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The 3D motions of stars in small galaxies beyond our own are mi nute and yet
they are crucial for our understanding of the nature of gravi ty and dark matter 1;2.
Even for the dwarf galaxy Sculptor which is one of the best stu died systems and
inferred to be strongly dark matter dominated 3;4, there are conicting reports 5;6;7

on its mean motion around the Milky Way and the 3D internal mot ions of
its stars have never been measured. Here we report, based on d ata from the
Gaia space mission 8 and the Hubble Space Telescope, a new precise measurement of
Sculptor's mean proper motion. From this we deduce that Scul ptor is currently
at its closest approach to the Milky Way and moving on an elong ated high-
inclination orbit that takes it much farther away than previ ously thought. For
the �rst time we are also able to measure the internal motions of stars in Sculptor.
We �nd � R = 11:5 � 4:3 km s� 1 and � T = 8:5 � 3:2 km s� 1 along the projected
radial and tangential directions, implying that the stars i n our sample move
preferentially on radial orbits as quanti�ed by the anisotr opy parameter, which
we �nd to be � � 0:86+0 :12

� 0:83 at a location beyond the core radius. Taken at face
value such a high radial anisotropy requires abandoning con ventional models 9 for
the mass distribution in Sculptor. Our sample is dominated b y metal-rich stars
and for these we �nd � MR � 0:95+0 :04

� 0:27, a value consistent with multi-component
models where Sculptor is embedded in a cuspy dark halo 10 as expected for cold
dark matter.

To measure the proper motions (PMs) of individual stars in Sculptorwe used data taken
12:27 years apart. The �rst epoch was acquired with the Advanced Camera for Surveys on
board HST. The data set consists of two overlapping pointings separated by about 20 (� 50
pc, see Fig. 1), each split in several 400 sec exposures in the F775W�lter. The overlapping
�eld-of-view has been observed 11 times. We obtained a catalog of positions, instrumental
magnitudes and Point Spread Function (PSF) �tting-quality parameters by treating each
chip of each exposure independently. Stellar positions were corrected for �lter-dependent
geometric distortions11. We then cross-matched the single catalogs to compute 3� -clipped
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average positions, magnitudes and corresponding uncertainties.We built the complete HST
catalog after excluding all the saturated sources and those thatwere measured less than 4
times. The second epoch is provided by theGaia �rst data release12. We extracted from the
Gaia archive all sources in the direction of Sculptor.

We transformed the HST positions to the equatorial reference frame de�ned by the
Gaia data (right ascension, RA, and declination, DEC), using a six-parameter linear transformation14.
We found 126 stars in common and their PMs were computed as the di�erence between the
Gaia and HST positions, divided by the temporal baseline. The uncertainties on the PMs
were computed as the sum in quadrature between theGaia and HST positional errors,
divided by the temporal baseline, also taking into account the non-negligible correlations
betweenGaia's RA and DEC uncertainties. After this �rst iteration, we repeated the pro-
cedure several times to compute the frame transformations using only likely members of
Sculptor. These were selected using their location in the (G, G-mF 775W ) color-magnitude
diagram (Fig. 2a) and their previous PM determination. After threeiterations, the number
of selected stars stabilized at 91.

Our �nal catalog is shown in Fig. 2. Very distant objects such as background galaxies
and quasars do not move and thus if present will have an apparent non-zero proper motion
as a result of our procedure that sets Sculptor at rest15;16. Although there are no known
quasars in our �eld of view, we were able to identify two background galaxies using the
Gaia astrometric excess noise parameter17, and con�rmed by eye (see Figs. 1b and 1c). Even
though these are extended sources, their cores are well �t by a point source-like PSF, making
them reliable for de�ning the absolute reference frame. The relative PMs measured for these
two galaxies are red crosses in Fig. 2b. The fact that they both lie in the same region of this
PM diagram supports our analysis. We adopted their weighted mean relative proper motion
(blue cross in Fig. 2b) as the zero-point, thus the absolute PM for Sculptor is (� abs

� cos� ,
� abs

� )=( � 0:20� 0:14; � 0:33� 0:11) mas yr� 1, which corresponds to (� 79:6 � 55:7; � 131:4 �
43:8) km s� 1 assuming a distance of 84� 2 kpc to Sculptor18. Fig. 2c shows that the
motions of the stars in the �eld are coherent. Finally, Fig. 3 compares our PM measurement
to previous estimates1. More details and a thorough description of the extensive tests we
have performed are reported in the Methods section.

To compute the orbit of Sculptor around the Milky Way and also to quantify the e�ect
of \apparent rotation" 7, we combine our absolute PM measurement with literature values of
the line of sight velocity4 vlos, distance18, and sky position of Sculptor. We use these as initial
conditions (and also consider PMs within 1� of the measured values) for the integration of

1during the publication process of this paper, a new estimate has been provided by Sohn et al.201744
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Fig. 1.| Field of view towards the Sculptor dwarf spheroidal galaxy. a) is a
Digital Sky Survey image of the center of Sculptor. The ellipse indicates the core radius13

(r c � 5:90� 144 pc). The two HST pointings marked with boxes are located at an average
distanceRHST � 7:60 � 185 pc, well inside the half-light radius (rhl � 160 � 390 pc) of the
system. b) and c) show the HST images of the two background galaxies used to determine
the absolute zero point of the PM.
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Fig. 2.| Properties of our sample. a) is the color-magnitude diagram for the stars
in our PM catalog. Black dots are likely members (with PM amplitude smaller than 0.23
mas yr� 1), red circles are the 15 member stars with the best measured PMs (used to compute
the internal velocity dispersion of Sculptor), and gray triangles are likely non-members. The
same color coding is used in the next panels. b) shows the sources with a measured PM.
The two background galaxies are marked in red, and their weighted mean in blue, together
with the associated 1� uncertainty. c) shows the observed projected motions of starsin the
�eld.

orbits in a multi-component Galactic potential19. These show that Sculptor moves on a
relatively high inclination orbit and that it is currently close to its minimum distance to
the Milky Way, as we �nd its peri- and apocenter radii arerperi = 73+8

� 4 kpc and rapo =
222+170

� 80 kpc. The values of these orbital parameters depend on the assumed mass for the
Milky Way halo, but variations of 30% lead to estimates within the quoted uncertainties (see
the Methods section for more details).

Finally, we deduce the maximum apparent rotation for this orbit to be2:5 km s� 1 deg� 1

at a position angle� 18 deg. Therefore if we correct the velocity gradient along the major
axis previously measured4 in Sculptor for this apparent rotation, we �nd an intrinsic rotation
signal along this axis of amplitude 5:2 km s� 1 deg� 1. This implies that at its half-light radius,
vrot =� los � 0:15, for a line-of-sight velocity dispersion4 � los = 10 km s� 1. Given the large
pericentric distance and the small amount of rotation we have inferred, this implies that
Sculptor did not originate in a disky dwarf that was tidally perturbed by the Milky Way 20.

We determined the internal transverse motions of the stars in Sculptor using a sub-
sample selected such that: (i ) 18:4 < G < 19:1 mag, to avoid stars in the HST non-linear
regime and those where theGaia positional errors are more uncertain21; (ii ) the errors on each
of the PM components are smaller than 0:07 mas yr� 1(corresponding to 27:9 km s� 1 at the
distance of Sculptor); (iii ) the total PM vector is smaller than 0.23 mas yr� 1(i.e. 91:6 km s� 1,
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Fig. 3.| Comparison to previously published PM estimates for Sculpt or . Each
ellipse denotes the 68% con�dence level. It is not very surprising that none of the PMs
agree with each other at this level as the two astrometric measurements are based either
on photographic plates5 (red; known to su�er from strong systematic e�ects), or a much
shorter (by a factor 6) temporal baseline6 (green). The third estimate7 (blue) was derived
assuming that the line-of-sight velocity gradient observed in Sculptor is due to perspective
e�ects (\apparent rotation"). However, in the presence of intrinsic rotation the PM derived
in this way will be based on an incorrect assumption.
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this limit is set by the apparent PM of the background galaxies). There are 15 stars that
satisfy these criteria and hence have the best PM measurements.

We model the velocity dispersion of this sample using a multivariate Gaussian. The
parameters of this distribution are the mean velocities in the radial and tangential directions
on the plane of the sky (v0;R ; v0;T ), the dispersions (� R ; � T ) and their correlation coe�cient
� R;T . We use Bayes theorem to derive the posterior distribution for these parameters (assum-
ing a Gaussian-like prior on the dispersions) from a Markov Chain Monte Carlo (MCMC)
algorithm22. We �nd � R = 11:5� 4:3 km s� 1 and � T = 8:5� 3:2 km s� 1, as shown in Fig. 4a.

If we assume spherical symmetry and neglect rotation (see the Methods section for
details), we can use the Jeans equations to �nd a relation23 between the velocity dispersions
measured atRHST (the location of our �elds) and the value of the anisotropy�̂ = � (r̂ ) where
r̂ � RHST :

�̂ = 1 �
� 2

T

� 2
los + � 2

R � � 2
T

: (1)

We determine� los � 6:9 km s� 1for 10 stars in common with a spectroscopic catalog24. Using
the MCMC chain samples, we obtain the probability distribution for�̂ shown in Fig. 4b. The
two other histograms in this panel depict the results obtained assuming a at-prior (dashed)
or the more often quoted value� los � 10 km s� 1(dotted). In all cases, radial anisotropy is
clearly favored, with a median value�̂ � 0:46 and the maximum a posteriori�̂ MAP � 0:86.

This is the �rst ever determination of the value of the anisotropy� in an external galaxy.
The anisotropy is the key missing ingredient to robustly establish thedistribution of matter
in Sculptor, reected in a longstanding unresolved debate25;26;27;10, as to whether or not this
galaxy has the cuspy pro�le28 predicted by the concordance cosmological model in which
dark matter is cold, constituted by weakly interacting particles2.

The value of � we have measured is surprising. A review9 of the literature indicates
that most previous works have assumed spherical symmetry and derived, for a variety of
mass models of Sculptor,� � 0 for � constant with radius. However, no physical system
can have a constant anisotropy and� � 0:8 with a light density pro�le that has a central
slope (0) � 0, since has to satisfy � 2� in the spherically symmetric limit29. Therefore,
in this context, our result shows that the anisotropy in Sculptor cannot be constant with
radius. Our measurement also rules out the simplest predictions forSculptor's anisotropy
based on the alternative gravity model known as MOND30.

Our results highlight the necessity to go beyond the standard assumptions. We may need
to consider that Sculptor's dark halo may be axisymmetric or even triaxial. Alternatively
and quite plausibly our measurement may be biased towards the colder, more centrally
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Fig. 4.| 2D velocity dispersion and orbital anisotropy of Sculptor. a) shows the
posterior probability distribution for the projected velocity dispersions � R and � T for the
sample of 15 stars with the best PM measurements. Their maximum a posteriori (MAP)
values are indicated with the solid (blue) lines. b) shows the resulting distribution of the
anisotropy parameter�̂ at a radius r̂ � RHST , whereRHST � 7:60 is the average projected
distance of stars from the center of Sculptor. The solid and dashed histograms are computed
using � los for these stars (assuming a Gaussian and at priors respectively), and the dotted
histogram is for a more commonly used value of� los = 10 km s� 1. The MAP values for the
anisotropy are, for the low� los, �̂ MAP = 0:86+0 :12

� 0:83 (Gaussian prior), �̂ MAP = 0:83+0 :14
� 0:55 (at

prior), and �̂ MAP = 0:86+0 :09
� 0:64 for the high � los. c) shows the posterior probability distribution

for �̂ for the metal-rich subsample, using their� los. The vertical lines in panels b) and c)
mark the 68% highest posterior density intervals around the MAP values.
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concentrated, metal-rich(er) subcomponent of Sculptor4. Of the 15 stars in our best PM
sample, 9 have a metallicity measurement24 (see Methods section for details) and 6 of these
have [Fe/H]> � 1:4 dex, indicating that about half could belong to this subcomponent of
Sculptor. From the 11 stars in our sample with [Fe/H]> � 1:4 dex, 18:4 � G � 21, and
that satisfy also the quality criteria, we determine the anisotropy to be clearly radial with
�̂ MR

MAP = 0:95+0 :04
� 0:27 and a median�̂ MR = 0:82 at a distance ^r � RHST , as shown in Fig. 4c.

This value is in excellent agreement10 with predictions if Sculptor's metal-rich component is
embedded in a cuspy dark halo pro�le. It remains to be seen if such a high value can also
be consistent with cored models, since those published4;26 typically predict lower, though
still radial, anisotropy. Another intriguing question is what formation mechanism produces
a population of stars moving on such very elongated orbits.
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Methods Section

1. Description of the HST data and procedures

To measure the proper motions (PMs) of stars in the Sculptor dwarf spheroidal galaxy
we used two epochs of data obtained with the two best astrometricspace facilities available
at the moment: the HST and theGaia mission. The �rst epoch of observations was acquired
with the Wide Field Channel (WFC) of the Advanced Camera for Survey (ACS) on board the
HST. This camera is made up of two 2048� 4096 pixel detectors separated by a gap of about
50 pixels. Its pixel scale is� 0:0500pixel� 1, for a total �eld of view (FoV) � 20000� 20000. The
data set (GO-9480, PI: Rhodes), consists of two overlapping pointings separated by about
20. In turn, the �rst pointing is split in �ve 400 sec long exposure imagesin the F775W
�lter. The second pointing is made up of six exposures with the same characteristics. The
overlapping FoV has thus been observed 11 times. This data set hasbeen acquired on the
26th of September, 2002.

We retrieved from the archive only FLC images, which are corrected for charge transfer
e�ciency (CTE) losses by the pre-reduction pipeline adopting a pixel-based correction31;32.
The data-reduction was performed with theimg2xymWFC.09� 10 program33. We treated
each chip of each exposure independently, and we obtained a catalog with positions, instru-
mental magnitudes and Point Spread Function (PSF) �tting-quality parameter for each of
them. Stellar positions were corrected for �lter-dependent geometric distortions11. We then
cross-matched the single catalogs to compute 3� -clipped average positions, magnitudes and
corresponding uncertainties (de�ned as the rms of the residuals around the mean value). We
�nally built the total HST catalog after excluding all the saturated sources and those that
were measured less than 4 times.

This preprint was prepared with the AAS LATEX macros v5.2.
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2. Error analysis

Since for this study a good control of all the uncertainties is fundamental, in the following
we summarize every source of measurement error in an attempt to�nd and correct possible
unaccounted for terms.

2.1. Intrinsic errors

2.1.1. HST

From the analysis of many HST dithered images, a general trend forthe behavior of
ACS/WFC single exposures positional errors as a function of instrumental magnitude and
adopted �lter has been derived34. This trend has been modeled for three �lters (F435W,
F606W and F814W), but very similar results were found for all of them, and especially for
the two redder ones. Our exposures have been observed in the �lter F775W (instrumental
magnitudes were calibrated onto the VEGAmag system using publicly available35 aperture
corrections and zeropoints), so that it is reasonable to compare the positional errors we
obtained with the model describing F606W and F814W. Such a comparison is shown in
Fig. 5. To compute our single-exposure positional errors, we multiplied the rms values in
the HST global catalog obtained as described above, by sqrt(N ), where N is the number of
times each star has been measured.

Single-exposure errors computed in this way still contain another source of uncertainty
given by possible residuals in the geometric distortion solution. It hasbeen reported36 that
the distortion solution for the F775W �lter is slightly worse than e.g. that for the F606W
�lter because of the lower number of images available used for modeling. The expected
residuals should be of the order of 0:01 pixels36. Indeed, this explains very well why our
errors are located systematically above the expectation given by the red solid line in Fig. 5.
By adding in quadrature an additional term of � 0:01 pixels, which mimics the e�ect of
distortion residuals, the expected trend (dashed red line) matches well the median behavior
obtained from our data. Therefore, we conclude that the estimated errors for the HST
�rst-epoch position are reasonable and robust.

2.1.2. Gaia

The Gaia positional uncertainties and correlations have been extensively analyzed and
discussed in the recent literature17;37. Their determination will certainly improve in the
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