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Dark Matter Distribution
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Galactic Substructure: 
•Lower signal strength 
•Lower background

Galactic Halo: 
•Larger signal strength 
•Larger background

 Pieri et al. Phys Rev D83, 023518 (2011)
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Galactic Diffuse Emission

Pulsars (N>100)

Active Galactic Nuclei (N>1100)

Isotropic Diffuse Emission

+ a lot of additional astrophysics … + Dark Matter?
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Galactic Center Region
Focus on a 15ox15o region (~ 1 kpc) around Galactic center 

Galactic Center Region
Focus on a 15ox15o region (~ 1 kpc) around Galactic center 

Fermi-LAT Gamma-ray Data (E𝛄 > 1 GeV)

The Galactic Center
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The Galactic Center
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T. Daylan et al. / Physics of the Dark Universe 12 (2016) 1–23 9

Fig. 10. The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic diffuse model, 20 cm template, point sources, and isotropic template
(right), in units of photons/cm2/s/sr. The right frames clearly contain a significant central and spatially extended excess, peaking at⇠1–3 GeV. Results are shown in Galactic
coordinates, and all maps have been smoothed by a 0.25� Gaussian.

those of the recent analysis of Ref. [7], which studied a smaller
region of the sky (|b| < 3.5�, |l| < 3.5�), and found a preference
for � ' 1.12± 0.05. We discuss this question further in Section 6.

As mentioned above, in addition to the Galactic diffuse model,
we include a spatial template in our Galactic Center fit with
a morphology tracing the 20 cm (1.5 GHz) map of Ref. [48].
This map is dominated by synchrotron emission, and thus traces
a convolution of the distribution of cosmic-ray electrons and
magnetic fields in the region. As cosmic-ray electrons also generate
gamma rays via bremsstrahlung and inverse Compton processes,
the inclusion of the 20 cm template in our fit is intended to better
account for these sources of gamma rays. And although theGalactic
diffusemodel already includes contributions from bremsstrahlung
and inverse Compton emission, the inclusion of this additional
template allows formore flexibility in the fit. In actuality, however,
we find that this template has only amarginal impact on the results
of our fit, absorbing some of the low energy emission that (without
the 20 cm template) would have been associated with our dark
matter template.

6. Further constraining the morphology of the anomalous
gamma-ray emission

In the previous two sections, we showed that the gamma-
ray emission observed from the regions of the Inner Galaxy and
Galactic Center is significantly better fit when we include an
additional component with an angular distribution that follows
that predicted from annihilating dark matter. In particular, our fits
favor a morphology for this component that follows the square

of a generalized NFW halo profile with an inner slope of � '
1.1 � 1.3. Implicit in those fits, however, was the assumption that
the angular distribution of the anomalous emission is spherically
symmetric with respect to the dynamical center of the MilkyWay.
In this section, we challenge this assumption and test whether
other morphologies might provide a better fit to the observed
emission.

We begin by considering templates which are elongated either
along or perpendicular to the direction of the Galactic Plane. In
Fig. 11, we plot the change in the TS of the Inner Galaxy (left)
and Galactic Center (right) fits with such an asymmetric template,
relative to the case of spherical symmetry. The axis ratio is defined
such that values less than unity are elongated in the direction of
the Galactic Plane, while values greater than one are preferentially
extended perpendicular to the plane. The profile slope averaged
over all orientations is taken to be � = 1.2 in both cases. From
this figure, it is clear that the gamma-ray excess in the Galactic
Center prefers to be fit by an approximately spherically symmetric
distribution, and disfavors any axis ratio which departs from unity
by more than approximately 20%. In the Inner Galaxy there is a
preference for a stretch perpendicular to the plane, with an axis
ratio of ⇠1.3. As we will discuss in Appendix A, however, there
are reasons to believe thismay be due to the oversubtraction of the
diffusemodel along the plane, and this result is especially sensitive
to the choice of ROI.

In Fig. 12, we generalize this approach within our Galactic
Center analysis to test morphologies that are not only elongated
along or perpendicular to the Galactic Plane, but along any
arbitrary orientation. Again, we find that the quality of the fit

Daylan et al., 2014 [1402.6703]
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Figure 13. Summary of di↵erent analysis systematics. The impact of choices made in the PSC mask
definition is shown by the solid black and gray lines (for variations in fmask), and by the dotted dark
red line (for adopting an alternative GDE model in the mask definition). We also show the impact
of smoothing the GCE template with the Fermi -LAT PSF (blue dotted line), fixing the isotropic and
bubbles normalization to their external constraints (green solid line), rescaling the Fermi -LAT PSF
by a factor close to one (red dotted line). The light blue region) represents the statistical errors.
Results are shown for the reference model A, but should be rather similar for other GDE models.
The thin dotted line shows our estimate for the overall analysis systematics, which at energies below
1 GeV clearly exceed the statistical errors of the GCE. See text for details on the implementation in
spectral fits.
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Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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Topic of much study! 
Hooper & Goodenough (2009); Hooper & 
Linden (2011); Boyarski et al. (2011); 
Abazajian & Kaplinghat (2012); Gordon & 
Macias (2013); Huang et al. (2013); Abazajian 
et al. (2014); Daylan et al. (2014); Calore et al. 
(2014); Lee et al. (2015); Bartels et al. (2015) 
Ajello et al. (2015); etc.
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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(Calore et al., 2014)
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(Bullock, Geha, Powell)
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6 Simon et al.

Figure 2. IMACS spectra of three Tuc III RGB stars. The H↵ region of the spectrum is shown in the left panel, and the CaT region in the
right panel. The top spectrum is DES J235532.66-593114.9, the brightest star in Tuc III, the middle spectrum is DES J235738.48-593611.6,
a star ⇠ 1 mag fainter, and the bottom spectrum is DES J235655.47-593707.5, near the base of the RGB. The ⇠ 20 Å region with no data
visible in the H↵ spectrum of DES J235738.48-593611.6 is a gap between IMACS CCDs. Note that we did not obtain an H↵ spectrum of
DES J235532.66-593114.9.

Figure 3. Posterior probability distribution from a maximum likelihood fit for the systemic velocity and velocity dispersion (left set of
panels) and the mean metallicity and metallicity dispersion (right set of panels) of Tuc III. In the upper left panels the 68% confidence
intervals on the mean velocity and metallicity are indicated by the dashed gray lines. In the lower right panels the 95.5% upper limits on
the velocity and metallicity dispersion are indicated by the dashed gray lines. We do not significantly resolve either the velocity dispersion
or the metallicity dispersion of Tuc III.

In general, it is possible that binary stars can a↵ect
velocity dispersion measurements for kinematically cold
systems. Previous studies indicate that binary stars gen-
erally do not substantially inflate the observed velocity
dispersions of ultra-faint dwarfs (Minor et al. 2010; Si-
mon et al. 2011), but the smaller the dispersion of an ob-
ject the larger the impact of the binaries could be (Mc-
Connachie & Côté 2010). Approximate radial velocity
amplitudes are only known for a handful of ultra-faint

dwarf RGB binaries, but typical orbital velocities and
periods appear to be ⇠ 30 km s�1 and a few months, re-
spectively (Koposov et al. 2011; Koch et al. 2014; Ji et al.
2016). We have obtained multiple velocity measurements
spaced ⇠ 1 yr apart for eleven of the Tuc III member
stars, including eight of the ten RGB stars, which have
the smallest velocity uncertainties and are therefore the
most important in determining the velocity dispersion.
For eight of the eleven stars with repeat measurements

v = -102.3 +/- 1.2 km/s

v = -102.2 +/- 1.2 km/s

v = -104.4 +/- 1.5 km/s
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right panel. The top spectrum is DES J235532.66-593114.9, the brightest star in Tuc III, the middle spectrum is DES J235738.48-593611.6,
a star ⇠ 1 mag fainter, and the bottom spectrum is DES J235655.47-593707.5, near the base of the RGB. The ⇠ 20 Å region with no data
visible in the H↵ spectrum of DES J235738.48-593611.6 is a gap between IMACS CCDs. Note that we did not obtain an H↵ spectrum of
DES J235532.66-593114.9.
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the velocity and metallicity dispersion are indicated by the dashed gray lines. We do not significantly resolve either the velocity dispersion
or the metallicity dispersion of Tuc III.
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Fig. 7.—Same as Fig. 2, but for Canes Venatici II.

Fig. 8.—Same as Fig. 2, but for Canes Venatici I.

Fig. 9.—Same as Fig. 2, but for Hercules.
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

DES Collaboration (2017)

Walker & Mateo (2007)
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the bb̄ and τþτ− channels with expectation bands derived
from the analysis of 300 randomly selected sets of blank
fields. Sets of blank fields are generated by choosing
random sky positions with jbj > 30° that are centered at
least 0.5° from 3FGL catalog sources. We additionally
require fields within each set to be separated by at least
7°. Our expected limit bands are evaluated with the 3FGL

source catalog based on four years of PASS7 REPROCESSED

data and account for the influence of new sources present in
the six-year PASS8 data set.
Comparing with the results of Ackermann et al. [13], we

find a factor of 3–5 improvement in the limits for all
channels using six years of PASS8 data and the same sample
of 15 dSphs. The larger data set as well as the gains in the

LAT instrument performance enabled by PASS8 both
contribute to the increased sensitivity of the present
analysis. An additional 30%–40% improvement in the
limit can be attributed to the modified functional form
chosen for the J factor likelihood (3). Statistical fluctua-
tions in the PASS8 data set also play a substantial role.
Because the PASS8 six-year and PASS7 REPROCESSED

four-year event samples have a shared fraction of only
20%–40%, the two analyses are nearly statistically inde-
pendent. For masses below 100 GeV, the upper limits of
Ackermann et al. [13] were near the 95% upper bound of
the expected sensitivity band while the limits in the present
analysis are within 1 standard deviation of the median
expectation value.

FIG. 1 (color). Constraints on the DM annihilation cross section at the 95% CL for the bb̄ (left) and τþτ− (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly
selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity while the
bands represent the 68% and 95% quantiles. For each set of random locations, nominal J factors are randomized in accord with their
measurement uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of PASS7 REPROCESSED

data and the same sample of 15 dSphs [13]. The dashed gray curve in this and subsequent figures corresponds to the thermal relic cross
section from Steigman et al. [5].

FIG. 2 (color). Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τþτ− (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3σ limit) [57], 112 hours of observations of the
Galactic center with H.E.S.S. [58], and 157.9 hours of observations of Segue 1 with MAGIC [59]. Pure annihilation channel limits for
the Galactic center H.E.S.S. observations are taken from Abazajian and Harding [60] and assume an Einasto Milky Way density profile
with ρ⊙ ¼ 0.389 GeV cm−3. Closed contours and the marker with error bars show the best-fit cross section and mass from several
interpretations of the Galactic center excess [16–19].

PRL 115, 231301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

4 DECEMBER 2015

231301-6

Dark matter interpretations of 
the Galactic Center excess

LAT Collaboration PRL 115, 231301 (2015)

95% CL upper limits from combined 
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Figure 3: The best-fit annihilation cross section for a dark matter interpretation of the Galactic Center
excess (green, red, and pink contours and brown point with error bars; Gordon and Macias 2013; Calore
et al. 2015; Daylan et al. 2016; Abazajian et al. 2014) are in moderate tension with the 95% CL constraints
on the annihilation cross section derived from previously know dwarf galaxies (solid black line; Ackermann
et al. 2015). The dwarf galaxies recently discovered with DES, and those that remain to be discovered
with DECam and LSST, will help resolve this tension by increasing the sensitivity of the dwarf analysis
(dashed lines).

4 Future Directions

DES has recently completed the third year in a survey nominally planned for five years. In
the next two years, DES will revisit the same area of sky to increase its sensitivity. This will
improve our ability to detect faint dwarf galaxies nearby and brighter dwarf galaxies at larger
distances. In addition, we have received approval to use DECam to explore ⇠ 1300 deg2 outside
the DES footprint. Figure 2 shows that the DES dwarf galaxy candidates are not uniformly
distributed over the DES footprint, but rather are clustered near the Large and Small Magellanic
Clouds (LMC and SMC). The ⇤CDM cosmological model predicts that the LMC and SMC, the
largest satellites of the Milky Way, should have satellite galaxies of their own. We will test this
prediction by searching for dwarf galaxies on the opposite side of the Magellanic Clouds.

Despite the dramatic impact of DES, the survey only covers one-sixth of the sky area acces-
sible to DECam. For two thirds of each year, DECam is used by the astronomical community to
image regions outside of the DES footprint. DECam community data become public after 12–18
months, and we plan to use these data to search for dwarf galaxies over the entire southern sky.
On a longer timescale, the Large Synoptic Survey Telescope (LSST) will cover the southern sky
with 10 times greater sensitivity than DES. LSST is expected to discover ⇠ 300 satellite galaxies
out to the virial radius of the Milky Way. Together, the continued discovery of dwarf galaxies
will allow us to conclusively test the dark matter interpretation of the Galactic Center excess.
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Visual Searches

• First objects discovered by visual scans of photographic plates
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The Dark Energy Survey

570 megapixel Dark Energy 
Camera (DECam)

<20s readout time

~3 deg2 field-of-view

Unprecedented  
sensitivity up to 1µm

Mounted on the 4m Blanco  
telescope at CTIO in Chile
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Spatial Model

Mangle Mask 
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https://desdb.cosmology.illinois.edu/confluence/display/DESAST/Mangle+masks+for+DES+operations+data 
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examples 

Survey Sensitivity

A likelihood analysis to simultaneously 
combine spatial and spectral information 

This approach naturally yields a 
membership probability for each star; 

important for spectroscopy
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Treat spatial and spectral properties of satellite as separable PDFs (normalized 
according to the richness definition). Two color filters are sufficient for stars. 
Take into account the color uncertainty for each individual star. 

Create empirical background model from data which depends only on observed 
magnitudes. Assume density (deg-2 mag-2) to be isotropic on small patches of 
sky. 

i.e., signal probability / (signal + background probability) 

ui = sig prob
bi = bkg prob
λ = normalization = number of stars
f = observable fraction

Figure 4. Stellar density and color–magnitude diagrams for DES J0335.6−5403. Top left: spatial distribution of stars with �g 24 mag that are within 0.1 mag of the
isochrone displayed in the lower panels. The field of view is q◦ ◦1. 5 1. 5 centered on the candidate and the stellar distribution has been smoothed with a Gaussian
kernel with standard deviation ◦0. 027. Top center: radial distribution of stars with � �g r 1 mag and �g 24 mag. Top right: spatial distribution of stars with high
membership probabilities within a q◦ ◦0. 5 0. 5 field of view. Small gray points indicate stars with membership probability less than 5%. Bottom left: the color–
magnitude distribution of stars within 0 ◦. 1 of the centroid are indicated with individual points. The density of the field within a 1° annulus is represented by the
background two-dimensional histogram in grayscale. The red curve shows a representative isochrone for a stellar population with U � 13.5 Gyr and �Z 0.0001
located at the best-fit distance modulus listed in the upper left panel. Bottom center: binned significance diagram representing the Poisson probability of detecting the
observed number of stars within the central 0 ◦. 1 for each bin of the color–magnitude space given the local field density. Bottom right: color–magnitude distribution of
high membership probability stars.

Figure 5. Analogous to Figure 4 but for DES J0344.3−4331. A large number of stars, including several probable horizontal branch members, are present at
magnitudes fainter than the �g 23 mag threshold of our likelihood analysis. This threshold was set by the rapidly decreasing stellar completeness at fainter
magnitudes. However, it is likely that extending to fainter magnitudes would cause the best-fit distance modulus of DES J0344.3−4331 to increase. Better constraints
on the properties of DES J0344.3−4331 require the stellar completeness to be robustly quantified in this regime.
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membership probabilities within a q◦ ◦0. 5 0. 5 field of view. Small gray points indicate stars with membership probability less than 5%. Bottom left: the color–
magnitude distribution of stars within 0 ◦. 1 of the centroid are indicated with individual points. The density of the field within a 1° annulus is represented by the
background two-dimensional histogram in grayscale. The red curve shows a representative isochrone for a stellar population with U � 13.5 Gyr and �Z 0.0001
located at the best-fit distance modulus listed in the upper left panel. Bottom center: binned significance diagram representing the Poisson probability of detecting the
observed number of stars within the central 0 ◦. 1 for each bin of the color–magnitude space given the local field density. Bottom right: color–magnitude distribution of
high membership probability stars.

Figure 5. Analogous to Figure 4 but for DES J0344.3−4331. A large number of stars, including several probable horizontal branch members, are present at
magnitudes fainter than the �g 23 mag threshold of our likelihood analysis. This threshold was set by the rapidly decreasing stellar completeness at fainter
magnitudes. However, it is likely that extending to fainter magnitudes would cause the best-fit distance modulus of DES J0344.3−4331 to increase. Better constraints
on the properties of DES J0344.3−4331 require the stellar completeness to be robustly quantified in this regime.
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– 6 –

Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

Blue   - Previously discovered satellites 
Green - Discovered in 2015 with  
             PanSTARRS/SDSS

Red outline - DES footprint 
Red circles - DES Y1 satellites 
Red triangles - DES Y2 satellites

DES Collaboration, ApJ 813, 109 (2015)
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1 Night ~ $50k (+ bad weather!)

6 Simon et al.

Figure 2. IMACS spectra of three Tuc III RGB stars. The H↵ region of the spectrum is shown in the left panel, and the CaT region in the
right panel. The top spectrum is DES J235532.66-593114.9, the brightest star in Tuc III, the middle spectrum is DES J235738.48-593611.6,
a star ⇠ 1 mag fainter, and the bottom spectrum is DES J235655.47-593707.5, near the base of the RGB. The ⇠ 20 Å region with no data
visible in the H↵ spectrum of DES J235738.48-593611.6 is a gap between IMACS CCDs. Note that we did not obtain an H↵ spectrum of
DES J235532.66-593114.9.

Figure 3. Posterior probability distribution from a maximum likelihood fit for the systemic velocity and velocity dispersion (left set of
panels) and the mean metallicity and metallicity dispersion (right set of panels) of Tuc III. In the upper left panels the 68% confidence
intervals on the mean velocity and metallicity are indicated by the dashed gray lines. In the lower right panels the 95.5% upper limits on
the velocity and metallicity dispersion are indicated by the dashed gray lines. We do not significantly resolve either the velocity dispersion
or the metallicity dispersion of Tuc III.

In general, it is possible that binary stars can a↵ect
velocity dispersion measurements for kinematically cold
systems. Previous studies indicate that binary stars gen-
erally do not substantially inflate the observed velocity
dispersions of ultra-faint dwarfs (Minor et al. 2010; Si-
mon et al. 2011), but the smaller the dispersion of an ob-
ject the larger the impact of the binaries could be (Mc-
Connachie & Côté 2010). Approximate radial velocity
amplitudes are only known for a handful of ultra-faint

dwarf RGB binaries, but typical orbital velocities and
periods appear to be ⇠ 30 km s�1 and a few months, re-
spectively (Koposov et al. 2011; Koch et al. 2014; Ji et al.
2016). We have obtained multiple velocity measurements
spaced ⇠ 1 yr apart for eleven of the Tuc III member
stars, including eight of the ten RGB stars, which have
the smallest velocity uncertainties and are therefore the
most important in determining the velocity dispersion.
For eight of the eleven stars with repeat measurements



with a γ-ray emitting blazar. We additionally find the source
PMN J0003−6059 located ¢10 from TucanaIV, but due to the
lack of multifrequency measurements it is unclear whether it is
a potential γ-ray emitter.

4. ESTIMATING J-FACTORS

An estimate of the J-factor is necessary to convert a γ-ray
flux upper limit into a constraint on the DM annihilation cross
section (Equation (1)). The J-factor depends on both the DM
density profile and distance. Distances can be determined from
the photometric data using the characteristic absolute magni-
tude of the main-sequence turn-off and/or horizontal branch in
old, metal-poor stellar populations. On the other hand,
measurement of the DM mass requires spectroscopic observa-
tions to determine the radial velocities of member stars. The
classical dSphs discovered prior to SDSS have measured
velocity dispersions in the range –~ -6 11 km s 1, and the ultra-
faint dSphs discovered by SDSS have velocity dispersions in
the range –~ -2 6 km s 1. Similarly, the six new systems
recently confirmed as dSphs have velocity dispersions in the
range from – -2.9 8.6 km s 1.

The known dSphs have similar central DM densities despite
a wide spread in optical luminosity (Strigari et al. 2008). The
similarity in the central DM density of the dSphs causes
their J-factors to scale approximately as the inverse square of
their distances. In Figure 5, we show that a simple scaling
relationship between J-factor and distance can be clearly seen
in the J-factors derived by several groups (i.e., Bonnivard et al.
2015a; Geringer-Sameth et al. 2015a; Martinez 2015). For each
set of J-factor measurements, the intrinsic scatter relative to the
proposed scaling relationship appears to be smaller than the
average measurement uncertainty.

Following DW15, we assume that the new stellar systems
occupy similar DM halos to the population of known dSphs,
and we predict the J-factors of the new systems from their
distances. This assumption is necessary to convert the γ-ray
flux limits to DM annihilation cross section constraints since

most of the newly discovered systems have not yet been
observed spectroscopically. We do not expect globular clusters
to follow the same scaling relation, since their observed
velocity dispersions imply that they do not contain DM.
For each candidate we calculated a predicted J-factor using

the procedure developed in DW15. Our scaling relationship is

( )= -
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

J

J
D

log 2 log
100 kpc

, 210
pred

0
10

where D is the heliocentric distance of the dSph candidate and
J0 is a scale factor derived from a fit to spectroscopic data
(Figure 5). In contrast to DW15, we derived our nominal scale
factor, = -J 18.1 GeV cm0

2 5, using the spectroscopic J-factors
from Geringer-Sameth et al. (2015b) as opposed to those from
Martinez (2015). The two data sets give compatible results (see
DW15); however, the J-factors derived by Geringer-Sameth
et al. (2015b) rely on fewer assumptions about the population
of dSphs and provide slightly more conservative estimates for
the predicted J-factors. The predicted J-factor for each stellar
system is shown in Table 1.
In addition to predicting the value of the J-factor we

approximate the uncertainty achievable with future radial
velocity measurements. The uncertainty on the J-factor derived
from spectroscopic observations depends on several factors,
most importantly the number of stars for which radial velocities
have been measured. For ultra-faint dSphs that are similar to
the dSph candidates, spectra have been measured for 20–100
stars. Additional sources of uncertainty include the DM density
profile and dynamical factors such as the velocity anisotropy of
member stars. We consider characteristic J-factor uncertainties,

{ }s =log 0.4, 0.6, 0.8 dexJ10 , for the newly discovered ultra-
faint satellites lacking spectroscopically determined J-factors.
Note that these uncertainties refer to characteristic measure-
ment uncertainties on the J-factor for a typical dSph, and do not
reflect any intrinsic scatter that may exist in a larger population
of satellites.

Figure 5. Relationship between the distances and spectroscopically determined J-factors of known dSphs is derived with three different techniques: (left) non-
informative priors (Geringer-Sameth et al. 2015a), (center) Bayesian hierarchical modeling (Martinez 2015), and (right) allowing for more flexible parametrizations of
the stellar distribution and orbital anisotropy profile (Bonnivard et al. 2015a). We also include recently derived J-factor estimates for ReticulumII (Simon et al. 2015;
Bonnivard et al. 2015b) and TucanaII (Walker et al. 2015b) with J-factors for other dSphs that were calculated in a similar manner (see references for each panel). We
fit the J-factor scaling relation (Equation (2)) to the data in each panel, yielding ( ) { }=-Jlog GeV cm 18.1, 18.3, 18.410 0

2 5 , for the left, center, and right panels,
respectively; these relationships are plotted as solid, short dashed, and long dashed red lines.
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

DM Content
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29LAT & DES Collaborations, ApJ 834, 110 (2017) 

Analyze 45 candidate and confirmed 
dwarf galaxies

Test for excess gamma-ray emission 
coincident with each individual target

• Find 4 targets with ~2σ local 
significance excesses 

• Significance drops to ~1.6σ with a 
trials factor for mass and channel 

• << 1σ after including a trials factor 
from searching 45 locations

Test Statistic: 

TS = �2� logL

But dwarfs should not be weighted 
equally (i.e., different J-factors)…

exceeding the local 95% containment contours from an analysis
of blank-sky regions: IndusII, ReticulumII, TucanaIII, and
TucanaIV. We note that other independent analyses have
found significant (plocal s> 3 ) emission from Reticulum II
(Geringer-Sameth et al. 2015c; Hooper & Linden 2015). The
plocal of ReticulumII in this analysis is smaller mostly due to
the use of the Pass 8 dataset as opposed to the Pass 7
Reprocessed dataset.

All four targets in Table 2 have <TS 7.5 when fit over the
broad-band energy range with any DM spectral model ( <TS 4
when fit with a single G = 2 power-law spectral model). The
best-fit masses, channels, and significances of these excesses
are shown in Table 2. We quote three p-values: (1) the local p-
value at the best-fit DM mass and channel, plocal, (2) the p-
value per target, ptarget, which takes into account the trials
factor from scanning multiple DM masses and channels, and
(3) the sample p-value, psample, which includes an additional
trials factor from analyzing 45 target locations. plocal and ptarget
are empirically determined with respect to 300 sets of 45 blank-
sky locations (Ackermann et al. 2014). For a particular target,
the null distribution for plocal is the distribution of TS evaluated
at the best-fit DM mass and channel, whereas the null
distribution for ptarget is the distribution of the maximum TS
over all considered DM masses and channels at each blank-sky
location. We use the TS distribution from fits in blank-sky
locations to account for the effect of unmodeled components of
the γ-ray sky such as unresolved point sources (see Figure6 of
the supplemental material for Ackermann et al. 2015b).

In the background-only case without a DM annihilation
signal, analyzing 45 targets will yield four or more targets with
detection significances exceeding the ptarget values in Table 2
45% of the time. However, this naive calculation treats each
target equally, whereas the predicted γ-ray flux from DM
annihilation is proportional to the J-factor. In Section 5, we
describe a combined analysis that weights the targets by their
J-factors and links the spectral model (DM mass and
annihilation channel) across targets, and thereby enhances the
sensitivity to a collective DM signal from the population of
Milky Way satellites.
No 3FGL sources are located within 1 of any of the four

systems mentioned above. We also investigated associations
with sources observed at other wavelengths that are potential γ-
ray emitters in the BZCAT (Massaro et al. 2009), CRATES
(Healey et al. 2007), CGraBS (Healey et al. 2008), PMN
(Wright et al. 1994), and WISE blazar candidate (D’Abrusco
et al. 2014) catalogs. We find two sources from the PMN
catalog, PMN J0335−5406 and PMN J0335−5352, within ¢15
of ReticulumII. The first of these, PMN J0335−5406, has a
relatively large flux at low frequency (225 mJy at 843MHz)
and a fairly hard radio spectral index (G ~ 0.7), making it a
possible γ-ray emitter (Ackermann et al. 2015a). In addition,
the infrared colors of PMN J0335−5406 measured with WISE
are consistent with other known γ-ray emitting blazars
(Massaro et al. 2011). However, we note that this source is
relatively faint in the optical/near-infrared, having 2z 23 mag
in the DES imaging. The second source, PMN J0335−5352,
has a smaller radio flux and seems unlikely to be associated

Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broadband analysis of each target in Table 1 assuming DM
annihilation through the ¯bb (left) or t t+ - (right) channels. The bands represent the local one-sided 84% (green) and 97.5% (yellow) containment regions derived from
300 random sets of 45 blank-sky locations. Curves corresponding to targets with peak significance larger than the local 95% expectation from blank-sky regions are
explicitly colored and labeled, while other targets are shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS plocal ptarget psample

IndusII t t+ - 15.8 7.4 0.01 (2.3σ) 0.04 (1.7σ) 0.84 (−1.0σ)
ReticulumII t t+ - 15.8 7.0 0.01 (2.3σ) 0.05 (1.7σ) 0.88 (−1.2σ)
TucanaIII t t+ - 10.0 6.1 0.02 (2.1σ) 0.06 (1.5σ) 0.94 (−1.6σ)
TucanaIV t t+ - 25.0 5.1 0.02 (2.1σ) 0.09 (1.3σ) 0.98 (−2.1σ)

Note. (1) Target name, (2) best-fit DM annihilation channel, (3) best-fit DM particle mass, (4) highest TS value, (5) local p-value calibrated from random blank
regions, (6) target p-value applying a trials factor from testing multiple DM annihilation spectra, (7) sample p-value applying an additional trials factor from analyzing
45 targets. The Gaussian significance associated with each p-value is given in parentheses. More details can be found in Section 3.
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exceeding the local 95% containment contours from an analysis
of blank-sky regions: IndusII, ReticulumII, TucanaIII, and
TucanaIV. We note that other independent analyses have
found significant (plocal s> 3 ) emission from Reticulum II
(Geringer-Sameth et al. 2015c; Hooper & Linden 2015). The
plocal of ReticulumII in this analysis is smaller mostly due to
the use of the Pass 8 dataset as opposed to the Pass 7
Reprocessed dataset.

All four targets in Table 2 have <TS 7.5 when fit over the
broad-band energy range with any DM spectral model ( <TS 4
when fit with a single G = 2 power-law spectral model). The
best-fit masses, channels, and significances of these excesses
are shown in Table 2. We quote three p-values: (1) the local p-
value at the best-fit DM mass and channel, plocal, (2) the p-
value per target, ptarget, which takes into account the trials
factor from scanning multiple DM masses and channels, and
(3) the sample p-value, psample, which includes an additional
trials factor from analyzing 45 target locations. plocal and ptarget
are empirically determined with respect to 300 sets of 45 blank-
sky locations (Ackermann et al. 2014). For a particular target,
the null distribution for plocal is the distribution of TS evaluated
at the best-fit DM mass and channel, whereas the null
distribution for ptarget is the distribution of the maximum TS
over all considered DM masses and channels at each blank-sky
location. We use the TS distribution from fits in blank-sky
locations to account for the effect of unmodeled components of
the γ-ray sky such as unresolved point sources (see Figure6 of
the supplemental material for Ackermann et al. 2015b).

In the background-only case without a DM annihilation
signal, analyzing 45 targets will yield four or more targets with
detection significances exceeding the ptarget values in Table 2
45% of the time. However, this naive calculation treats each
target equally, whereas the predicted γ-ray flux from DM
annihilation is proportional to the J-factor. In Section 5, we
describe a combined analysis that weights the targets by their
J-factors and links the spectral model (DM mass and
annihilation channel) across targets, and thereby enhances the
sensitivity to a collective DM signal from the population of
Milky Way satellites.
No 3FGL sources are located within 1 of any of the four

systems mentioned above. We also investigated associations
with sources observed at other wavelengths that are potential γ-
ray emitters in the BZCAT (Massaro et al. 2009), CRATES
(Healey et al. 2007), CGraBS (Healey et al. 2008), PMN
(Wright et al. 1994), and WISE blazar candidate (D’Abrusco
et al. 2014) catalogs. We find two sources from the PMN
catalog, PMN J0335−5406 and PMN J0335−5352, within ¢15
of ReticulumII. The first of these, PMN J0335−5406, has a
relatively large flux at low frequency (225 mJy at 843MHz)
and a fairly hard radio spectral index (G ~ 0.7), making it a
possible γ-ray emitter (Ackermann et al. 2015a). In addition,
the infrared colors of PMN J0335−5406 measured with WISE
are consistent with other known γ-ray emitting blazars
(Massaro et al. 2011). However, we note that this source is
relatively faint in the optical/near-infrared, having 2z 23 mag
in the DES imaging. The second source, PMN J0335−5352,
has a smaller radio flux and seems unlikely to be associated

Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broadband analysis of each target in Table 1 assuming DM
annihilation through the ¯bb (left) or t t+ - (right) channels. The bands represent the local one-sided 84% (green) and 97.5% (yellow) containment regions derived from
300 random sets of 45 blank-sky locations. Curves corresponding to targets with peak significance larger than the local 95% expectation from blank-sky regions are
explicitly colored and labeled, while other targets are shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS plocal ptarget psample

IndusII t t+ - 15.8 7.4 0.01 (2.3σ) 0.04 (1.7σ) 0.84 (−1.0σ)
ReticulumII t t+ - 15.8 7.0 0.01 (2.3σ) 0.05 (1.7σ) 0.88 (−1.2σ)
TucanaIII t t+ - 10.0 6.1 0.02 (2.1σ) 0.06 (1.5σ) 0.94 (−1.6σ)
TucanaIV t t+ - 25.0 5.1 0.02 (2.1σ) 0.09 (1.3σ) 0.98 (−2.1σ)

Note. (1) Target name, (2) best-fit DM annihilation channel, (3) best-fit DM particle mass, (4) highest TS value, (5) local p-value calibrated from random blank
regions, (6) target p-value applying a trials factor from testing multiple DM annihilation spectra, (7) sample p-value applying an additional trials factor from analyzing
45 targets. The Gaussian significance associated with each p-value is given in parentheses. More details can be found in Section 3.
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profiles for each energy bin used to derive our γ-ray flux upper
limits will be made publicly available. We plan to augment this
resource as more new systems are discovered.

After the completion of this analysis, we became aware of an
independent study of LAT Pass 8 data coincident with DES
Y2 dSph candidates (Li et al. 2016). The γ-ray results
associated with individual targets are consistent between the
two works; however, the samples selected for combined
analysis are different.
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal target sample for the ¯bb (left)
and t t+ - (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis on 300 randomly selected sets of high-Galactic-latitude
blank fields in the LAT data. The dashed line shows the median expected sensitivity while the bands represent the 68% and 95% quantiles. Spectroscopically
measured J-factors are used when available; otherwise, J-factors are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid red line shows
the observed limit from the combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at s2
confidence) in cross-section and mass from several DM interpretations of the GCE: green contour(Gordon & Macias 2013), red contour(Daylan et al. 2016), orange
data point(Abazajian et al. 2014), purple contour(Calore et al. 2015). The dashed gray curve corresponds to the thermal relic cross section from Steigman
et al. (2012).

Figure 10. Upper limits on the DM annihilation cross section ( ¯bb channel) derived from the sub-sample of dSphs with measured J-factors (left) and the complete
nominal sample (right). Green curves show the limits obtained when these samples are analyzed using only predicted J-factors (even when measured J-factors are
available) and fixed J-factor uncertainties of 0.4, 0.6, and 0.8 dex. The solid black line shows the observed limit from Ackermann et al. (2015b). The closed contours
and marker are the same as depicted in Figures 8 and 9.
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Analyze 45 candidate and confirmed 
dwarf galaxies

Combine gamma-ray data weighted 
by expected/observed J-factor

Incorporate measurement uncertainty 
for targets with measured J-factors

Global significance ~1σ, accounting 
for mass and channel

Assume an uncertainty of 0.6 dex for 
targets without measured J-factors

This result should be thought of as 
“an informed estimate” until we have 

measured J-factors for all targets

LAT & DES Collaborations, ApJ 834, 110 (2017) 
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).
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The Distant Milky Way Satellite Eridanus II 11

waves from the coalescence of ⇠30 M� black holes (Ab-
bott et al. 2016) has led to the suggestion that primordial
black holes with a similar mass could constitute the dark
matter (e.g., Bird et al. 2016). Interestingly, microlens-
ing and wide binaries searches do not exclude MACHOs
in the mass range between 20 M� and 100 M� (e.g.,
Alcock et al. 2001; Tisserand et al. 2007; Quinn et al.
2009). We therefore examine the constraints that can
be placed on MACHO dark matter using the measured
properties of Eri II.
Brandt (2016) argued that MACHO dark matter would

dynamically heat, and eventually dissolve, the star clus-
ter near the center of Eri II. Brandt projected MACHO
constraints from the survival of this star cluster assuming
several values for the three-dimensional velocity disper-
sion, �3D, and dark matter density, ⇢, of Eri II. How-
ever, the kinematics measured in §4.1 allowed us to di-
rectly derive the three-dimensional velocity dispersion
and dark matter density of Eri II: �3D ⇠ 12 km s�1 and
⇢ ⇠ 0.15 M�/ pc3,6 assuming a uniform and isotropic
distribution of dark matter within the half-light radius.
With these halo properties, we derived MACHO con-
straints assuming the stellar cluster has an age of 3 Gyr,
an initial half-light radius of rh,0 ⇠ 13 pc, and a mass
of 2000 M�,7 as shown in Figure 9. When the results
from Eri II are combined with those from other search
techniques, MACHOs with mass & 10�7 M� are con-
strained to be a subdominant component of dark matter.
However, if there were an intermediate mass black hole
(IMBH) of mass MBH = 1500 M� at the center of Eri II,
as extrapolation of the scaling relation from Kruijssen &
Lützgendorf (2013) suggests, its gravity would stabilize
the star cluster and would prevent its evaporation. This
e↵ect would weaken the bounds and allow for a MACHO
mass distribution peaked at a few tens of solar masses to
be the main component of the dark matter in the uni-
verse (Clesse & Garćıa-Bellido 2015).
In addition to constraints on MACHOs, Eri II may

also o↵er an opportunity to constrain the density profile
of dark matter halos, addressing the so-called “cusp-core
problem”. Historically, cosmological simulations (Dubin-
ski & Carlberg 1991; Navarro et al. 1996) predict that
dark matter halos should have a cuspy central density
profile. However, observational results have consistently
pointed to shallower profiles (e.g., de Blok et al. 2001;
Walker & Penarrubia 2011; Adams et al. 2014), and the-
oretical calculations have been developed to explain why
cusps are not found (e.g., Governato et al. 2012; Pontzen
& Governato 2012). In these models, dark matter cores
arise from gravitational interactions between dark mat-
ter and baryons, and should occur in dwarf galaxies that
underwent multiple vigorous episodes of star formation.
Crnojević et al. (2016) show that Eri II is possibly the
least massive dwarf galaxy that is known to have an ex-

6 Here we assume that velocity dispersion for the dark matter
halo is the same as the velocity dispersion for the stars, and �3D =
p

3�1D.
7 The star cluster has an absolute magnitude of Mv = �3.5

(⇠2000 L�) and half-light radius rh,cluster = 13 pc (Crnojević
et al. 2016). The assumptions for the stellar cluster are based on
these observational results and the 3 Gyr intermediate-age popu-
lation found in Eri II (Crnojević et al. 2016). We note that an
older population for the cluster is possible, which would lead to a
stronger MACHO constraint (i.e., shift the curve leftward).

tended star formation history and therefore its density
profile may also be a↵ected by baryons. The star cluster
of Eri II may o↵er potential to constrain the dark mat-
ter profile of Eri II through survivability arguments (see,
e.g., Cole et al. 2012) and could provide an independent
probe of the dark matter profile shape. A better under-
standing of the dark matter distribution at small scales
will help us understand how the dwarf galaxies we ob-
serve today are linked to the primordial population of
dark matter subhalos predicted by ⇤CDM cosmology.

Figure 9. Constraints on MACHO dark matter following the pre-
scription of Brandt (2016), assuming that the Eri II star cluster is
located at the center of the Eri II dark matter potential. Colored
curves mark exclusion regions for the maximum fraction of dark
matter (fDM) in MACHOs for a given MACHO mass. The solid
yellow curve corresponds to the limits derived from the observed
3D velocity dispersion of �3D = 12 km s�1 and implied central
dark matter density of ⇢ = 0.15 M� pc�3. As a comparison, the
limit derived from �3D = 8 km s�1 and ⇢ = 0.02 M� pc�3 from
Brandt (2016) is shown as the dashed yellow curve. Since the in-
crease in �3D makes the constraint looser (i.e., shifts the curve
rightward) and the increase in ⇢ makes the constraint stronger
(i.e., shifts the curve leftward), the combination of the two leads to
similar results despite di↵erent �3D and ⇢ values. The red curve
shows the MACHO constraint assuming that an intermediate mass
black hole (IMBH) with mass of 1500 M� resides at the center
of Eri II. Magenta and blue hatched contours correspond to mi-
crolensing constraints from the EROS (Tisserand et al. 2007) and
MACHO (Alcock et al. 2001) experiments, respectively. The green
hatched curve corresponds to constraints from the stability of wide
binary stars (Quinn et al. 2009).

5. SUMMARY

We obtained Magellan/IMACS spectroscopy of stars in
the recently-discovered Milky Way satellite Eridanus II.
We identified 28 members based on the radial velocities
of 54 stars in the vicinity of Eri II. Of the confirmed
members, 16 stars have large enough S/N to measure
their metallicity.
We find a systemic velocity of vhel = 75.6±1.3 (stat.)±

2.0 (sys.) km s�1 (vGSR = �66.6 km s�1) and a ve-
locity dispersion of 6.9+1.2

�0.9 km s�1. The mass within

the half-light radius of Eri II is M1/2 = 1.2+0.4
�0.3 ⇥

107 M�, corresponding to a dynamical mass-to-light ra-
tio of 420+210

�140 M�/L�. The mean metallicity of Eri II
is [Fe/H] = �2.38 ± 0.13, with a metallicity dispersion

Eri II and its star cluster 5
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Fig. 4.— RGB-color images of Eri II. A satellite trail is apparent in both panels. Upper left panel. 10′ × 10′ field centered on Eri II; a
red dashed ellipse indicates rh. Upper right panel. 2′ × 2′ zoom-in on Eri II’s cluster, which is partially resolved into stars. Lower panel.
Dereddened CMD for Eri II within rh; in red we overlay stars from the cluster within twice its computed rh.

erage of the stellar positions within circles of decreas-
ing radius. Since the cluster is only partially resolved,
its CMD is poorly populated, but still consistent with
Eri II’s CMD. To test this, we randomly draw 1000 sub-
CMDs with the same number of sources as in the clus-
ter from Eri II’s CMD: the results resemble the cluster’s
CMD, and ∼ 15% of the realizations also lack a BHB.
We compute the cluster’s properties via integrated pho-
tometry, assuming a circular radius (the cluster is visu-
ally round). The surface brightness profile for the clus-
ter is derived after masking bright stars and background
galaxies, and is then fit with a Sersic profile (best-fit val-
ues are reported in Tab. 1). The absolute magnitude is
derived by integrating the best-fit Sersic profile and is
MV = −3.5 ± 0.6 at the distance of Eri II, which con-
tributes to ∼4% of its host’s luminosity. We discuss the
properties of the cluster in the next section.

4. DISCUSSION AND CONCLUSIONS

TABLE 1
Properties of Eri II and its cluster.

Parameter Eri II Cluster

RA (h:m:s) 03:44:20.1±10.5” 03:44:22.2±1”
Dec (d:m:s) −43:32:01.7±5.3” −43:31:59.2±2”
(m−M)0 (mag) 22.8 ± 0.1 –
D (kpc) 366 ± 17 –
ϵ 0.48± 0.04 –
PA (N to E; o) 72.6 ± 3.3 –
rh (arcmin) 2.31± 0.12 0.11 ± 0.01
rh (pc) 277 ± 14 13± 1
n (Sersic index) 1a 0.19 ± 0.05
µV,0 (mag/arcsec2) 27.2 ± 0.3 25.7± 0.2
MV (mag) −7.1± 0.3 −3.5± 0.6
<(g − r)0> (mag) 0.5± 0.3 0.4± 0.2
MHI/LV (M⊙/L⊙) < 0.036 –

a An exponential profile was assumed for Eri II.

Constrained by  
Eridanus II  

Star Cluster

Massive, compact dark matter (i.e. 30 M⊙ black holes) 
would disrupt the star cluster coincident with the 

center of Eridanus II
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Formation of Heavy Elements

• R-process enrichment in the Reticulum II dwarf galaxy appears more 
consistent with a single extreme event (e.g., neutron star merger) than a 
large number of common events (e.g. core-collapse supernovae).

36

 
Figure 2: Chemical abundances of stars in Reticulum II 
a, [Ba/H] and [Fe/H] of stars in Ret II (red points), in the halo24 (gray points), and in UFDs 
(colored points, references within refs. 16, 17). Orange and brown vertical bars indicate expected 
abundance ranges following a neutron star merger and core-collapse supernova, respectively. 
Dotted black lines show constant [Ba/Fe]. Arrows denote upper limits. Error bars are 1σ (see 
Extended Data Table 1 and Methods). b, Same as a but for Eu.  
c, Abundance patterns above Ba for the four brightest Eu-enhanced stars in Ret II (Extended 
Data Table 2), compared to solar r- and s-process patterns9 (purple and yellow lines, 
respectively). Solar patterns are scaled to stellar Ba. Stars are offset by multiples of 5. 
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Matched-Filter Searches in the  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Figure 1: A color-magnitude (CM) filter used to suppress the noise from foreground stars while preserving the signal from dwarf galaxy stars
at a specific distance. (a) and (c) CM filters for an old and metal-poor stellar population at a distance modulus of 16.5 and 20.0, respectively.
The solid lines show Girardi isochrones for 8 and 14 Gyr populations with [Fe/H] = −1.5 and−2.3. (b) and (d) These CM filters overplotted
on stars from a 1 deg2 field to illustrate the character of the foreground contamination as a function of dwarf distance. Data are from SDSS
DR7.
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Figure 2: (a) Map of all stars in the field around the Ursa Major I dwarf satellite, MV = −5.5, d = 100 kpc. (b) Map of stars passing the CM
filter projected to m −M = 20.0 shown in Figure 1(c). (c) Spatially smoothed number density map of the stars in (b). The Ursa Major I
dwarf galaxy has a µV ,0 of only 27.5 mag arcsec2 [63]. Data are from SDSS DR7.

(iii) Identify Statistically Significant Overdensities. A
search of 10 000 deg2 of SDSS data, optimized for dwarfs
at 16 different distances, and a single choice of stellar
population and scale size require evaluating the statistical
significance of 600 million data pixels that do not necessarily
follow a Gaussian distribution of signal. Setting the detection
threshold to select candidate dwarf galaxies was done by
simulating numerous realizations of the search, assuming a
random distribution of point sources and permitting only
one completely spurious detection. The threshold is set to be
a function of point source number density after CM filtering.

(iv) Follow-up Candidates. Regions detected above the
detection threshold are considered candidates for MW
dwarf galaxies. Although the threshold is set to prevent
the detection of any stochastic fluctuations of a randomly
distributed set of point sources [61], the detections are only
“candidates” because resolved dwarf galaxies are not the only

possible overdensities of point sources expected in the sky.
For example, fluctuations in the abundant tidal debris in
the Milky Way’s halo or (un)bound star clusters could be
detected. It is essential to obtain follow-up photometry to
find the color-magnitude sequence of stars expected for a
dwarf galaxy and also follow-up spectroscopy to measure the
dark mass content (dark matter is required to be classified as
a galaxy) based on the observed line-of-sight velocities.

This search algorithm is very efficient. In the WWJ
search, the eleven strongest detections of sources unclassified
prior to SDSS were 11 of the 14 (probable) ultra-faint
Milky Way dwarfs. All of these but Boötes II were known
prior to the WWJ search. See references in Section 3 for
details of the follow-up observations that confirmed these
objects to be dwarf galaxies. Follow-up observations of
as-yet unclassified SDSS dwarf galaxy candidates are on-
going by several groups, including a group at the IoA at
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filter projected to m −M = 20.0 shown in Figure 1(c). (c) Spatially smoothed number density map of the stars in (b). The Ursa Major I
dwarf galaxy has a µV ,0 of only 27.5 mag arcsec2 [63]. Data are from SDSS DR7.

(iii) Identify Statistically Significant Overdensities. A
search of 10 000 deg2 of SDSS data, optimized for dwarfs
at 16 different distances, and a single choice of stellar
population and scale size require evaluating the statistical
significance of 600 million data pixels that do not necessarily
follow a Gaussian distribution of signal. Setting the detection
threshold to select candidate dwarf galaxies was done by
simulating numerous realizations of the search, assuming a
random distribution of point sources and permitting only
one completely spurious detection. The threshold is set to be
a function of point source number density after CM filtering.

(iv) Follow-up Candidates. Regions detected above the
detection threshold are considered candidates for MW
dwarf galaxies. Although the threshold is set to prevent
the detection of any stochastic fluctuations of a randomly
distributed set of point sources [61], the detections are only
“candidates” because resolved dwarf galaxies are not the only

possible overdensities of point sources expected in the sky.
For example, fluctuations in the abundant tidal debris in
the Milky Way’s halo or (un)bound star clusters could be
detected. It is essential to obtain follow-up photometry to
find the color-magnitude sequence of stars expected for a
dwarf galaxy and also follow-up spectroscopy to measure the
dark mass content (dark matter is required to be classified as
a galaxy) based on the observed line-of-sight velocities.

This search algorithm is very efficient. In the WWJ
search, the eleven strongest detections of sources unclassified
prior to SDSS were 11 of the 14 (probable) ultra-faint
Milky Way dwarfs. All of these but Boötes II were known
prior to the WWJ search. See references in Section 3 for
details of the follow-up observations that confirmed these
objects to be dwarf galaxies. Follow-up observations of
as-yet unclassified SDSS dwarf galaxy candidates are on-
going by several groups, including a group at the IoA at

Koposov et al. (2008) 
Walsh et al. (2009) 
Willman et al. (2010)2) Apply a selection 

based on the 
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magnitude space
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Segue 1

Marla Geha
2.5m Telescope 

SDSS CCD Camera
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Segue 1

Marla Geha

Spectroscopic Follow-up: Stellar Kinematics

8
Geha et al. 2009, ApJ, 692, 1464

Satellite member stars are 
distinguished by their distinct 
locus in velocity-space!
!
Velocity dispersion is an indicator 
of mass, e.g., for Segue 1 a mass-
to-light ratio of >1000 within the 
half-light radius!

2.5m Telescope 
SDSS CCD Camera
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Reticulum II

The first component, us, depends only on the spatial properties,
while the second component, uc, depends only on the
distribution in color–magnitude space.

We modeled the spatial distribution of satellite member stars
with an elliptical Plummer profile (Plummer 1911), following
the elliptical coordinate prescription of Martin et al. (2008a).
The Plummer profile is sufficient to describe the spatial
distribution of stars in known ultra-faint galaxies (Muñoz
et al. 2012b). The spatial data for catalog object i consist of
spatial coordinates,  B E� { , }s i i i, , while the parameters
of our elliptical Plummer profile are the centroid coordinates,
half-light radius, ellipticity, and position angle, R �s

�B E Gr{ , , , , }0 0 h .
We modeled the color–magnitude component of the signal

PDF with a set of representative isochrones for old, metal-poor
stellar populations, specifically by taking a grid of isochrones
from Bressan et al. (2012) spanning � �Z0.0001 0.001 and

U� �1 Gyr 13.5 Gyr. Our spectral data for star i consist of the
magnitude and magnitude error in each of two filters,
 T T� g r{ , , , }c i i g i i r i, , , , while the model parameters are
composed of the distance modulus, age, and metallicity
describing the isochrone, R U� �M m Z{ , , }c . To calculate
the spectral signal PDF, we weight the isochrone by a Chabrier
(2001) initial mass function (IMF) and densely sample in
magnitude–magnitude space. We then convolve the photometric
measurement PDF of each star with the PDF of the weighted
isochrone. The resulting distribution represents the predicted
probability of finding a star at a given position in magnitude–
magnitude space given a model of the stellar system.

The background density function of the field population is
empirically determined from a circular annulus surrounding
each satellite candidate ( � �◦ ◦r0 . 5 2 . 0). The inner radius of
the annulus is chosen to be sufficiently large that the stellar
population of the candidate satellite does not bias the estimate
of the field population. Stellar objects in the background
annulus are binned in color–magnitude space using a cloud-in-
cells algorithm and are weighted by the inverse solid angle of

the annulus. The effective solid angle of the annulus is
corrected to account for regions that are masked or fall below
our imposed magnitude limit of �g 23 mag. The resulting
two-dimensional histogram for the field population provides
the number density of stellar objects as a function of observed
color and magnitude ( � �deg mag2 2). This empirical determina-
tion of the background density incorporates contamination
from unresolved galaxies and imaging artifacts.
The likelihood formalism above was applied to the Y1A1

data set via an automated analysis pipeline.49 For the search
phase of the algorithm, we used a radially symmetric Plummer
model with half-light radius � ◦r 0 . 1h as the spatial kernel, and
a composite isochrone model consisting of four isochrones
bracketing a range of ages, U � {12, 13.5 Gyr}, and metalli-
cities, �Z {0.0001, 0.0002}, to bound a range of possible
stellar populations. We then tested for a putative satellite
galaxy at each location on a three-dimensional grid of sky
position (0.7 arcmin resolution; nside = 4096) and distance
modulus ( � � �M m16 24; �16 630 kpc).
The statistical significance at each grid point can be

expressed as a Test Statistic (TS) based on the likelihood ratio
between a hypothesis that includes a satellite galaxy versus a
field-only hypothesis:

 M M M�  
¢¡

� � � ¯
±°( ) ( )TS 2 log ˆ log 0 . (4)

Here, M̂ is the value of the stellar richness that maximizes the
likelihood. In the asymptotic limit, the null-hypothesis
distribution of the TS will follow a D 22 distribution with
one bounded degree of freedom (Chernoff 1954). We have
verified that the output distribution of our implementation
agrees well with the theoretical expectation by testing on
simulations of the stellar field. In this case, the local statistical
significance of a given stellar over-density, expressed in

Figure 2. Left: false color gri coadd image of the q◦ ◦0. 3 0. 3 region centered on DES J0335.6−5403. Right: stars in the same field of view with membership
probability �p 0.01i are marked with colored circles. In this color map, red signifies high-confidence association with DES J0335.6−5403 and blue indicates lower
membership probability. The membership probabilities have been evaluated using Equation (2) for the best-fit model parameters listed in Table 1.

49 The Ultra-faint Galaxy Likelihood (UGALI) code; detailed methodology
and performance to be presented elsewhere.
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4m Telescope 
DECam CCD Camera DES Collaboration

Reticulum II

isochrone. Since it is near the base of the giant branch, the
photometric uncertainties could contribute to this offset in
color, and we consider DES J033544.18−540150.0 a likely
member of Ret II.

Because the stars for which membership is plausible have
velocities quite similar to that of Ret II (and in some cases have
large uncertainties), including or excluding them from the
member sample does not have any significant effect on the
properties we derive for Ret II in Section 4. We show the

correspondence between M2FS spectroscopic members and
photometric membership probability in Figure 3.

3.3.2. GIRAFFE and GMOS

We also identify a handful of Ret II members in the GIRAFFE
and GMOS data sets that were not observed with M2FS. We use
a velocity measurement based on the Paschen lines to confirm that
the candidate blue HB (BHB) star DES J033539.85−540458.1
(Section 3.4) observed by GMOS is indeed a member of Ret II,
with a velocity of 69 ± 6 km s 1� . The GIRAFFE targets included
a bright (g 16.5_ ) star at ( , ) (03:35:23.85,2000 2000B E �

54:04:07.5)� that was omitted from our photometric catalog
and M2FS observations because it is saturated in the coadded
DES images. However, the spectrum of the star makes clear that it
is very metal-poor and is within a few km s 1� of the systemic
velocity of Ret II. While the magnitudes derived from individual
DES frames place it slightly redder than the isochrone that best
matches the lower red giant branch of Ret II, it is also located
inside the half-light radius, and is very likely a member. In fact, it
is probably the brightest star in any of the ultra-faint dwarfs.

Figure 1. (a) DES color–magnitude diagram of Reticulum II. Stars within 14 ′. 65 of the center of Ret II are plotted as small black dots, and stars selected for
spectroscopy with M2FS, GIRAFFE, and GMOS (as described in Section 2.1) are plotted as filled gray circles. Points surrounded by black outlines represent the
stars for which we obtained successful velocity measurements, and those we identify as Ret II members are filled in with red. The four PARSEC isochrones used
to determine membership probabilities are displayed as black lines. (b) Spatial distribution of the observed stars. Symbols are as in panel (a). The half-light radius
of Ret II from Bechtol et al. (2015) is outlined as a black ellipse. (c) Radial velocity distribution of observed stars, combining all three spectroscopic data sets. The
clear narrow peak of stars at v 60_ km s 1� highlighted in red is the signature of Ret II. The hatched histogram indicates stars that are not members of Ret II; note
that there are two bins containing non-member stars near v = 70 km s 1� that are over-plotted on top of the red histogram.

Figure 2. Magellan/M2FS spectra in the Mg b triplet region for three stars
near the edge of the Ret II velocity distribution. The wavelengths of two Mg
lines and an Fe line are marked in the bottom panel, and the third component
of the Mg triplet is just visible at a wavelength of 5185 Å at the right edge of
each spectrum. The spectrum of DES J033540.70−541005.1 (top) appears
similar to that of a Ret II member, but the color, spatial position, and velocity
offset of this star make that classification unlikely. The very strong Mg
absorption in DES J033405.49−540349.9 (middle), as well as the wealth of
other absorption features on the blue side of the spectrum, indicate that the
star is more metal-rich than would be expected for a system as small as Ret II.
DES J033437.34−535354.0 (bottom) is a double-lined binary star with a
velocity separation of ∼60 km s 1� . The redshifted absorption component
from the secondary star is most visible in the middle line of the Mg triplet.

Figure 3. Comparison of photometric membership probabilities determined
from a maximum-likelihood fit to the DES data and spectroscopic membership
as determined from the velocity measured by M2FS.
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Si-Strip Tracker: 
convert γ->e+e- 

reconstruct γ direction 
EM vs. hadron separation

Hodoscopic CsI Calorimeter: 
measure γ energy 
image EM shower 
EM v. hadron separation Anti-Coincidence Detector:   

Charged particle separation

Trigger and Filter: 
Reduce data rate from ~10kHz to 
300-500 Hz

Fermi LAT Collaboration: 
~400 Scientific Members, 
NASA / DOE & International 
Contributions  

Sky Survey: 
The LAT observes the whole sky 
every 3 hours (2.5 sr FOV)

Public Data Release: 
All γ-ray data made public within 
24 hours (usually less)

No Magnet
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All-Sky Map of DECam Coverage (Feb 26, 2016)

DES only observes 1/6th 
of the sky accessible to 
DECam

Only 1/3 of the 
exposures taken with 
DECam are part of DES

Figure 5.  A graph showing the time spent observing during the night color-coded 
by filter. The enclosing curves indicate the time of civil (−6°), nautical (−12°), and 
astronomical (−18°) twilight. Note that only z- and y-filters are used between 
astronomical and nautical twilight. The Moon’s illumination (in percent) is indicated 
by the arbitrarily scaled white curve at the bottom of the plot. 

The LSST Operations Simulator models the telescope’s design-specific opto-mechanical system performance and site-specific conditions to simulate how observations may be obtained during a 10-year survey. We have found that a remarkable range of 
science programs are compatible with a single feasible cadence. The Simulator incorporates detailed models of the telescope and dome, the camera, weather and an improved model for scheduled and unscheduled downtime, as well as a scheduling strategy 
based on ranking requests for observations from a small number of observing modes attempting to optimize the key science objectives. Each observing mode is driven by a specification which ranks field-filter combinations of target fields to observe next. The 
output of the simulator is a detailed record of the activity of the telescope - such as position on the sky, slew activities, weather and various types of downtime - stored in a MySQL database. Sophisticated tools are required to mine this data in order to assess 
the degree of success of any simulated survey in some detail. An analysis tool has been created (SSTAR) which generates a standard report describing the basic characteristics of a simulated survey; an analysis framework is being designed to allow for the 
inter-comparison of one or more simulated surveys and to perform more complex analyses. Visualization software is being used to interactively explore the survey history and to prototype reports for the analysis framework, and we are working with the 
ASCOT team (http://ascot.astro.washington.edu) to determine the feasibility of creating our own interactive tools. The next phase of simulator development will include look-ahead to continue investigating the trade-offs of addressing multiple science goals 
within a single LSST survey. 

C.E.$Petry1,$M.$Miller2,$K.$H.$Cook3,$S.$Ridgway2,$S.$Chandrasekharan2,$R.$L.$Jones4,$K.$S.$Krughoff4,$Z.$Ivezic4,$V.$Krabbendam2$$
!1Univ.!of!Arizona,!2Na1onal!Op1cal!Astronomy!Observatory,!3Large!Synop1c!Survey!Telescope,!4Univ.!of!Washington!

  Demonstrated the need for a 9.6 deg2 field of view. 
  Motivated the need for 5 filters in dewar instead of 4 filters based on 

filter usage during each night. 
  Provided survey coverage statistics by site to the site selection 

committee. 
  Assessed the impact on the survey of various telescope changes, 

such as dome crawl. 
  Supported engineering requirements analysis. 

The Operations Simulator creates a 10-year survey of the available sky 
primarily with a universal cadence. Post-processing and analysis tools  assess 
the ability of the survey to meet sky coverage and revisit requirements specified 
by each of the LSST key science programs (see Tyson et al., this session). 

THE OPERATIONS SIMULATOR VISUALIZATION, ANALYSIS & REPORTING 

Figure 7.  The number of visits with single visit depth (magnitudes) in each 
filter. The legend shows 25th, 50th (median), and 75th percentiles for each 
curve. The tickmarks above each curve indicate the value of single visit depth in 
ideal seeing and an airmass of 1.0. 

Single Visit Depth 

Figure 10.  The number of fields with co-added depth in each filter. The legend 
shows 25th, 50th (median), and 75th percentiles for each curve. 

Co-Added Depth 

Figure 6.  An example of a survey diagnostic. This plot shows that observations 
during an arbitrary lunar cycle are made using bluer filters in darker skies (low 
Moon illumination or Moon is set) and redder filters  when the sky is brighter. 
The y-filter is taken out of the camera during new moon when the u-filter is put 
in, so there are no y-observations during low moon illumination. 

Correlation between Sky Brightness & Filter Choice 

Figure 8.  A map of the difference between the co-added depth calculated for 
each field and the design specification for the Wide-Fast-Deep co-added depth 
at zenith. Positive values exceed this ideal specification. 

Co-Added Depth Compared to a Zenith Depth Spec 

Figure 1.  A graphical summary of observing constraints for the LSST survey 
from Cerro Pachon, in equatorial (top) and galactic coordinates (bottom). The 
two dashed blue lines outline the 24,000 deg2 region for which the minimum 
airmass reaches values <1.4. The galactic plane regions with the highest stellar 
density are enclosed by solid red lines and include 1,000 deg2. For the Wide-
Fast-Deep (WFD) observing program, we use 18,000 of the possible 24,000 
deg2 to meet the Science Requirements Document (SRD) design goal.  The 
WFD science program is designed to provide data for cosmology, transients 
and moving objects. 

SURVEY STRATEGY 

Figure 9.  The number of visits acquired for each field is plotted in Hammer-
Aitoff projection for each filter. 

Number of Visits to Each Field 

Inventory of Observation Time in 10-Year Survey 

Coverage on the Sky 

Figure 2.  The number of visits obtained in each field in the r-filter for the first 
year of a survey is indicated by the shaded areas. Each of the areas of interest 
(labeled) has a specific cadence definition. It should be noted that this is the 
spatial distribution of the number of visits in the first year of a survey, and will 
not be as uniform as for the full 10-year survey (see Figure 9). 

Figure 3.  A conceptual model of the Operations Simulator software.  In any 
simulated survey, an observing target is chosen based on the current sky 
conditions, the time needed to slew to candidate fields, and the simulated 
observing history, as well as by weighing the needs of all active science 
observing modes. 

BASELINE / REFERENCE SURVEY – OPSIM3.61 

Constraints 

There have been three major advancements: 

  Improved scheduled downtime implemented with a user-settable 
configuration file having parameters for timing and duration.  

  Implementation of random downtime through addition of a tool which 
generates a sequence of random downtime intervals.  

  Improved execution speed for a simulation by changing the way the 
cloud and seeing data is accessed. 

Figure 4.  A conceptual model for the current standard analysis tools, the 
Simulated Survey Tools for Analysis and Reporting (SSTAR).  The tool 
accesses the survey history generated by the Simulator, creates a number of 
science metrics, and outputs a report. 

The static SSTAR standard report is a useful initial characterization of a simulated 
survey and contains analyses which compare to the design and stretch specs 
from the SRD. To more fully assess how well a survey meets a particular science 
goal, the development of science metrics is needed (see Chandrasekharan et 
al., this session).  The process of making sense of the data requires the ability to 
explore and analyze it in an interactive way, and to communicate and 
collaborate about the results. To this end we are 

  Working with Science Collaborations to develop figures of merit. 

  Designing an efficient and extensible framework for  the figures of merit. 
  Enabling comparisons between simulated surveys. 
  Using visualization software for fast analysis and rapid prototyping. 
  Working with the ASCOT Team to explore the feasibility of creating our own 

interactive analysis tools (http://ascot.astro.washington.edu). 

  Develop multiple scheduling algorithms or strategies. 
  Expand LSST observing modes (e.g., more flexible cadences). 
  Experiment with dithering algorithms. 
  Include higher fidelity sky brightness models (e.g., twilight & 

scattered light). 
  Implement an improved weather model. 
  Include logic to plan observations based on upcoming events such 

as sunrise, downtime or cloudy weather (not trivial). 

Future Work 

Achievements 

Software 

For more information about cadence design and the science programs, please 
visit our public website at  http://www.lsst.org/lsst/opsim 

Science Collaboration members can find data sets linked from the Science Wiki 
and at  https://www.lsstcorp.org/opsim/home 

Only 1/3 of the 
exposures taken with 
DECam are part of DES

Predicted LSST Sky Coverage

LSST will cover the 
entire southern sky and 
be a factor of 10 more 
sensitive
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Figure 4. Left: the half I-band luminosity L1/2 versus half-light mass M1/2 for a broad population of spheroidal galaxies. Middle: the dynamical I-band
half-light mass-to-light ratio ϒI

1/2 versus M1/2 relation. Right: the equivalent ϒI
1/2 versus total I-band luminosity LI = 2 L1/2 relation. The solid line in the

left-hand panel guides the eye with M1/2 = L1/2 in solar units. The solid, coloured points are all derived using our full mass likelihood analysis and their
specific symbols/colours are linked to galaxy types as described in Fig. 2. The I-band luminosities for the MW dSph and GC population were determined by
adopting M92’s V − I = 0.88. All open, black points are taken from the literature as follows. Those with M1/2 > 108 M⊙ are modelled using equation (2)
with σlos and r1/2 culled from the compilation of Zaritsky et al. (2006): triangles for dwarf ellipticals (Geha, Guhathakurta & van der Marel 2003), inverse
triangles for ellipticals (Jørgensen, Franx & Kjaergaard 1996; Matković & Guzmán 2005), plus signs for brightest cluster galaxies (Oegerle & Hoessel 1991)
and asterisks for cluster spheroids, which, following Zaritsky et al. (2006), include the combination of the central brightest cluster galaxy and the extended
intracluster light. Stars indicate globular clusters, with the subset of open, black stars taken from Pryor & Meylan (1993).

more massive counterparts (Bovill & Ricotti 2009; Bullock et al.
2009).

4.2 The global population of dispersion-supported
stellar systems

A second example of how accurate M1/2 determinations may be
used to constrain galaxy formation scenarios is presented in Fig. 4,
where we examine the relationship between the half-light mass M1/2

and the half-light I-band luminosity L1/2 = 0.5LI for the full range
of dispersion-supported stellar systems in the Universe: globular
clusters, dSphs, dwarf ellipticals, ellipticals, brightest cluster galax-
ies and extended cluster spheroids. Each symbol type is matched
to a galaxy type as detailed in the caption. We provide three rep-
resentations of the same information in order to highlight different
aspects of the relationships: M1/2 versus L1/2 (left-hand panel),
the dynamical I-band mass-to-light ratio within the half-light ra-
dius ϒ I

1/2 versus M1/2 (middle panel) and ϒ I
1/2 versus total I-band

luminosity LI (right-hand panel).
Masses for the coloured points are derived using our full mass

likelihood approach and follow the same colour and symbol con-
vention as in Fig. 2. All of the black points that represent galaxies
were modelled using equation (2) with published σlos and r1/2 values
from the literature.13 The middle and right-hand panels are inspired
by (and qualitatively consistent with) figs 9 and 10 from Zaritsky,
Gonzalez & Zabludoff (2006), who presented estimated dynamical
mass-to-light ratios as a function of σlos for spheroidal galaxies that
spanned two orders of magnitude in σlos.

We note that the asterisks in Fig. 4 are cluster spheroids (Zaritsky
et al. 2006), which are defined for any galaxy cluster to be the sum
of the extended low-surface brightness intracluster light component
and the brightest cluster galaxy’s light. These two components are
difficult to disentangle, but the total light tends to be dominated

13 The masses for the open, black stars (globular clusters) were taken directly
from Pryor & Meylan (1993).

by the intracluster piece. One might argue that the total cluster
spheroid is more relevant than the brightest cluster galaxy because
it allows one to compare the dominant stellar spheroids associated
with individual dark matter haloes over a very wide mass range
self-consistently. Had we included analogous diffuse light compo-
nents around less massive galaxies (e.g. stellar haloes around field
ellipticals) the figure would change very little, because halo light is
of minimal importance for the total luminosity in less massive sys-
tems (see Purcell, Bullock & Zentner 2007). One concern is that the
central cluster spheroid mass estimates here suffer from a potential
systematic bias because they rely on the measured velocity disper-
sion of cluster galaxies for σlos rather than the velocity dispersion of
the cluster spheroid itself, which is very hard to measure (Zaritsky
et al. 2006).14 For completeness, we have included brightest cluster
galaxies on this diagram (plus signs) and they tend to smoothly fill
in the region between large Es (inverse triangles) and the cluster
spheroids (asterisks).

There are several noteworthy aspects to Fig. 4, which are each
highlighted in a slightly different fashion in the three panels. First,
as seen most clearly in the middle and right-hand panels, the dy-
namical half-light mass-to-light ratios of spheroidal galaxies in the
Universe demonstrate a minimum at ϒ I

1/2 ≃ 2–4 that spans a re-
markably broad range of masses M1/2 ≃ 109−11 M⊙ and luminosi-
ties LI ≃ 108.5−10.5 L⊙. It is interesting to note the offset in the av-
erage dynamical mass-to-light ratios between globular clusters and
L⋆ ellipticals, which may suggest that even within r1/2, dark matter
may constitute the majority of the mass content of L⋆ Es. Neverthe-
less, it seems that dark matter plays a clearly dominant dynamical
role (ϒ I

1/2 ! 5) within r1/2 in only the most extreme systems (see
similar results by Dabringhausen, Hilker & Kroupa 2008; Forbes
et al. 2008, who study slightly more limited ranges of spheroidal
galaxy luminosities). The dramatic increase in dynamical half-light

14 In addition, concerns exist with the assumption of dynamical equilibrium.
However, Willman et al. (2004) demonstrated with a simulation that using
the intracluster stars as tracers of cluster mass is accurate to ∼10 per cent.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 1220–1237
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