
solid arrow, our measurement, is closer to such an alignment
than the dashed arrow. Because the tidal force is zero at the center
of'a dSph, it cannot by itself separate a single cloud centered on
the dSph into two clouds. Thus, within the context of a picture
in which tides have had an important effect on Sculptor, our
proper motion is more plausible than that of Schweitzer et al.
(1995). However, is our proper motion consistent with the ge-
ometry of the two clouds?

We think yes. First, the two clouds are elongated in the di-
rection of our proper motion (see particularly Fig. 1 in Bouchard
et al. 2003). The observed elongation could be due to ram pres-
sure from the motion through a gaseous Galactic halo. Second,
and more speculatively, the two clouds could be due to the
Rayleigh-Taylor instability when the H 1 in Sculptor moves
through the hot and low-density gaseous halo. Or the gas could
have been squeezed out perpendicular to the direction of motion
by the compressive tidal shock when Sculptor crossed the Ga-
lactic disk. Expansion combined with the infall of the gas forms a
ring that looks like two clouds in projection.

6.5. Is There Dark Matter in Sculptor?

Estimates of the M/Ly for Sculptor range from 6 to 13, and
estimates of the limiting radius range from about 40’ to 80’. The
estimates of M/L assume that mass follows light. If this is true,
then the implied mass of Sculptor must be large enough, given
our orbit, to produce a tidal radius that is at least as large as the
observed limiting radius. Equating the tidal radius and the lim-
iting radius predicts a value for M/L that should agree with the
measured value. Also, the dSph must have a mass and hence a
M/L large enough for it to have survived destruction by the
Galactic tidal force on our orbit.

In lieu of numerical simulations, an approximate analytical
approach is to calculate the tidal radius, 7;, beyond which a star
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becomes unbound from the dSph. For a logarithmic Galactic
potential, 7, is given by (King 1962; Oh et al. 1992)

) _{ (1—e)p M}‘“
T+ e 2e] In[(1 +e) /(1 — )] + 1 Mg

a. (10)

Here e is eccentricity of the orbit, a is the semimajor axis
[a = (R, + R,)/2], M is the mass of the dSph, and Mg is the
mass of the Galaxy within a. Equating », with the observed
limiting radius derived by fitting a King (1966) model, ri, gives
a value for M/Ly for a given orbit. If rx = 40/, then 28% of the
orbits in Monte Carlo simulations have M/Ly > 6 and 10% of
the orbits have M/Ly > 13.If rg = 80’, then 100% of the orbits
have M/Ly > 13. These results show that the global M/L of
Sculptor is probably larger than the measured M/L if the larger
of the measured limiting radii is identified with the tidal radius.
The M/L calculated assuming that mass follows light under-
estimates the true global M/L if Sculptor contains dark matter
that is more spatially extended than the luminous matter (e.g.,
Pryor & Kormendy 1990). However, equation (10) shows that
M o r}, so the values for M/L derived using this equation are
sensitive to the measured value of the limiting radius. Until kine-
matic measurements definitively identify the tidal radius, an M/L
derived with the above argument should be treated with caution.

The average of the measured values of M/Lj for Galactic
globular clusters is 2.3 (Pryor & Meylan 1993). Could the true
M/Ly of Sculptor be similar to this average? Numerical simu-
lations by Oh et al. (1995) and Piatek & Pryor (1995) show that
the ratio of the limiting radius derived by fitting a theoretical
King model (King 1966), rk, to the tidal radius defined by equa-
tion (10) is a useful indicator of the importance of the Galactic
tidal force on the structure of a dSph. These simulations show the
following: if r¢/r, < 1.0, the Galactic tidal force has little effect
on the structure of the dSph; at r¢/r; = 2.0, the effect of the force
increases rapidly with increasing ri/ry; and, for r¢/r, = 3.0, the
dSph disintegrates in a few orbits. Assuming that M/Ly = 2.3
and rx =40, rg/r, > 2.0 for 6% of the orbits generated in
Monte Carlo simulations. If 7¢ = 80/, the fraction is 100%.
Thus, it is possible that Sculptor could have survived for a
Hubble time on its current orbit if it only contains luminous
matter. We conclude that the measured orbit of Sculptor does not
require it to contain dark matter.

6.6. A Lower Limit for the Mass of the Milky Way

Sculptor is bound gravitationally to the Milky Way. The ga-
lactocentric space velocity of the dSph imposes a lower limit on
the mass of the Milky Way within the present galactocentric
radius of the dSph, R. Assuming a spherically symmetric mass
distribution and a total energy of the dSph of zero, the lower limit
for the mass of the Milky Way is given by

_ R+
M ==t (11)

Setting R = 87 kpc and using the values from Table 4 for V, and
V,, M = (4.6 £2.0)x 10'" M. This lower limit is consistent
with other recent estimates of the mass of the Milky Way, such as
the mass of 5.4701 x 10! M, within R = 50 kpc found by
Sakamoto et al. (2003). The Milky Way potential adopted in § 5
has a mass of 7.8 x 10'! M, out to R = 87 kpc.

7. SUMMARY

This article presents a measurement of the proper motion of
Sculptor using data taken with the HST and STIS in imaging
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mode. Using this measurement, we derive the orbit and discuss
the following: membership in proposed streams, tidal interaction
with the Milky Way, the relation between the orbit and the star
formation history, the H 1 gas associated with the dSph, the dark
matter content, and a lower limit on the mass of the Milky Way.
The list below enumerates our findings.

1. Two independent measurements of the proper motion give
a weighted mean value of (u,, p5) = (9 £ 13, 2 £ 13) mas
century ! in the equatorial coordinate system for a heliocentric
observer.

2. Removing the contributions to the measured proper mo-
tion from the motions of the Sun and the LSR gives a Galactic
rest-frame proper motion of (S, uéGrf) =(—23+£13, 45+
13) mas century ! in the equatorial coordinate system for an
observer at the location of the Sun but at rest with respect to the
Galactic center. In the Galactic coordinate system this motion is
(prt) pdmy = (11 4 13, —50 4 14) mas century .

3. The radial and tangential components of the space velocity
are V, =794+ 6 km s~! and ¥, = 198 + 50 km s~!, respec-
tively, as measured by a galactocentric observer at rest.

4. The best estimate of the orbit shows that Sculptor is ap-
proaching its apogalacticon of R, = 122 kpc on a polar orbit
with eccentricity e = 0.29. The perigalacticon of the orbit is
R, = 68 kpc, and the orbital period is T = 2.2 Gyr.

5. Sculptor is not a member of streams 2 and 4a proposed by
Lynden-Bell & Lynden-Bell (1995). It could be a member of
stream 4b, although the proper motion of Fornax measured by
Dinescu et al. (2004) makes the physical reality of this stream
doubtful.

6. The proper-motion vectors of Sculptor and Fornax show
that they cannot be members of the same stream.

7. The pole of the orbit of Sculptor is 26° from the pole of the
plane of the Galactic dSphs noted by Kroupa et al. (2005). This
difference is much larger than the uncertainty in the pole of the
orbit but is probably within the uncertainty of the definition of
the plane of the dSphs.

8. A comparison of the orbit of Sculptor to those of other
dSphs does not provide a clear reason for why Sculptor contains H1
but the others do not. The origin and distribution of H 1 remain
puzzling. This article proposes that, while the line connecting the
two clouds of H1is nearly perpendicular to our Galactic rest-frame
proper motion, some combination of ram pressure, tidal interac-
tion, and Rayleigh-Taylor instability could produce this geometry.
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