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Astrometry + dark matter 

•Now able to measure 3 velocity 
components of stars in dSphs

•What can this tell us about dark matter? 
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Dark matter properties of dwarf satellites 

• Jeans-based equilibrium models

• Corrections from non-spherical potentials

• Self-consistent distribution function-based models 

• Orbit-based models

• Action/angles 

• Integrated mass within characteristic radius is well-

measured
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Fig. 10.— (a) Velocity dispersion as a function of absolute magnitude for the ultra-faint dwarfs. The filled black symbols represent the
gravitationally bound dwarfs and the open gray symbol represents UMa II, which is thought to be tidally disrupted (see §3.6). Circles
are ultra-faint dwarfs in this sample and the triangle is the Boötes dSph (Martin et al. 2007). (b) Dynamical mass as a function of total
V -band luminosity. Symbols are the same as panel (a). The ultra-faint dwarf galaxies clearly display a trend in which the more luminous
galaxies have larger velocity dispersions and correspondingly larger masses. Perhaps surprisingly, there appears to be a simple power-law
relationship between mass and luminosity.

tidal field of the Milky Way. However, these apparently
irregular isodensity contours could also be the result of
the extremely low surface densities of the galaxies, which
make their stellar distributions difficult to determine ac-
curately. Finally, the nearly flat velocity dispersion pro-
files observed in all of the dSphs where spatially resolved
kinematics are available indicate that light does not trace
mass (Walker et al. 2006a; Wu 2007). Despite these ob-
jections, the samples of stars in the ultra-faint dwarfs
that are spectroscopically accessible with current instru-
ments are so small that more sophisticated analyses are
not possible (with the exception of CVn I, which will be
discussed in more detail in a future paper). We therefore
use the method of Illingworth (1976) to estimate total
masses for the observed galaxies:

Mtot = 167βrcσ
2, (3)

where β is a parameter that depends on the concentra-
tion of the system and is generally assumed to be 8 for
dSphs (Mateo 1998), rc is the King (1962) profile core
radius, and σ is the observed central velocity dispersion.
For most of the new dwarfs, only Plummer (half-light)
radii rather than King core radii are available in the lit-
erature, but we can use the fact that rc = 0.64∗ rPlummer
to estimate the King radii. The radii and luminosities
we have assumed for these calculations are given in Ap-
pendix A. Our derived masses for each galaxy are listed
in Table 4 and plotted in Figure 10b. We note that ob-
jects in the bottom left corner of the plot are both the
least massive and least luminous known galactic systems.

The ultra-faint Milky Way satellites have masses rang-
ing from just over 106 M⊙ (Coma Berenices) up to
2.8×107 M⊙ (Canes Venatici I). Not surprisingly, CVn I,
which is nearly as bright as previously known dSphs such
as Ursa Minor and Draco, has a mass that is similar to
those of the original Milky Way dSphs. Combining the
measured masses with the absolute magnitudes listed
in Table 1, we can calculate V -band mass-to-light ra-
tios, which are presented in Table 4. The new dwarfs
continue the trend of an anti-correlation between lumi-

nosity and M/L that has been known for many years
(e.g., Mateo et al. 1993), reaching mass-to-light ratios
of ∼ 1000 in V -band solar units. Although the uncer-
tainties on the mass-to-light ratios are substantial, owing
primarily to the poorly known luminosities of the ultra-
faint dwarfs, it is clear that all of these galaxies have
quite large mass-to-light ratios. The existence of galax-
ies with similar properties to these was predicted recently
by Ricotti & Gnedin (2005) and Read, Pontzen, & Viel
(2006), but the measured masses seem to be in better
agreement with the models of Ricotti & Gnedin (2005).

3.4. Metallicities

The mean stellar metallicity of a galaxy reflects the en-
richment history of the interstellar medium at the time
the stars were formed. We determine the mean metal-
licity, [Fe/H], for the new dwarf galaxies based on the
Ca II triplet equivalent width (§2.4). While we can reli-
ably measure equivalent widths for the majority of our
target stars, the Rutledge et al. (1997b) empirical cali-
bration that we use to convert to [Fe/H] is valid only
for RGB stars. We therefore only include stars brighter
than MV = +1.5 and redder than (g − r) > 0.3 (to
avoid HB stars) in the metallicity analysis. We determine
the mean metallicity and metallicity spread using the
maximum-likelihood technique described in §3.2. While
the metallicity distributions are not necessarily Gaus-
sian, as the maximum-likelihood calculation assumes, we
find that the mean and median of the observed metal-
licity distributions give similar results. We run the
maximum-likelihood algorithm twice, rejecting 3 σ out-
liers on the second run. The mean metallicities and
metallicity spreads are listed in Table 4. We find metal-
licities ranging from [Fe/H] =−1.97 ± 0.15 for UMa II
down to [Fe/H]=−2.31 for CVn II and Leo IV. We note
that several of our galaxies have mean metallicities equal
to those of the most metal-poor globular clusters and
lower than those of other dwarf galaxies (Harris 1996;
Mateo 1998), making them, along with the Boötes dSph
(Muñoz et al. 2006b), the most metal-poor stellar sys-
tems known.

Simon & Geha 2007



Multiple stellar populations in dwarf galaxies 

• Some dwarf galaxies (Sculptor, ANDII) show evidence for multiple stellar populations 
• Some kinematic studies disfavor NFW for Sculptor (Walker & Penarrubia 2011; Amorisco & Evans: Agnelle & 

Evans 2012) 

• Some studies show NFW cannot be ruled out for Sculptor (Breddels & Helmi 2014; Strigari, Frenk, White 2014)
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FIG. 2.— Number surface density profile of RGB stars in Scl from
ESO/WFI photometry (squares with error-bars) overlaid to the best-fitting
two component model (solid line) given by the sum of a Sersic (dotted line)
and Plummer (dashed line) profiles. These are obtained from the rescaled
profiles that best fit, respectively, the distribution of RHB and BHB stars
(diamonds and asterisks with error-bars, respectively) in Scl. The Galactic
stellar contamination has been subtracted from each point.

defining an elliptical annulus (distance bin), is:

P (vi | v,σ) =
NMW

NT
fMW +

N

NT

e
−

(vi−v)2

2(σ2+σ2
i
)

√

2π(σ2 + σ2
i )
. (1)

NMW and N are the expected number of MW and Scl RGB
stars in a distance bin (NT = NMW+N ). fMW is the velocity
distribution of MW stars, which we assume does not change
across the face of Scl, and is derived from the Besançon model
(Robin et al. 2003) selecting stars along the l.o.s. and with
magnitudes and colors similar to the Scl RGB stars. We as-
sume that the Scl velocity distribution is a Gaussian whose
peak velocity v and dispersion σ (the quantities we want to de-
rive) are allowed to vary with projected radius. We derive the
normalization factors,NMW/NT andN/NT directly from the
observed RGB surface density profile and relative foreground
density. To estimate the fraction of MW interlopers in the MR
and MP sub-samples we simply count how many stars with
velocities < vsys − 3σ (i.e. the non-membership region more
populated by foreground stars) are classified as MR and as
MP on the basis of their CaT derived [Fe/H] value. The like-
lihood of observing a set of velocities vi with i = 1, ..., N is
L(v1, ..., vN | v,σ) =

∏N
i=1 P (vi). We maximize the likeli-

hood function in each distance bin and find the corresponding
best-fitting v(R) and σ(R). The errors are determined from
the intervals corresponding to 68.3% probability.
The kinematics of the Scl MR andMPRGB stars are clearly

different (Figure 3a,b): the l.o.s. velocity dispersion profile
of MR stars declines from ∼9 km s−1 in the center to ∼2
km s−1 at projected radius R = 0.5 deg, while MP stars are
kinematically hotter and exhibit a constant or mildly declining
velocity dispersion profile.

4.2. Predicted Velocity Dispersion Profile
The l.o.s. velocity dispersion predicted by the Jeans equa-

tion for a spherical system in absence of net-streaming mo-

FIG. 3.— l.o.s. velocity dispersion profile (squares with errorbars), from
rotation-subtracted GSR velocities, for the MR (a), MP (b) and all (c) RGB
stars in Scl. The lines show the best-fitting pseudo-isothermal sphere (solid)
and NFW model (dashed) in the hypothesis of β = βOM. Panel c) shows
that the best-fitting pseudo-isothermal sphere with β = βOM (solid) and the
NFW model with β =const (dashed) are statistically indistinguishable.

tions8 is (Binney & Mamon 1982):

σ2
los(R) =

2

Σ∗(R)

∫ ∞

R

ρ∗(r)σ2
r,∗ r

√
r2 −R2

(1− β
R2

r2
)dr (2)

where R is the projected radius (on the sky), r is the 3D
radius. The l.o.s. velocity dispersion depends on: the mass
surface density Σ∗(R) and mass density ρ∗(r) of the tracer,
which in our case are the MR and the MP RGB stars; the
tracer velocity anisotropy β, defined as β = 1− σ2

θ/σ
2
r , which

we allow to be different for MR and MP stars; the radial ve-
locity dispersion σr,∗ for the specific component, which de-
pends on the total mass distribution (for the general solution
see Battaglia et al. 2005).
We consider two DM mass models: a pseudo-isothermal

sphere, typically cored, (see Battaglia et al. 2005), and an
NFW profile, cusped (Navarro, Frenk & White 1996). Since
the contribution of the stars to the total mass of the sys-
tem is negligible for reasonable stellar M/L ratios, we do
not consider it further. As β is unknown we explore two
hypotheses: a velocity anisotropy constant with radius, and
an Osipkov-Merritt (OM) velocity anisotropy (Osipkov 1979;
Merritt 1985). For the latter profile, the velocity anisotropy
is β = r2/(r2 + r2a) where ra is the anisotropy radius.

4.3. Results from the Two-Components Mass Modeling
We explore a range of core radii rc for the pseudo-

isothermal sphere (rc = 0.001, 0.05, 0.1, 0.5, 1 kpc) and
a range of concentrations c for the NFW profile (c =
20, 25, 30, 35). By fixing these, each mass model has two
free parameters left: the anisotropy and the DM halo mass
(enclosed within the last measured point for the isothermal

8 We checked that the assumptions of sphericity and absence of streaming
motions have a negligible effect on the results: the observed l.o.s. velocity
dispersion profiles derived adopting circular distance bins and not subtract-
ing rotation are consistent at the 1σ level in each bin with the observed l.o.s.
velocity dispersion profile derived adopting elliptical binning and by subtract-
ing the observed rotation signal (see B07)
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FIG. 9.— Results for the Carina, Fornax and Sculptor dSphs. Panels display posterior PDFs for model parameters, obtained from applying the two stellar subcomponent models
introduced in Section 3. Table 2 lists median values and 68% (95%) confidence intervals derived from these PDFs.

FIG. 10.— Left, center: Constraints on halflight radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs. Plotted points
come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are straight lines indicating the central
(and therefore maximum) slopes of cored (limr→0 d logM/d log r] = 3) and cusped (limr→0 d logM/d log r] = 2) dark matter halos. Right: Posterior PDFs for the slope Γ obtained for
Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e., cusp with γDM = 1, limr→0[d logM/d log r] = 2). These measurements
rule out NFW and/or steeper cusps (γDM ≥ 1) with significance s! 96% (Fornax) and s! 99% (Sculptor).

sufficiently near the dSph to be observed and counted as
bound members (e.g., Piatek & Pryor 1995; Oh et al. 1995;
Read et al. 2006; Klimentowski et al. 2007; Peñarrubia et al.
2008b, 2009). Both phenomena affect the outer more than
the inner parts of a satellite—thus tidal heating is the only
process we identify that may cause our method to return an
over-estimate of Γ.
However, measurements of their systemic distances and ve-

locities imply that neither Fornax (D∼ 138 kpc, Mateo 1998)
nor Sculptor (D ∼ 79 kpc) experience strong tidal encoun-
ters with the Milky Way. Fornax’s line-of-sight velocity and
proper motion (Piatek et al. 2007, supported by this work)
imply a pericenter distance of rp = 118+19−52 kpc (Piatek et al.
2007, error bars give 95% confidence intervals), and Sculp-
tor’s imply rp ∼ 65 kpc (with 95% confidence intervals al-

lowing values as low as ∼ 30 kpc) for either of the two astro-
metric proper motion measurements (Schweitzer et al. 1995;
Piatek et al. 2006). N-body simulations by Peñarrubia et al.
(2009) and Peñarrubia et al. (2010) demonstrate that for satel-
lite halos that follow the generic density profile given by
Equation 16, the instantaneous tidal radius at pericenter is
rt ≈ rp[Mdsph(≤ rt )/(3MMW(≤ rp)]1/3, where Mdsph(rt) is the
dSph mass enclosed within the tidal radius and MMW(≤ rp)
is the enclosed mass of the Milky Way within the peri-
centric distance. Watkins et al. (2010) have recently used
a sample of tracers (halo stars, globular clusters and satel-
lite galaxies) in the outer Galactic halo to estimate a mass
of MMW(≤ 300kpc) = 0.9± 0.3× 1012M⊙. We obtain con-
servative lower limits for the pericentric tidal radii of For-
nax and Sculptor by considering only the stellar mass of
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Fig. 8.— Results of joint fits to the MP and MR photometry and kinematics, using the WP binned data. In each panel, the solid line
assumes an NFW, and the dashed line a Burkert potential.

sity, operated by the Institute for Computational Cos-
mology on behalf of the STFC DiRAC HPC Facility
(www.dirac.ac.uk). This equipment was funded by BIS

National E-infrastructure capital grant ST/K00042X/1,
STFC capital grant ST/H008519/1, and STFC DiRAC
Operations grant ST/K003267/1 and Durham Univer-
sity. DiRAC is part of the National E-infrastructure.
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433, L54
Lewis A., Bridle S., 2002, Phys.Rev., D66, 103511
Lianou S., Cole A. A., 2013, A&A, 549, A47
!Lokas E. L., 2009, MNRAS, 394, L102
Lovell M. R., Eke V., Frenk C. S., Gao L., Jenkins A., Theuns T.,

Wang J., White S. D. M., Boyarsky A., Ruchayskiy O., 2012,
MNRAS, 420, 2318

Navarro J. F., Eke V. R., Frenk C. S., 1996, MNRAS, 283, L72
Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563
Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493
Newman A. B., Treu T., Ellis R. S., Sand D. J., 2013, ApJ, 765,

25
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FIG. 2.— Number surface density profile of RGB stars in Scl from
ESO/WFI photometry (squares with error-bars) overlaid to the best-fitting
two component model (solid line) given by the sum of a Sersic (dotted line)
and Plummer (dashed line) profiles. These are obtained from the rescaled
profiles that best fit, respectively, the distribution of RHB and BHB stars
(diamonds and asterisks with error-bars, respectively) in Scl. The Galactic
stellar contamination has been subtracted from each point.

defining an elliptical annulus (distance bin), is:

P (vi | v,σ) =
NMW

NT
fMW +

N

NT

e
−

(vi−v)2

2(σ2+σ2
i
)

√

2π(σ2 + σ2
i )
. (1)

NMW and N are the expected number of MW and Scl RGB
stars in a distance bin (NT = NMW+N ). fMW is the velocity
distribution of MW stars, which we assume does not change
across the face of Scl, and is derived from the Besançon model
(Robin et al. 2003) selecting stars along the l.o.s. and with
magnitudes and colors similar to the Scl RGB stars. We as-
sume that the Scl velocity distribution is a Gaussian whose
peak velocity v and dispersion σ (the quantities we want to de-
rive) are allowed to vary with projected radius. We derive the
normalization factors,NMW/NT andN/NT directly from the
observed RGB surface density profile and relative foreground
density. To estimate the fraction of MW interlopers in the MR
and MP sub-samples we simply count how many stars with
velocities < vsys − 3σ (i.e. the non-membership region more
populated by foreground stars) are classified as MR and as
MP on the basis of their CaT derived [Fe/H] value. The like-
lihood of observing a set of velocities vi with i = 1, ..., N is
L(v1, ..., vN | v,σ) =

∏N
i=1 P (vi). We maximize the likeli-

hood function in each distance bin and find the corresponding
best-fitting v(R) and σ(R). The errors are determined from
the intervals corresponding to 68.3% probability.
The kinematics of the Scl MR andMPRGB stars are clearly

different (Figure 3a,b): the l.o.s. velocity dispersion profile
of MR stars declines from ∼9 km s−1 in the center to ∼2
km s−1 at projected radius R = 0.5 deg, while MP stars are
kinematically hotter and exhibit a constant or mildly declining
velocity dispersion profile.

4.2. Predicted Velocity Dispersion Profile
The l.o.s. velocity dispersion predicted by the Jeans equa-

tion for a spherical system in absence of net-streaming mo-

FIG. 3.— l.o.s. velocity dispersion profile (squares with errorbars), from
rotation-subtracted GSR velocities, for the MR (a), MP (b) and all (c) RGB
stars in Scl. The lines show the best-fitting pseudo-isothermal sphere (solid)
and NFW model (dashed) in the hypothesis of β = βOM. Panel c) shows
that the best-fitting pseudo-isothermal sphere with β = βOM (solid) and the
NFW model with β =const (dashed) are statistically indistinguishable.

tions8 is (Binney & Mamon 1982):

σ2
los(R) =

2

Σ∗(R)

∫ ∞

R

ρ∗(r)σ2
r,∗ r

√
r2 −R2

(1− β
R2

r2
)dr (2)

where R is the projected radius (on the sky), r is the 3D
radius. The l.o.s. velocity dispersion depends on: the mass
surface density Σ∗(R) and mass density ρ∗(r) of the tracer,
which in our case are the MR and the MP RGB stars; the
tracer velocity anisotropy β, defined as β = 1− σ2

θ/σ
2
r , which

we allow to be different for MR and MP stars; the radial ve-
locity dispersion σr,∗ for the specific component, which de-
pends on the total mass distribution (for the general solution
see Battaglia et al. 2005).
We consider two DM mass models: a pseudo-isothermal

sphere, typically cored, (see Battaglia et al. 2005), and an
NFW profile, cusped (Navarro, Frenk & White 1996). Since
the contribution of the stars to the total mass of the sys-
tem is negligible for reasonable stellar M/L ratios, we do
not consider it further. As β is unknown we explore two
hypotheses: a velocity anisotropy constant with radius, and
an Osipkov-Merritt (OM) velocity anisotropy (Osipkov 1979;
Merritt 1985). For the latter profile, the velocity anisotropy
is β = r2/(r2 + r2a) where ra is the anisotropy radius.

4.3. Results from the Two-Components Mass Modeling
We explore a range of core radii rc for the pseudo-

isothermal sphere (rc = 0.001, 0.05, 0.1, 0.5, 1 kpc) and
a range of concentrations c for the NFW profile (c =
20, 25, 30, 35). By fixing these, each mass model has two
free parameters left: the anisotropy and the DM halo mass
(enclosed within the last measured point for the isothermal

8 We checked that the assumptions of sphericity and absence of streaming
motions have a negligible effect on the results: the observed l.o.s. velocity
dispersion profiles derived adopting circular distance bins and not subtract-
ing rotation are consistent at the 1σ level in each bin with the observed l.o.s.
velocity dispersion profile derived adopting elliptical binning and by subtract-
ing the observed rotation signal (see B07)
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Internal proper motions with HST 

• Sculptor requires PMs ~ 22 micro-arcsec/year 
• Positional accuracy of 0.003 ACS/WFC per epoch 
• For N exposures, the positional accuracy per exposure is 0.003 sqrt(N)  
• For N ~5-19, positional accuracy per exposure is ~ 0.01 pixel 
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Figure 2. Proper motions results in (µW , µN ) for the Draco dSph. The origins correspond to the velocity such that
Draco has no transverse motion in the heliocentric rest frame. In panel (a), each square or triangle with error bars
indicates a PM measured using background galaxies or QSOs as stationary references, respectively (see the text for
details). Data points with di↵erent colors are for measurements from di↵erent fields as labeled in the figure. The black
plus symbol represents our final weighted average of the five individual measurements and its uncertainty. In panel
(b), we compare our PM results (black plus symbol) with those from two recent studies (Pryor, Piatek, & Olszewski
2015; Casetti-Dinescu & Girard 2016) as labeled. The solar symbol corresponds to the velocity such that Draco has
no tangential velocity in the Galactocentric rest frame.

Our PM results for the Draco dSph are presented in
Table 2, and the corresponding PM diagram is shown in
Figure 2a. PM measurements using di↵erent background
sources are plotted in di↵erent symbols, and results from
each field are plotted in di↵erent colors. The PM results
for the DRACO-F1 field in Table 2 was derived using a
data set with a time baseline of 9 yr (2004 versus 2013).
However, since we have images acquired in 2006 for this
field, we used them as an external check by measuring
PMs of Draco stars using 2006 data as the first epoch,
and 2014 data as the second epoch. We followed the
same procedure outlined in Section 2.2 to obtain PMs
using both QSO and background galaxies as stationary
references. The resulting 7 yr-baseline PMs are consis-
tent within 1.5� compared to the 9 yr-baseline PMs listed
in the first two lines of Table 2 with slightly larger un-
certainties as expected from the shorter time baseline.4

This provides an additional check on our PM results for
the DRACO-F1 field.
The uncertainties in the measurements are dominated

by the random errors in the reference frame set by back-
ground galaxies or QSOs. These random errors are inde-
pendent from each other. We therefore calculate the av-
erage PM of Draco by taking the error-weighted mean of

4 We obtain (µW , µN ) = (�0.0264 ± 0.0385, �0.2141 ±
0.0396) mas yr�1 using background galaxies, and (�0.0709 ±
0.0246, �0.1695± 0.0222)mas yr�1 using QSO as stationary refer-
ences.

the five measurements provided in Table 2, which yields

(µW , µN ) = (�0.0562±0.0099,�0.1765±0.0100) mas yr�1.
(1)

The final average of the five data points and associated
uncertainties in each coordinate are plotted as a black
cross in Figure 2a.
Overall, we find that measurements using di↵erent ob-

jects as stationary references agree well with each other.
This provides confidence on our Draco PM results, and
more generally on the PM measurement technique us-
ing background galaxies as stationary objects. Measure-
ments for di↵erent fields also agree to within the error
bars. To test the statistical agreement among the indi-
vidual measurements listed in Table 2, we calculate the
quantity

�2 =
X

i

"✓
µW,i � µW

�µW,i

◆2

+

✓
µN,i � µN

�µN,i

◆2
#
. (2)

This quantity is expected to follow a probability distribu-
tion with an expectation value of the number of degrees
of freedom (NDF) with a dispersion of

p
2NDF. Since we

have five independent measurements each in two direc-
tions on the sky, the �2 is then expected to have a value
of 8±4. From Table 2 and Equation 2, we find �2 = 11.1.
Therefore, we find that our measurements in Table 2 are
consistent within our quoted uncertainties.
Our final 1d PM uncertainty for Draco is 10 µas yr�1

in each direction. This is smaller than any other mea-
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Figure 3. Proper motions results in (µW , µN ) for the Sculptor dSph. Panels and symbols are similar to those in
Figure 2. For Sculptor, we only used background galaxies as stationary references, and so each field has a single
measurement in panel (a).

Table 3. Final Proper Motion Results for the Sculptor
dSph.

µW µN �µW �µN

Field ( mas yr
�1

) ( mas yr
�1

)

F1 (Galaxies) �0.0368 �0.1222 0.0367 0.0368

F2 (Galaxies) �0.0262 �0.1428 0.0254 0.0263

Weighted average �0.0296 �0.1358 0.0209 0.0214

fields in Table 3 gives

(µW , µN ) = (�0.0296±0.0209,�0.1358±0.0214) mas yr�1.
(3)

As evident in Figure 3a, the independent measurements
from our two observed fields are consistent with each
other within 1�. Indeed, we find �2 = 0.3 which is in
line with the expected value of 2± 2.
For Sculptor, Battaglia et al. (2008) find a radial veloc-

ity gradient of 7.6+3.0
�2.2 km s�1 per deg along its projected

major axis, probably due to intrinsic rotation. Our tar-
get fields are located near the minor axis at 7–9 arcmin
from the center of Sculptor. The residual 2d motions
of our target fields after subtracting the average PM of
Scultpor are shown as color arrows in the right panel
of Figure 4. We note that the residual motions are too
small to show compared to the average PM of Sculptor,
demonstrating that the internal motions among the fields
are negligible. Indeed, our 1d PM uncertainty at the dis-
tance of Sculptor is 8.6km s�1, so even if we assume that
Sculptor has tangential motions at the same level of the
radial velocity gradient, our PM uncertainties are com-
parable to this. Therefore, no correction for the COM
motion of Sculptor is required, and we adopt Equation 3
as our final PM measurement for Sculptor.

We compare our PM results with the HST measure-
ment by Piatek et al. (2006). In their study, Piatek et
al. (2006) used QSOs in two di↵erent fields to measure
the absolute PM of Sculptor. The two measurements
agree with each other within 1�, with our 1d PM un-
certainty being ⇠ 6 times smaller than that of Piatek
et al. (2006). While both measurements employed the
astrometric powers of HST, Piatek et al. (2006) used
STIS data with time baselines of 2–3 yrs, while we used
ACS/WFC data separated by 11 yrs. Field locations are
significantly di↵erent, and so these two measurements
can be considered as completely independent. The agree-
ment between the two PM measurements, despite using
di↵erent types of background sources in di↵erent fields
observed with di↵erent detectors, highlights the success
in using HST instruments as tools for measuring absolute
PMs of dwarf galaxies in the MW halo.

3. SPACE MOTIONS

3.1. Systemic Motions of Draco and Sculptor on the
Sky

Our PM results in Section 2.3 include contributions
from the motion of the Sun with respect to the MW. To
obtain the systemic motions of Draco and Sculptor on
the sky, we are required to subtract these contributions
as follows. We adopt values of McMillan (2011) for the
Galactocentric distance and the rotational velocity of the
Local Standard of Rest (LSR): R0 = 8.29± 0.16 kpc and
V0 = 239± 5 km s�1. For the solar peculiar velocity with
respect to the LSR, we adopt values of Schönrich et al.
(2010): (Upec, Vpec, Wpec) = (11.10, 12.24, 7.25) km s�1

with uncertainties of (1.23, 2.05, 0.62) km s�1. For he-
liocentric distances to Draco and Sculptor, we adopt

Sohn, Patel et al. 2017
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3D motions in the Sculptor dwarf galaxy as a glimpse of a new era
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The 3D motions of stars in small galaxies beyond our own are minute and yet

they are crucial for our understanding of the nature of gravity and dark matter1,2.

Even for the dwarf galaxy Sculptor which is one of the best studied systems and

inferred to be strongly dark matter dominated3,4, there are conflicting reports5,6,7

on its mean motion around the Milky Way and the 3D internal motions of

its stars have never been measured. Here we report, based on data from the

Gaia space mission8 and the Hubble Space Telescope, a new precise measurement of

Sculptor’s mean proper motion. From this we deduce that Sculptor is currently

at its closest approach to the Milky Way and moving on an elongated high-

inclination orbit that takes it much farther away than previously thought. For

the first time we are also able to measure the internal motions of stars in Sculptor.

We find σR = 11.5 ± 4.3 km s−1 and σT = 8.5 ± 3.2 km s−1 along the projected

radial and tangential directions, implying that the stars in our sample move

preferentially on radial orbits as quantified by the anisotropy parameter, which

we find to be β ∼ 0.86+0.12
−0.83 at a location beyond the core radius. Taken at face

value such a high radial anisotropy requires abandoning conventional models9 for

the mass distribution in Sculptor. Our sample is dominated by metal-rich stars

and for these we find βMR ∼ 0.95+0.04
−0.27, a value consistent with multi-component

models where Sculptor is embedded in a cuspy dark halo10 as expected for cold

dark matter.

To measure the proper motions (PMs) of individual stars in Sculptor we used data taken

12.27 years apart. The first epoch was acquired with the Advanced Camera for Surveys on
board HST. The data set consists of two overlapping pointings separated by about 2′ (∼ 50

pc, see Fig. 1), each split in several 400 sec exposures in the F775W filter. The overlapping
field-of-view has been observed 11 times. We obtained a catalog of positions, instrumental

magnitudes and Point Spread Function (PSF) fitting-quality parameters by treating each
chip of each exposure independently. Stellar positions were corrected for filter-dependent
geometric distortions11. We then cross-matched the single catalogs to compute 3σ-clipped

∗
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The 3D motions of stars in small galaxies beyond our own are minute and yet

they are crucial for our understanding of the nature of gravity and dark matter1,2.

Even for the dwarf galaxy Sculptor which is one of the best studied systems and

inferred to be strongly dark matter dominated3,4, there are conflicting reports5,6,7

on its mean motion around the Milky Way and the 3D internal motions of

its stars have never been measured. Here we report, based on data from the

Gaia space mission8 and the Hubble Space Telescope, a new precise measurement of

Sculptor’s mean proper motion. From this we deduce that Sculptor is currently

at its closest approach to the Milky Way and moving on an elongated high-

inclination orbit that takes it much farther away than previously thought. For

the first time we are also able to measure the internal motions of stars in Sculptor.

We find σR = 11.5 ± 4.3 km s−1 and σT = 8.5 ± 3.2 km s−1 along the projected

radial and tangential directions, implying that the stars in our sample move

preferentially on radial orbits as quantified by the anisotropy parameter, which

we find to be β ∼ 0.86+0.12
−0.83 at a location beyond the core radius. Taken at face

value such a high radial anisotropy requires abandoning conventional models9 for

the mass distribution in Sculptor. Our sample is dominated by metal-rich stars

and for these we find βMR ∼ 0.95+0.04
−0.27, a value consistent with multi-component

models where Sculptor is embedded in a cuspy dark halo10 as expected for cold

dark matter.

To measure the proper motions (PMs) of individual stars in Sculptor we used data taken

12.27 years apart. The first epoch was acquired with the Advanced Camera for Surveys on
board HST. The data set consists of two overlapping pointings separated by about 2′ (∼ 50

pc, see Fig. 1), each split in several 400 sec exposures in the F775W filter. The overlapping
field-of-view has been observed 11 times. We obtained a catalog of positions, instrumental

magnitudes and Point Spread Function (PSF) fitting-quality parameters by treating each
chip of each exposure independently. Stellar positions were corrected for filter-dependent
geometric distortions11. We then cross-matched the single catalogs to compute 3σ-clipped
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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 1σ uncertainty. c) shows the observed projected motions of stars in the
field.

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 find its peri- and apocenter radii are rperi = 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 be 2.5 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 find 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/σlos ∼ 0.15, for a line-of-sight velocity dispersion4 σlos = 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 Way20.

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,

D. Massari et al.: Stellar 3-D kinematics in the Draco dwarf spheroidal galaxy

Fig. 3. Gaia (G, G-GRP) and (G, GBP-GRP) colour magnitude diagrams.
Likely members roughly selected from the VPD as described in the text
are marked with black filled symbols and correspond to those shown in
Fig. 2.

2 mas (whereas the median positional uncertainty is 0.4 mas).
This data set provides a total temporal baseline for proper mo-
tion measurements of 10.593 years.

As the final step to measure the stellar proper motions,
we transform HST first epoch positions to the Gaia reference
frame using a six-parameter linear transformation as described
in M18. The di↵erence between Gaia and HST transformed po-
sitions divided by the temporal baseline provides our proper
motion measurements, whereas the sum in quadrature between
the two epochs positional errors divided by the same baseline
provides the corresponding proper motion uncertainties. We re-
fined the coordinate transformations iteratively, each time us-
ing only likely members of Draco based on their location in
the colour magnitude diagram (CMD) and the previous proper
motion determination. After three iterative steps the procedure
converges (no stars were added or lost in the list used to com-
pute the transformations in subsequent steps), and the final list
of stellar proper motions is thus built, and includes 149 sources.
We bring these relative proper motions to an absolute reference
frame using the Draco mean absolute motion of (µ↵ cos(�), µ�)=
(�0.019,�0.145) mas/yr as reported in Gaia Collaboration et
al. (2018b).

The proper motions measurements for all of the sources are
shown in the Vector Point Diagram (VPD) in Fig. 2. The clump
centred around the Draco mean absolute motion, thus describ-
ing the likely members, clearly separates from the distribution of
likely foreground stars, which have much larger proper motions.
As a consistency check, Fig. 3 shows the Gaia (G, GRP) and (G,
GBP-GRP) CMDs for the same sources. Black symbols indicate
likely members, roughly selected as all the stars located within a
1 mas/yr distance from Draco’s absolute motion. They describe
the well defined sequences expected for the red giant and hori-
zontal branches of Draco, whereas red symbols are mostly dis-
tributed in regions of the CMD populated by field stars. We note

Fig. 4. Intrinsic uncertainties as function of Gaia G-band magnitude
for the proper motion component along ↵ (lower panel) and � (upper
panel). Black filled symbols are our HST+Gaia estimates, while grey
filled symbols are Gaia DR2 proper motion uncertainties for sources in
the direction of Draco. The red dashed line correspond to a velocity of
10 km/s at the distance of Draco, thus roughly mimicking the system
velocity dispersion.

that this selection is not at all refined, but is only done as a first
check that the proper motion measurement procedure worked
correctly. The final kinematic membership will be assessed after
coupling the proper motions with radial velocity measurements.

2.1. Intrinsic and systematic errors

Since our goal is to determine the velocity dispersion for the two
proper motion components in the plane of the sky, it is of primary
importance to have all of the uncertainties, both statistical and
systematic, under control.

Fig. 4 shows the distribution of the proper motion statistical
errors as a function of Gaia G-band magnitude. For comparison,
grey symbols show Gaia DR2 proper motion errors (based on a
22 months baseline) for stars in the direction of the Draco dwarf
spheroidal. The gain in precision obtained through our method
is remarkable, thanks to the larger ⇠ 126 months baseline. At
G ' 19.5, our measurements are one order of magnitude better
than the Gaia DR2 proper motions alone, and the improvement
is even larger at fainter magnitudes.

To check for systematic e↵ects, we look for possible trends
between our relative proper motion measurements and all the
parameters entering in the analysis, like Gaia colours, positions
on the sky, HST magnitudes, location on the HST detector, etc.
We always found consistency with no trends within a 1-� un-
certainty. In Fig. 5 we provide as an example the behaviour of
the proper motions with respect to Gaia GBP-GRP colour. The
only case where we find a significant systematic e↵ect is when
plotting the relative proper motion as function of Gaia G mag-
nitude and is shown in Fig. 6. This e↵ect is only apparent for
stars fainter than G = 20.8 in the µ↵ cos(�) vs G panel, with the
proper motions being systematically negative. For this reason,
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ABSTRACT

Aims. We present the first three-dimensional internal motions for individual stars in the Draco dwarf spheroidal galaxy.
Methods. By combining first epoch Hubble Space Telescope observations and second epoch Gaia Data Release 2 positions we
measured the proper motions of 149 sources in the direction of Draco. We determined the line-of-sight velocities of a sub-sample
of 81 red giant branch stars using medium resolution spectra acquired with the DEIMOS spectrograph at the Keck II telescope.
Altogether this resulted in a final sample of 45 members of Draco with high-precision and accurate 3D motions, which we publish as
a table in this paper.
Results. With this high-quality dataset we determined the velocity dispersions at a projected distance of ⇠ 120 pc from the centre
of Draco to be �R = 11.0+2.1

�1.5 km/s, �T = 9.9+2.3
�3.1 km/s and �LOS = 9.3+0.9

�0.9 km/s in the projected radial, tangential and line-of-sight
directions. This results in a velocity anisotropy � = 0.28+0.44

�1.35 at r & 120 pc. Using the spherical Jeans equations and assuming constant
anisotropy and NFW mass profiles, we constrain the maximum circular velocity Vmax of Draco to be in the range of 7.9 � 17.0 km/s.
The corresponding mass range is in good agreement with previous estimates based on line-of-sight velocities only.
Conclusions. Our Jeans modelling supports the case for a cuspy dark matter profile in this galaxy. Firmer conclusions may be drawn
by applying more sophisticated models on this dataset and with upcoming Gaia data releases.

Key words. Galaxies: dwarf – Galaxies: Local Group – Galaxies: kinematics and dynamics – Proper motions – Techniques: radial
velocities

1. Introduction

The success of⇤-cold dark matter (⇤CDM) cosmology relies on
its ability to describe many of the observed global properties of
the Universe, from the cosmic microwave background (Planck
Collaboration et al. 2014) to large-scale structure (Springel et
al. 2006). However, this model still su↵ers from some inconsis-
tencies when considering the properties of dark matter haloes
on small cosmological scales, such as dwarf galaxies. An exam-
ple is the so-called cusp-core problem, according to which the
observed internal density profile of dwarf galaxies is less steep
than predicted by CDM simulations (Moore 1994). While sev-
eral solutions have been proposed that can explain the evolu-
tion of cusps into cores, based on the interaction with baryons
(e.g. Navarro et al. 1996a; Read & Gilmore 2005; Mashchenko
et al. 2008), it remains critically important to directly measure
the dark matter density profile in these small stellar systems.

One of the best ways to do this is to measure the stellar kine-
matics in dark-matter dominated dwarf spheroidal satellites of
the Milky Way. Thus far, many investigations have tried to ex-
ploit line-of-sight (LOS) velocity measurements in these systems
in combination with Jeans modelling to assess whether cuspy
dark matter profiles (e.g. NFW, Navarro et al. 1996b) provide
better fit to the data than cored profiles (e.g. Burkert 1995). How-
ever, the results have been conflicting, sometimes favouring the
former case (e.g. Strigari et al. 2010; Jardel & Gebhardt 2013),
sometimes the latter (e.g. Gilmore et al. 2007) or concluding that

both are consistent with the observations (e.g. Battaglia et al.
2008; Breddels & Helmi 2013; Strigari et al. 2017).

Most of these studies are a↵ected by the mass-anisotropy
degeneracy (Binney & Mamon 1982), which prevents an un-
ambiguous determination of the dark matter density (Walker
2013) given LOS velocity measurements only. However, inter-
nal proper motions in distant dwarf spheroidal galaxies are now
becoming possible (e.g. Massari et al. 2018, hereafter M18),
and so we can break this degeneracy. This is thanks to the out-
standing astrometric capabilities of the Hubble Space Telescope
(HST, see e.g. Bellini et al. 2014 and the series of paper by the
HSTPROMO collaboration) and Gaia (Gaia Collaboration et al.
2016a,b, 2018a). The combination of these two facilities pro-
vides sub-milliarcsec positional precision and a large temporal
baseline that enables the measurement of proper motions in dis-
tant (> 80 kpc) stellar systems with a precision of ⇠ 10 km/s
(e.g. Massari et al. 2017, M18).

Despite the measurement of the proper motions in the case of
the Sculptor dwarf spheroidal (M18), the limited number of stars
(ten) with measured 3D kinematics resulted in uncertainties too
large to pin down whether the profile is cusped or cored for that
galaxy (Strigari et al. 2017). In this paper, we try to obtain more
precise 3D kinematics for stars in the Draco dwarf spheroidal,
by measuring proper motions from the combination of HST and
Gaia positions, and by combining them with LOS velocities pur-
posely obtained from observations recently undertaken with the
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Fig. 2.— Predicted velocity dispersions for the MR (top), MP (middle) and combined populations. In each panel, the red is for the NFW
profile and the blue for the Burkert profile. The solid curves are the mean of the posterior distribution at each radius and the dashed curves
encompass its 10 to 90% range. The symbols with error bars show the values of the transverse tangential and radial dispersions derived
from the PM measurements by Massari et al. (2017) and the LOS dispersion of each population estimated by Strigari et al. (2017) based
on data from Walker & Penarrubia (2011).
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Fig. 2.— Predicted velocity dispersions for the MR (top), MP (middle) and combined populations. In each panel, the red is for the NFW
profile and the blue for the Burkert profile. The solid curves are the mean of the posterior distribution at each radius and the dashed curves
encompass its 10 to 90% range. The symbols with error bars show the values of the transverse tangential and radial dispersions derived
from the PM measurements by Massari et al. (2017) and the LOS dispersion of each population estimated by Strigari et al. (2017) based
on data from Walker & Penarrubia (2011).
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Sculptor multiple stellar populations & proper motions
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Require transverse velocity dispersions to ~ 1 km/s (LS, Frenk, White 2018) 



Kinematics of the Sagittarius dwarf galaxy



Sagattarius velocity samples 

• Several samples of velocity in the central core of Sagittarius (Majewski et al. 2012; 
Frinchaboy et al. 2012; McDonald et al. 2012)  

• Evidence of a ``cold spot” in the center 



Sagittarius velocity dispersion 

• To resolve the internal dispersion, need stars with tangential errors less than 12 km/s  

• Sample contains Red Giant stars; Gaia PMs cross matched with previous spectroscopic samples  

• F12 sample extends well beyond the core; equilibrium model likely not valid. 

Andrew Pace & LS 2019



Sagittarius: NFW and Burkert fits 

Andrew Pace & LS 2019

• Central region strongly dark matter-dominated (under 
equilibrium assumption)  

• Assuming spherical jeans model, fits to entire data set 
unable to distinguish between core and cusp 

• Circular orbits strongly preferred from combined data 



Sagittarius: NFW and Burkert fits 

Andrew Pace & LS 2019

• Central region strongly dark matter-dominated (under 
equilibrium assumption)  

• Assuming spherical jeans model, fits to entire data set 
unable to distinguish between core and cusp 

• Circular orbits strongly preferred from combined data 



RR Lyrae in Dark Energy Survey 

22 Stringer, Long, Macri, et al.

Figure 18. Map of 5783 visually accepted RRab candidates across the DES wide-field survey footprint. The RRab are marked
by dots colored by distance modulus. Large MW satellite galaxies are easily distinguishable by their overdensities of RRab.
The outskirts of the LMC are located near (80�,�62�), the Fornax dSph is located near (41�,�34�), and the Sculptor dSph is
located near (15�,�34�).

Figure 19. Radial Distribution of DES RRab stars. The overdensities associated with (in order of decreasing heliocentric
distance) the Fornax dSph, the Sculptor dSph, and the periphery of the Large Magellanic Cloud are easily distinguishable.
Note: The Sculptor and Fornax galaxies appear elongated due to uncertainties in the RRab distance moduli.Stringer et al. 2019
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RR Lyrae in the core of Sagittarius 

Peter Ferguson et al. 2019



• Fornax analogues in APSOTLE show a range tidal disruption possibilities (Mei-Yu 
Wang, Azi Fattahi et al. 2017) 

• Difficult to match the kinematics & the orbital dynamics simultaneously 

• Best model: Stream with surface brightness ~ 32 mag/arcsec^2 (DES, LSST?)

Orbits of dwarfs in simulations 
8 M.-Y. Wang et al.

Figure 7. Projected spatial distribution of the star particles from two Fornax analogues (upper two rows, F1 and F2) and one Sculptor/Leo I analogue (lower
row, SL2) as a function of the age of the Universe. These images include all star particles that are gravitationally bound to those dSphs at their infall time
or at any time thereafter. For both Fornax analogues, tidally stripped star particles can be seen to extend far beyond the main bodies of the galaxies. For the
Sculptor/Leo I analogues, there are no obvious tidal features, only a very small number of stripped star particles.

Fornax distance, radial velocity and proper motion, assuming these
distributions to be Gaussian.

We find that the derived orbital pericentre and apocentre
ranges vary with the assumption of the underlying Galactic po-
tential. We have considered the six HR Galactic potentials from
APOSTLE and the Galactic potential model from Johnston et al.
(1995). We list the results of these calculations in Table 1.

We find that a population of Fornax analogues has a pericen-
tre distance smaller than the lower bound on that of Fornax itself,
more so for the analogues experiencing the greatest stellar tidal
stripping. For the analogues that do lie within the shaded regions
in Fig. 6 (both from the MR simulations), the highest stellar mass
loss fraction is <∼ 10%, which corresponds to ∼ 6.7 × 105 M⊙ of
tidally stripped stars. By interpolating along the approximate locus
of the analogues in Fig. 6 we can infer that the observed bounds on
the likely pericentre of Fornax are consistent with stellar mass loss
fractions of up to <∼ 15− 20%.

We note that even though a majority of the Fornax analogues
are heavily tidally stripped, most of them have orbits that are not
consistent with the orbital properties (e.g. pericentre distance) in-
ferred from the measurements of the motion of Fornax. Precisely
matching the real orbital properties if Fornax is difficult, due to the
small sample size in our simulations. As a result, only two sub-
haloes satisfy all constraints when the orbital data is included. In
addition to the implications for the formation of Fornax, this may
have interesting implications for the Milky Way potential. For ex-
ample, in Table 1 we show that a more massive Galactic potential
predicts smaller pericentre distances. If the Milky Way halo mass
is less than ∼ 1012M⊙, the 95% confidence lower bound on the
pericentre is∼ 110 kpc (see Table 1). This is also inconsistent with
any of our Fornax analogues.

In the case of Sculptor, a similar orbital study was carried out
by Piatek et al. (2006). They obtain 95% confidence intervals on
perigalacticon and apogalacticon of 31 < rp < 83 kpc and 97 <
ra < 313 kpc, implying 0.26 < e < 0.60 with the Galactic poten-
tial model from Johnston et al. (1995). In the case of Leo I, a study
of HST proper motion measurements was carried out by Sohn et al.
(2013). Using three different mass models for the Galactic potential
with total virial masses of 1.0×1012, 1.5×1012, and 2.0×1012M⊙

respectively, they infer a perigalacticon occurring 1.05± 0.09 Gyr
ago at a galactocentric distance of rp = 91 ± 36 kpc. On this ba-
sis they estimate that Leo I entered the Milky Way virial radius
2.33 ± 0.21 Gyr ago and is most likely on its first infall. Most of
our Sculptor/Leo I analogues lie within those perigalacticon and
apogalacticon ranges, although the some of them have higher or-
bital eccentricities.

6 TIDAL DEBRIS

In this section we study the surface brightness of the outer regions
of the analogues, including their tidal debris, in order to assess the
detectability of tidal features. We also investigate the possibility
that tidally stripped star may contaminate kinematic observations
of real dSphs.

6.1 Do dSphs have stellar tidal tails?

In Fig. 7 we show the time evolution of the stellar mass surface
density distribution for three HR dSph analogues: F1, F2, and SL2.
In the leftmost panels, which correspond to these galaxies at their
times of infall, the star particles are deeply embedded within their



Stellar streams around dwarf galaxies?6 Wang et al.

Figure 3. Upper left panel : spatial distribution of Fornax dSph matched filtered stars. Upper right panel : surface number density map
of the matched filtered stars overlaid with iso-density contours. The light blue cross marks the galaxy centroid. Lower left panel : Map of
residuals between the Fornax surface number density profile from the matched filtered stars and the surface density from the best-fitting
Sersic model (see Table 1 for the parameter values). Pixel size is 2′ × 2′, smoothed by a Gaussian kernel with 4′ dispersion. Lower right
panel : The residual map with blue (orange) and dark blue (dark orange) contours showing 2σ and 3σ detections above (below) the mean
residuals. The red ellipses in each panel show the nominal King tidal radius derived from this work. The gray ellipse at the center with
radius of 10′ marks the region that is excluded in the residual analysis.

a multitude of features, indicating that it has experienced
a prolonged period of star formation. The well sampled
stellar features are clearly different from MW contamina-
tion features, as traced by the surrounding background
region. The bright part of the CMD is dominated by
the RGB feature, which shows a clear bifurcation (also
see discussions in Bate et al. (2015) and Battaglia et al.
(2006)). Following Battaglia et al. (2006) and Bate et al.
(2015), we will refer to the two branches of RGBs as the
blue RGB (B-RGB) and red RGB (R-RGB). The two fea-
tures probe stars of different metallicities and ages and
show different spatial distribution, pointing to a radial
gradient of age within Fornax (see also Battaglia et al.
(2006) and de Boer et al. (2012)). Blue loop (BL) stars

are also visible around g − r ≈ 0.5, indicating the pres-
ence of He-core burning stars with ages ranging from a
few million years to 1 Gyr. Lower down in the CMD,
a strongly populated horizontal branch (HB) and red
clump (RC) are visible, both of which change distribution
at different radii. Ancient (>10 Gyr), metal-poor blue
HB stars are strongly present in the 0.8 < rell < 1.5◦ bin,
while the RC stars dominate in the innermost bin. This
indicates that the radial age gradient is also linked to a
metallicity gradient, as also seen from previous spectro-
scopic measurements at different radii (Battaglia et al.
2006). The rich, composite red clump is composed of
intermediate age, metal-enriched stars which have been
used as a standard candle to determine the distance to

Fornax: Wang et al. (DES Collaboration) 2018

8 M.-Y. Wang et al.

Figure 7. Projected spatial distribution of the star particles from two Fornax analogues (upper two rows, F1 and F2) and one Sculptor/Leo I analogue (lower
row, SL2) as a function of the age of the Universe. These images include all star particles that are gravitationally bound to those dSphs at their infall time
or at any time thereafter. For both Fornax analogues, tidally stripped star particles can be seen to extend far beyond the main bodies of the galaxies. For the
Sculptor/Leo I analogues, there are no obvious tidal features, only a very small number of stripped star particles.
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distributions to be Gaussian.

We find that the derived orbital pericentre and apocentre
ranges vary with the assumption of the underlying Galactic po-
tential. We have considered the six HR Galactic potentials from
APOSTLE and the Galactic potential model from Johnston et al.
(1995). We list the results of these calculations in Table 1.

We find that a population of Fornax analogues has a pericen-
tre distance smaller than the lower bound on that of Fornax itself,
more so for the analogues experiencing the greatest stellar tidal
stripping. For the analogues that do lie within the shaded regions
in Fig. 6 (both from the MR simulations), the highest stellar mass
loss fraction is <∼ 10%, which corresponds to ∼ 6.7 × 105 M⊙ of
tidally stripped stars. By interpolating along the approximate locus
of the analogues in Fig. 6 we can infer that the observed bounds on
the likely pericentre of Fornax are consistent with stellar mass loss
fractions of up to <∼ 15− 20%.

We note that even though a majority of the Fornax analogues
are heavily tidally stripped, most of them have orbits that are not
consistent with the orbital properties (e.g. pericentre distance) in-
ferred from the measurements of the motion of Fornax. Precisely
matching the real orbital properties if Fornax is difficult, due to the
small sample size in our simulations. As a result, only two sub-
haloes satisfy all constraints when the orbital data is included. In
addition to the implications for the formation of Fornax, this may
have interesting implications for the Milky Way potential. For ex-
ample, in Table 1 we show that a more massive Galactic potential
predicts smaller pericentre distances. If the Milky Way halo mass
is less than ∼ 1012M⊙, the 95% confidence lower bound on the
pericentre is∼ 110 kpc (see Table 1). This is also inconsistent with
any of our Fornax analogues.

In the case of Sculptor, a similar orbital study was carried out
by Piatek et al. (2006). They obtain 95% confidence intervals on
perigalacticon and apogalacticon of 31 < rp < 83 kpc and 97 <
ra < 313 kpc, implying 0.26 < e < 0.60 with the Galactic poten-
tial model from Johnston et al. (1995). In the case of Leo I, a study
of HST proper motion measurements was carried out by Sohn et al.
(2013). Using three different mass models for the Galactic potential
with total virial masses of 1.0×1012, 1.5×1012, and 2.0×1012M⊙

respectively, they infer a perigalacticon occurring 1.05± 0.09 Gyr
ago at a galactocentric distance of rp = 91 ± 36 kpc. On this ba-
sis they estimate that Leo I entered the Milky Way virial radius
2.33 ± 0.21 Gyr ago and is most likely on its first infall. Most of
our Sculptor/Leo I analogues lie within those perigalacticon and
apogalacticon ranges, although the some of them have higher or-
bital eccentricities.

6 TIDAL DEBRIS

In this section we study the surface brightness of the outer regions
of the analogues, including their tidal debris, in order to assess the
detectability of tidal features. We also investigate the possibility
that tidally stripped star may contaminate kinematic observations
of real dSphs.

6.1 Do dSphs have stellar tidal tails?

In Fig. 7 we show the time evolution of the stellar mass surface
density distribution for three HR dSph analogues: F1, F2, and SL2.
In the leftmost panels, which correspond to these galaxies at their
times of infall, the star particles are deeply embedded within their
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Figure 5. Map of g-ray emission near wCen. Colour scales represent the number of 0.1–100 GeV photons per 0.1� ⇥0.1�
pixel, during the 10-year Fermi mission. Panel a shows all detected photons. The bright region at the bottom left is diffuse
g-ray emission from the Galactic plane. Panel b shows the (statistically insignificant) residuals once all sources of g-rays
except wCen have been modelled and subtracted. The bright excess at the centre are the statistically significant photons
associated with wCen .

where dn/dEg is the differential number of photons reaching the detector (per unit energy, sometimes known as dF/dEg ),
the J-factor encodes the system’s spatial morphology, hsvi is the velocity-averaged annihilation cross section times relative
velocity, h = 2 for self-annihilating DM, mDM is the mass of the DM particle, and dNg/dEg is the number of photons produced
per annihilation. To calculate dNg/dEg , we consider only one benchmark annihilation channel, into b quarks (which, through
hadronization and decay processes, produce photons)‡, based on the Monte Carlo particle physics event generator PYTHIA59,
and tabulated in Cirelli et al. (2011)60.

Assuming that all g-ray emission from wCen is due to DM annihilation, we fit the flux given in equation (12) to the
observed spectral energy distribution, with the DM particle mass mDM and annihilation cross section hsvi as free parameters.
The two parameters act orthogonally: the particle mass essentially determines the energy of peak emission, and the cross
section determines the flux normalisation. We calculate the statistical significance of these fits, including the full posterior
probability distribution of the J-factor propagated from our analysis of stellar kinematics. The best-fit model has c2 = 6.8 in 8
degrees of freedom.

5 Ruling out millisecond pulsars as the source of gamma-ray emission

MSPs are unlikely to be responsible for the g-ray emission from wCen for two reasons. First, the spectral energy distribution
of the g-ray emission does not match that from unambiguously-identified MSPs in our Galactic neighbourhood. We fit
the spectrum of nearby MSPs61, with a free flux normalisation. The best fit model fails to reproduce the falloff in flux at
Eg < 0.3 GeV, and achieves only c2 = 14. Compared to the good fit for DM annihilation, this rules out the MSP spectral model
with p < 0.01.

Second, MSPs also emit strongly in X-rays and radio waves – but none have been confirmed at these wavelengths in
wCen. Observations with the Chandra X-ray Observatory15 identified 40 ‘candidate’ point sources in the region of X-ray
colour-luminosity space (0 < 2.5log([0.5� 1.5keV]/[1.5� 6keV]) < 2, and 1030 < LX (0.5� 6keV) < 1031 ergs�1) where

‡This choice is motivated by the fact that the resulting g-ray spectrum closely resembles the shape of the observed spectral energy distribution. However, it
would in principle be possible to introduce additional channels, with additional free parameters corresponding to the annihilation cross section into the various
channels, and further improve the fit.
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• Best fit dark matter spectrum: 31 GeV 

• Sensitivity to much lower annihilation cross 
sections that dSphs or Galactic center  

• Deeper radio observations
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Figure 1. wCen contains a spatially extended component of DM. Panel a shows the tangential velocity dispersion of stars
moving within wCen’s gravitational potential, as a function of radius from its centre, reproduced from Watkins et al. (2015)35.
Models that include DM (red: Moore, black: NFW, blue: Burkert) are a better fit than a model without DM (dashed). Panel b
shows 68% and 95% confidence limits on the mass of dark matter within the central 7 pc, and the stellar mass-to-light ratio, the
parameter with which it is most correlated. Models without DM (off the bottom of this plot) are excluded with p < 0.05.
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Figure 2. wCen is an ideal target for DM indirect detection experiments, being nearby and containing a higher density of DM
than most dSph galaxies (and even the centre of the Milky Way) although it is truncated and contains less DM in total. It most
resembles compact dwarf galaxy M32, likely the remnant core of a massive galaxy that was tidally stripped by the Milky Way’s
neighbouring Andromeda galaxy with contracted DM distribution. Points show the mass of DM contained by dwarf galaxies of
the Local Group and ultra-compact dwarfs in the Fornax cluster, within radii at which measurements are available.
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Figure 3. wCen emits g-rays, and their energy spectrum is consistent with DM annihilation via the bb̄ channel (solid line). It
is a poor match to the spectral shape of local MSPs (dashed line). Data points show the energy flux detected by Fermi-LAT,
integrated over 10 years. Error bars show ±1s statistical uncertainties, or 2s upper limits for those spectral bins with detection
test statistic TS < 20.
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In the upcoming years

• Obtain velocity dispersions from Gaia DR3?  

• 6D view of Sagittarius and other dSphs?  

• Revisit possibility of dark matter in globular clusters 
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Figure 5. Map of g-ray emission near wCen. Colour scales represent the number of 0.1–100 GeV photons per 0.1� ⇥0.1�
pixel, during the 10-year Fermi mission. Panel a shows all detected photons. The bright region at the bottom left is diffuse
g-ray emission from the Galactic plane. Panel b shows the (statistically insignificant) residuals once all sources of g-rays
except wCen have been modelled and subtracted. The bright excess at the centre are the statistically significant photons
associated with wCen .

where dn/dEg is the differential number of photons reaching the detector (per unit energy, sometimes known as dF/dEg ),
the J-factor encodes the system’s spatial morphology, hsvi is the velocity-averaged annihilation cross section times relative
velocity, h = 2 for self-annihilating DM, mDM is the mass of the DM particle, and dNg/dEg is the number of photons produced
per annihilation. To calculate dNg/dEg , we consider only one benchmark annihilation channel, into b quarks (which, through
hadronization and decay processes, produce photons)‡, based on the Monte Carlo particle physics event generator PYTHIA59,
and tabulated in Cirelli et al. (2011)60.

Assuming that all g-ray emission from wCen is due to DM annihilation, we fit the flux given in equation (12) to the
observed spectral energy distribution, with the DM particle mass mDM and annihilation cross section hsvi as free parameters.
The two parameters act orthogonally: the particle mass essentially determines the energy of peak emission, and the cross
section determines the flux normalisation. We calculate the statistical significance of these fits, including the full posterior
probability distribution of the J-factor propagated from our analysis of stellar kinematics. The best-fit model has c2 = 6.8 in 8
degrees of freedom.

5 Ruling out millisecond pulsars as the source of gamma-ray emission

MSPs are unlikely to be responsible for the g-ray emission from wCen for two reasons. First, the spectral energy distribution
of the g-ray emission does not match that from unambiguously-identified MSPs in our Galactic neighbourhood. We fit
the spectrum of nearby MSPs61, with a free flux normalisation. The best fit model fails to reproduce the falloff in flux at
Eg < 0.3 GeV, and achieves only c2 = 14. Compared to the good fit for DM annihilation, this rules out the MSP spectral model
with p < 0.01.

Second, MSPs also emit strongly in X-rays and radio waves – but none have been confirmed at these wavelengths in
wCen. Observations with the Chandra X-ray Observatory15 identified 40 ‘candidate’ point sources in the region of X-ray
colour-luminosity space (0 < 2.5log([0.5� 1.5keV]/[1.5� 6keV]) < 2, and 1030 < LX (0.5� 6keV) < 1031 ergs�1) where

‡This choice is motivated by the fact that the resulting g-ray spectrum closely resembles the shape of the observed spectral energy distribution. However, it
would in principle be possible to introduce additional channels, with additional free parameters corresponding to the annihilation cross section into the various
channels, and further improve the fit.
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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 1σ uncertainty. c) shows the observed projected motions of stars in the
field.

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 find its peri- and apocenter radii are rperi = 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 be 2.5 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 find 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/σlos ∼ 0.15, for a line-of-sight velocity dispersion4 σlos = 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 Way20.

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,


