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Matched Filter Searches4 Advances in Astronomy
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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

4 Advances in Astronomy

20 kpc

22

20

18

16

14

0.50 1 1.5−0.5
g − r

 r

(a)

22

20

18

16

14

0.50 1 1.5−0.5
g − r

r

(b)

100 kpc

22

20

18

16

14

0.50 1 1.5−0.5
g − r

 r

(c)

22

20

18

16

14

0.50 1 1.5−0.5
g − r

r

(d)

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

Koposov et al. (2008) 
Walsh et al. (2009) 
Willman et al. (2010) 
etc.

2) Apply a selection 
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space based on a 
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Maximum Likelihood Searches
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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 

Use this SV field 
centered on the 
Bullet cluster 
field for following 
examples 

Survey Sensitivity

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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Combine spatial and spectral information 

Yields a membership probability for each 
star; important for spectroscopic targeting

Maximum Likelihood Formalism 
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Find the richness, λ, which maximizes the likelihood, L 

f is the fraction of satellite galaxy stars which are unmasked,  
i.e., observable in a given DES observation 

p is the satellite membership probability of each star 

Another strategy is to approximate detection of each star as a  
Poisson probability, and follow a maximum likelihood approach 

Maximum Likelihood Formalism 
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f is the fraction of satellite galaxy stars which are unmasked,  
i.e., observable in a given DES observation 

p is the satellite membership probability of each star 

Another strategy is to approximate detection of each star as a  
Poisson probability, and follow a maximum likelihood approach 

Satellite Membership Probability 
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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 = signal probability 
bi = background probability 
λ = number of stars in the dwarf 
f = observable fraction of stars



Union of Search Strategies

22

Matched-
filters + 

Maximum-
likelihood

Visual inspection 
of images and 

catalogs

Simple  
filter

Walsh et al. 2009, AJ, 137, 450

Filtering in  
CMD-space

Color
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ux

Bechtol et al. 2015, ApJ, 807, 50 Luque et al. 2015, arXiv:1508.02381



Confirming & Classifying Satellites

Simon et al. (2016)

AAT

Magellan

VLT



Classification Without Spectroscopy

Koposov et al. (2018)



Anisotropy in the DES Footprint

DES J2038–4609 (Ind II) and DES J0117–1725 (Cet II), are
lower confidence and reside in more complicated regions. In
Table 1 we report the coordinates and detection significances of
each of these objects.

5. CANDIDATE CHARACTERIZATION

In this section, we describe the iterative procedure used to
characterize each of the eight candidate stellar systems. When
fitting the new candidates, we applied a brighter magnitude
threshold, g < 23mag, to mitigate the impact of stellar
incompleteness. The results of our characterization are shown
in Tables 1 and 2.

We began by simultaneously fitting the morphological
parameters and distance modulus of each candidate following
the procedure described in Section 4. Best-fit values were
derived from the marginalized posterior distribution and the
morphological parameters were temporarily fixed at these
values. We then ran a MCMC chain simultaneously sampling
the distance, age, metallicity, and richness, assuming flat priors
on each parameter. Significant correlations between these
parameters were found, and in some cases the age and
metallicity were poorly constrained (see below). To assess the
error contribution from intrinsic uncertainty in the isochrone,
we resample the posterior distribution using the Dartmouth
isochrone family (Dotter et al. 2008). In general, the best-fit
distance moduli agree to within 0.1mag when the data were fit

Figure 3. Cartesian projection of the density of stars observed in both the g- and r-bands with g < 23 and g − r < 1 over the DES Y2Q1 footprint (∼5000 deg2).
Globular clusters are marked with “+” symbols (Harris 1996, 2010 edition), two faint outer halo clusters are marked with “×” symbols (Kim et al. 2015b; Luque et al.
2015), Local Group galaxies known prior to DES are marked with blue squares (McConnachie 2012), dwarf galaxy candidates discovered in Y1 DES data are marked
with red outlined circles, and the Y2 stellar systems are marked with red triangles. The periphery of the LMC can be seen in the southeast corner of the footprint, while
the Galactic stellar disk can be seen on the eastern and western edges.

Table 1
Detection of Ultra-faint Galaxy Candidates

Name α2000 δ2000 m − M rh ah ò f Map Sig. TS Scan �pi
(deg) (deg) (′) (′) (σ)

DES J2204–4626 (Gru II) 331.02 −46.44 18.62 ± 0.21 �
�6.0 0.5

0.9 K <0.2 K 15.7 369 161
DES J2356–5935 (Tuc III)a 359.15 −59.60 17.01 ± 0.16 �

�6.0 0.6
0.8 K K K 11.1 390 168

DES J0531–2801 (Col I)b 82.86 −28.03 21.30 ± 0.22 �
�1.9 0.4

0.5 K <0.2 K 10.5 71 33
DES J0002–6051 (Tuc IV) 0.73 −60.85 18.41 ± 0.19 �

�9.1 1.4
1.7

�
�11.8 1.8

2.2
�
�0.4 0.1

0.1 11 ± 9 8.7 287 134
DES J0345–6026 (Ret III)b 56.36 −60.45 19.81 ± 0.31 �

�2.4 0.8
0.9 K <0.4 K 8.1 56 22

DES J2337–6316 (Tuc V) 354.35 −63.27 18.71 ± 0.34 �
�1.0 0.3

0.3
�
�1.8 0.6

0.5
�
�0.7 0.2

0.1 30 ± 5 8.0 129 24
DES J2038–4609 (Ind II)b 309.72 −46.16 21.65 ± 0.16 �

�2.9 1.0
1.1 K <0.4 K 6.0 32 22

DES J0117–1725 (Cet II) 19.47 −17.42 17.38 ± 0.19 �
�1.9 0.5

1.0 K <0.4 K 5.5 53 21

Notes. Characteristics of satellite galaxy candidates discovered in DES Y2 data. Best-fit parameters from the maximum-likelihood analysis assume a Bressan et al.
(2012) isochrone. Uncertainties come from the highest density interval containing 68% of the posterior distribution. The uncertainty on the distance modulus ( �m M )
also includes systematic uncertainties coming from the choice of theoretical isochrone and photometric calibration (Section 5). The azimuthally averaged half-light
radius (rh) is quoted for all candidates. For systems with evidence for asphericity (Bayes’ factor > 3), we quote the ellipticity (ò), the position angle (f), and the length
of the semimajor axis of the ellipse containing half of the light ( �� �a r 1h h ). Upper limits on the ellipticity are quoted for other candidates at 84% confidence.
“Map Sig.” refers to detection significance of the candidate from the stellar density map search method (Section 3.1). “TS Scan” refers to the significance (Equation (4)
in Bechtol et al. 2015) from the likelihood scan (Section 3.3). Σpi is the estimated number of satellite member stars in the DES Y2Q1 catalog with g < 23 mag.
a Fit with a spherically symmetric Plummer profile due to the possible presence of tidal tails (Section 6.1).
b Fit with a composite isochrone: U = {12 Gyr , 13.5 Gyr}, Z = {0.0001, 0.0002} (Section 5).
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2 New Satellites

15 New Satellites

ADW, Bechtol, et al., ApJ 813, 109 (2015)

LMC SMC



Magellanic Treasure Map
• Rewind the infall of the LMC+SMC 
• Populate the LMC with a 

population of satellites 
• Run forward to predict current 

distribution of satellites

Jethwa et al. (2016)Jethwa et al. (2016)



Magellanic Satellites Survey (MagLiteS)

• 3x90s in g,r-band 
• g,r ~ 23.5 mag 
• Area ~ 2200 deg2 
• 22 nights in 2016-2019  

2016-2017

2018-2019

PI: Keith Bechtol

2016-2017 Footprint



Pictor II

ADW et al. (2016)



Carina II & Carina III

Torrealba et al. (2018)
Li et al. (2018)



Survey of the Magellanic Stellar History (SMASH)

• ~57 nights allocated 
between 2012-2016 

• 480 deg2 sparsely 
distributed over 
~2400 deg2 

• ugriz ~ 24 mag

PI: David Nidever
See Yumi Choi’s talk 

yesterday



Hydra II

Martin et al. 2015

Simulated stellar debris 
from Besla et al. (2012)

Hya II

Unresolved velocity dispersion; 
marginally resolved metallicity 

dispersion

Kirby et al. (2015)



Magellanic Periphery Survey

• Contiguous observation 
in the bridge between 
the LMC & SMC 

• 4 nights in 2016-2017 
• ~440 deg2 
• g,r ~ 23.5 mag

PI: Dougal Mackey



Hydrus I

Hydrus I

Mackey et al. (2018)

Koposov et al. (2018)

Evidence for  
~3 km/s rotation

Tucana III Hydra II



Adding Gaia Proper Motions

LMC Companions 9

Figure 6. Galactocentric velocity in VX , VY and VZ ( km s�1 ) versus Galactocentric distance (kpc) for the observed dwarfs versus LMCa
debris from the simulation, for 9 dwarfs of interest (labeled in each right-hand side panel) sorted by galactic latitude. Gray dots represent
the LMCa dark matter particles located within 5 deg2 of the position of the dwarf. Red dashed lines correspond to the observed radial
distance of each dwarf together with the ±20% range used to average the predictions in Table 3. The observed velocities are indicated with
blue square symbols. Hyd1, Car3, Car2 and Hor1 are likely associated to the LMC (red labels) whereas Gru1, Tuc2 and Ret2 are currently
disfavored. Hyd2 and Dra2 cannot be ruled out and deserved further analysis (see text for more detail).
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Kallivayalil et al. (2018)

Compare 6D phase space to LMC-analog debris in 
Aquarius simulation (a la Sales et al. 2011, 2017) 

4 “confirmed” 
Magellanic satellites



Magellanic Treasure Map
•Classical Satellites
•Ultra-faint Satellites
•Gaia associations



Missing Satellites of the LMC?

Dooley et al. (2017)

Hard to solve with just reionization, stellar stripping, 
or lower halo mass threshold for star formation

A combination of late reionization and stellar 
stripping get closer…



Conclusions
• Various authors predict 4 - 12 observed satellites could 

have originated with the Magellanic Clouds. 
• Total contribution of Magellanic satellites between 1% - 

30% of total Milky Way satellite population. 
• Satellite distribution can be used to estimate properties of 

the LMC (mass, accretion time, etc.) 
• Lack of *bright* (M* > 104 M☉) Magellanic satellites 

compared to predictions from simulations?



Backup



Incomplete Reference List

• Bechtol et al. (2015) [1503.02584] 
• Koposov et al. (2015) [1503.02079] 
• Drlica-Wagner et al. (2015) [1508.03622] 
• Martin et al. (2015) [1503.06216] 
• Deason et al. (2015) [1504.04372] 
• Drlica-Wagner et al. (2016) [1609.02148] 
• Simon et al. (2016) [1610.05301] 
• Torrealba et al. (2018) [1801.07279] 
• Dooley et al. (2017) [1703.05321] 
• Nidever et al. (2017) [1701.00502?] 
• Mackey et al. (2018) [1804.06431] 
• Koposov et al. (2018) [1804.06430] 
• Kallivayalil et al. (2018) [1805.01448]



Sky Coverage



Fraction of satellites originating with the LMC

• Drlica-Wagner et al. (2015): ~30% 
• Deason et al. (2015): 1%-25% 
• Jethwa et al. (2016): 33% 
• Sales et al. (2017): 5% 
• Dooley et al. (2015): 15%-25%



Fraction of LMC Satellites

ADW, Bechtol et al. (2015) Deason et al. (2015)


