
`

1

Credit: Reidar Hahn, Yuanyuan Zhang

Ting Li 
Fermi National Accelerator Laboratory 

(Dark Energy Survey) 

LIneA 
Sep 28th, 2017

Constraining the Nature of 
Dark Matter with Milky Way's 

Nearest Neighbors



2

            The Dark 
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nights
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The Dark Energy Survey (DES)

• Constrain the Dark Energy Equation  
     of State with: 

• Supernova 
• Weak Lensing 
• Large Scale Structure 
• Galaxy Clusters 

• DECam 
• 62 2k x 4k CCDs 
• 570 megapixel camera 
• < 20s readout time 
• ~3 deg2 field-of-view 
• Unprecedented sensitivity 3

DES Year 1 Cosmology 
Results from 3x2pt

        

      
DES Collaboration 2017



Outline

• Missing Satellites Problem — Dark Matter Models 
• CDM vs. WDM vs. SIDM, etc. 

• Constraints on WIMP Cross Section — Indirect Dark Matter 
Detection 
• WIMP: Weakly Interacting Massive Particles 

• Constraints on MACHO Abundance 
• MACHO: MAssive Compact Halo Object
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Large Scale Structure of the Universe

• ΛCDM model is in concordance with astronomical 
observations
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Sloan Great Wall

   SDSS

2dfGRS

Springel et al. (2006) Nature 
The large-scale structure of 
the Universe

Dark Matter 
Distribution from 
Simulations

Galaxy Distributions 
from Observations
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Smallest Structures Probe Fundamental
Characteristics of Dark Matter

subhalo 
mass 
function
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Aquarius 
Simulation 

1 Mpc3 
simulation box  

One Milky-Way 
sized halo 

Springel et al. (2008)
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Aquarius 
Simulation 

1 Mpc3 
simulation box  

One Milky-Way 
sized halo 

Springel et al. (2008)
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Aquarius 
Simulation 

1 Mpc3 
simulation box  

One Milky-Way 
sized halo 

Springel et al. (2008)
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Large Magellanic Cloud
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Large Magellanic Cloud

Small Magellanic Cloud
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Sculptor

ESO/DSS2

Classical Dwarf Spheroidal Galaxies (dSph) 



Dwarf Galaxy Discovery Timeline
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“Classical” Satellites



Dwarf Galaxy Discovery Timeline
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“Missing Satellites Problem”

CDM predicts ~500-1000 
subhalos for a Milky Way-sized 

galaxy, while Milky Way only 
has dozens of known satellites 

“Classical” Satellites
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Segue 1

Geha

Ultra-Faint Dwarf (UFD) Galaxies



Finding Milky Way  
Satellite Galaxies
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Figure 1. (g − r, r) CMD showing the two reddest and two bluest theoretical
isochrones for old stellar populations ([Fe/H]= −2.27, −1.5 and age = 8, 14
Gyr) at a distance modulus of m−M = 16.5 (∼ 20 kpc), generated from Girardi
et al. (2004). The shaded region shows pixels that pass the selection criteria.

populated by old, metal-poor stars. Simon & Geha (2007) ob-
tained spectra of stars in eight of the newly discovered dwarfs—
CVn, CVn II, Com, Her, Leo IV, Leo T, UMa, and UMa II—and
found mean metallicities in the range −2.29 < [Fe/H]< −1.97.
Based on this result, we consider isochrones for populations
with metallicities of [Fe/H] = −1.5 and −2.27 (the lower
limit in Girardi et al. 2004) and with ages 8 and 14 Gyr. Four
isochrones in these ranges can be used to bound the region of
CMD space we are interested in, namely the four combina-
tions of [Fe/H] = −1.5 and −2.27 and ages 8 and 14 Gyr.
Figure 1 shows these four isochrones projected to a distance of
20 kpc.

We define the selection criteria by the CMD envelope inclu-
sive of these isochrones +/− the 1σ (g − r) color measurement
error as a function of r magnitude. Shifting these isochrones
over distances between m−M = 16.5 and 24.0 in 0.5 mag steps
defines 16 different selection criteria appropriate for old stellar
populations between d ∼ 20 kpc and ! 630 kpc. We truncate
our color–magnitude selection template at a faint magnitude
limit of r = 22.0, beyond which photometric uncertainties in
the colors and star/galaxy separation limit the ability to detect
these populations. We also truncate the selection template at
g − r = 1.0, as including redder objects adds more noise from
MW dwarf stars than signal from more distant red giant branch
(RGB) stars. Finally we do not include stars with δg or δr >
0.3 mag in our analysis. To efficiently select stars within this
CMD envelope, we treat the CMD as an image of 0.025×0.125
(color × mag) pixels and determine which stars fall into pixels
classified as “good” according to the selection criteria. Figure 1
shows an example of the selection criteria, in this case for
m−M = 16.5 (∼ 20 kpc). The shaded region highlights pixels
that would be classed as “good” for a system at ∼20 kpc.

3.3. Spatial Smoothing

After the photometric cuts are applied, we bin the spatial
(R.A., decl.) positions of the selected stars into an array, E,
with 0.◦02×0.◦02 pixel size. We use a locally defined coordinate

Table 1
Angular Sizes of the Satellites Detected in SDSS

Object rh

(arcmin)

Boötes 12.6
Boötes II 4.2
Canes Venatici 8.9
Canes Venatici II 1.6
Coma Berenices 6.0
Hercules 8.6
Leo IV 2.5
Leo V 0.8
Leo T 1.4
Segue 1 4.4
Ursa Major 11.3
Ursa Major II 16.0
Willman 1 2.3

system to avoid projection effects. We then convolve this two-
dimensional (2D) array with a spatial kernel corresponding to
the expected surface density profile of a dSph. We refer to this
smoothed spatial array as A. For our spatial kernel we use a
Plummer profile with a 4.′5 scale length. This value provides
an effective compromise between the angular scale lengths
of compact and/or distant objects with those of closer/more
extended objects. For reference the angular sizes of the new
satellites are listed in Table 1. We use the rh values derived by
Martin et al. (2008) except for Leo V (Belokurov et al. 2008).

The normalized signal in each pixel of A, denoted by S, gives
the number of standard deviations above the local mean for each
element:

S = A − Ā

Aσ

.

The arrays of running means, Ā, and running standard devia-
tions, Aσ , are both calculated over a 0.◦9 × 0.◦9 window around
each pixel of A. In particular, Aσ is given by

Aσ =

√
n(A − Ā)2 ∗ B − ((A − Ā) ∗ B)2

n(n − 1)
.

B is a box filter with n elements and is the same size as
the running average window. The resulting array Aσ gives
the standard deviation value for each pixel of A as measured
over the 0.◦9 × 0.◦9 span of the filter. In the next section, we will
define the detection threshold of this survey in terms of S, as
well as in terms of the local stellar density E.

3.4. Detection Threshold(s)

In a large survey such as ours, it is critical to set detection
thresholds strict enough to eliminate false detections but loose
enough to retain known objects and promising candidates. To
characterize the frequency and magnitude of purely random
fluctuations in stellar density analyzed with our algorithm, we
measure the maximum value of S for 199,000 5.◦5×3◦ simulated
fields of randomly distributed stars that have been smoothed
as described in the previous section. The only difference is
that there is no gradient in stellar density across each field.
In the interest of computational efficiency we do not use a
running window for the mean and σ of each simulated field.
The field size is chosen such that 1000 fields roughly total an
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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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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.

0.5

0.5

0

0

−0.5
δ ra (degrees)

δ 
de

c 
(d

eg
re

es
)

−0.5

(a)

0.5

0.5

0

0

−0.5
δ ra (degrees)

δ 
de

c 
(d

eg
re

es
)

−0.5

(b)

0.5

0.5

0

0

−0.5
δ ra (degrees)

δ 
de

c 
(d

eg
re

es
)

−0.5

(c)

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

Color-Magnitude 
Domain

Spatial 
Domain

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



Dwarf Galaxy Discovery Timeline
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New Dwarf Galaxy Candidates 
Discovered by DES

• \
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Year 1 + Year 2 data

Blue = Known prior to 2015 
Red triangles = DES Year 2 candidates 
Red circles = DES Year 1 candidates 

Green = Other new candidates 



Solving the “Missing Satellite Problem”
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Solving the “Missing Satellite Problem”

15

Baryon Effects: 
Astrophysical process prevent stars 
from forming in most low-mass halos



Solving the “Missing Satellite Problem”
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Baryon Effects: 
Astrophysical process prevent stars 
from forming in most low-mass halos

Observational Bias: 
Observations are not detecting the 
faintest satellites due to the limited 

survey depth



What Are Dwarf Galaxies?

Milky Way Satellites are Most Dark-Matter-Dominated Galaxies.

16

Wolf et al. 2010



What Are Dwarf Galaxies?

Milky Way Satellites are Most Dark-Matter-Dominated Galaxies.
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Wolf et al. 2010

UFD Classical



Spectroscopic Campaign w/ 4-10 m

17

Keck/DEIMOS

VLT/GIRAFFEMagellan/IMACS+M2FS

AAO/2df+AAOmega

R ~ 5k - 20k 
Multiplexing: 50 - 400 stars 
FOV: 15 arcmin - 2 deg in diameter 
Velocity precision: 0.5 - 2 km/s (at high SNR)
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Magellan Telescopes 
 2 x 6.5m telescopes 

Inamori Magellan Areal Camera and Spectrograph (IMACS)

Multi-Object Spectrograph

Spectroscopic Followup w/ 
Magellan/IMACS



Magellan/IMACS
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Field of View: 15’ x 15’ 
60-90 0.7”x5.0” slitlets per mask



Magellan/IMACS
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Field of View: 15’ x 15’ 
60-90 0.7”x5.0” slitlets per mask



Slit Mask Image
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Wavelength Calibration Frame
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Atomic emission lines from arc lamps



2D Stellar Spectra 
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Emission lines from sky 
Wavelength recalibration
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Reticulum II

DES Collaboration
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Reticulum II

DES Collaboration
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Reticulum II

DES CollaborationStellar Kinematics w/ Resolved Stars



Reticulum II: 
One of Newest Dwarf Galaxies

• ~30 members identified in Reticulum II 
• Velocity peak indicative of a genuine stellar 

association 
• Dynamical mass calculated from the width of the 

velocity dispersion 
• Every measured characteristic of Reticulum is 

consistent with the known population of dwarf  
galaxies

26

5

Figure 1. (a) DES color-magnitude diagram of Reticulum II. Stars within 14.650 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 §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..

twilight sky spectra. We fit these twilight spectra with
a high resolution solar template spectrum. The scatter
in velocity from fiber to fiber was  0.20 km s�1, so
we conclude that the internal velocity errors over short
timescales on an individual frame (incorporating, e.g.,
any fiber-to-fiber systematics) are negligible. However,
over multiple science exposures spanning several hours,
this is not necessarily the case (see above).
In order to verify the reliability of our velocity zero

point, we also measured the velocity of the radial ve-
locity standard star CD�43�2527 by fitting it with the
HD 122563 template, exactly as we did for the science
spectra. For the two exposures on CD�43�2527 , we find
vhel = 19.6 ± 0.1 km s�1 and vhel = 19.9 ± 0.1 km s�1,
compared to the cataloged velocity of vhel = 19.7 ±

0.9 km s�1 (Udry et al. 1999).

3.2. Metallicity Measurements

We calculated metallicities for 16 Ret II RGB stars
with the CaT calibration of Carrera et al. (2013). As
recommended by Hendricks et al. (2014), we measured
the equivalent widths (EWs) of the CaT lines in the same
way as Carrera et al., fitting each of the three lines with a
Gaussian plus Lorentzian profile. Also following Carrera
et al. (2013), we adopt the line and continuum regions
defined by Cenarro et al. (2001), except for the 8498 Å
line. Cenarro et al. employed a continuum bandpass of
8474 � 8484 Å for this line, but the blue limit of the
GIRAFFE spectra is 8482 Å, so we instead use a region
on the red side of the line from 8513 � 8522 Å. This
wavelength range may be modestly a↵ected by two weak
Fe I lines at 8514 Å and 8515 Å, but at the metallicity
of typical ultra-faint dwarf stars any depression of the
continuum should be negligible over a 9 Å band.
CaT metallicity measurements usually use the horizon-

tal branch (HB) magnitude to correct for the dependence
of the CaT EWs on stellar luminosity. The horizontal
branch magnitude of Ret II, however, is not well deter-
mined because the galaxy contains so few HB stars. We
therefore rely on the calibration of CaT EW as a function

of absolute V magnitude from Carrera et al. (2013). We
convert the DES g and r magnitudes to the SDSS photo-
metric system, and then use the relations for metal-poor
stars from Jordi et al. (2006) to transform to V . We
determine absolute magnitudes assuming a distance of
32± 3 kpc (Bechtol et al. 2015) and a V -band extinction
of AV = 0.05 mag (Schlafly & Finkbeiner 2011).

3.3. Spectroscopic Membership Determination

3.3.1. M2FS

Out of the 185 M2FS fibers placed on stars, we suc-
cessfully measured velocities for 52, including a large ma-
jority of the observed targets brighter than g = 20.6.
The remaining stars had S/N ratios too low for spec-
tral features to be confidently detected in the data. The
velocity measurements and other properties of the stars
are listed in Table 1. The velocity distribution we mea-
sure from the M2FS spectra exhibits a strong peak at
a velocity of ⇠ 60 km s�1 (see Fig. 1), as is character-
istic of a gravitationally bound system. Approximately
half of the stars for which we measure velocities are con-
tained in this peak, with the remainder spread across a
wide range from heliocentric velocities from ⇠ 0 km s�1

to ⇠ 330 km s�1.
For a large majority of the observed stars, the member-

ship status is unambiguous; stars with vhel > 90 km s�1

and vhel < 40 km s�1 are clearly not related to the peak
associated with Ret II, while those very near the mean
velocity of the system and close to the central position
spatially are almost certainly members. However, to en-
sure that the member sample is defined optimally we
carefully examine all stars within 20 km s�1 of the mean
velocity of Ret II, considering their velocities, positions in
the color-magnitude diagram, spatial locations, member-
ship probabilities from Bechtol et al. (2015), and spectral
features. Below we discuss the individual stars whose
membership is not immediately obvious.
Three stars in our sample have velocities of

vhel⇠ 50 km s�1, just to the left of the Ret II peak in
Fig. 1c, and about 15 km s�1 away from the systemic

Simon et al. 2015 (DES Collaboration) 
(see also Walker et al. 2015, Koposov et al 2015b)

– 1 –

Table 1. Reticulum II

Quantity Value

Systemic Velocity v = 62.8± 0.5 km s�1

Velocity Dispersion �v = 3.3± 0.7 km s�1

Metallicity [Fe/H] = �2.65± 0.07

Metallicity Dispersion �[Fe/H] = 0.28± 0.09

Dynamical Mass M1/2 = 5.6± 2.4⇥ 105 M�

Mass-to-Light Ratio M/L = 470± 210M�/L�

J-Factor (0.2�) log10 J = 18.8± 0.6GeV2 cm�5

J-Factor (0.5�) log10 J = 18.9± 0.6GeV2 cm�5



Tucana III: classification unclear
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26 members identified

• Velocity dispersion is NOT resolved

Simon et al. 2017
(DES Collaboration)

     

Need multi-object spectragraph with higher resolution and better 
stability to achieve higher velocity precision (< 1 km/s)!



Solving the “Missing Satellite Problem”
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CDM Predictions for Future 
Dwarf Discoveries
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New Dwarf Galaxies in the 
Era of LSST

30

Homma et al. 2017

Depth limit w/ DES ~ 30 mag arcsec-2



New Dwarf Galaxies in the 
Era of LSST
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Homma et al. 2017
Observational Bias: 

Observations are not detecting the 
faintest satellites due to the limited 

survey depth

Depth limit w/ DES ~ 30 mag arcsec-2



New Dwarf Galaxies in the 
Era of LSST

• Two new ultra-faint galaxy 
candidates found in first 300 deg2 
of Hyper-Suprime Cam SSP data 

• They are likely undetectable in any 
previous survey 

• < 5 members can be followed 
spectroscopically with 8-10 m 
class telescope

31

Need 30 m class 
telescopes to confirm 
its dark matter content

Homma et al. 2017



New Dwarf Galaxies in the 
Era of LSST

• Two new ultra-faint galaxy 
candidates found in first 300 deg2 
of Hyper-Suprime Cam SSP data 

• They are likely undetectable in any 
previous survey 

• < 5 members can be followed 
spectroscopically with 8-10 m 
class telescope

31

Need 30 m class 
telescopes to confirm 
its dark matter content 8m

30 m

Homma et al. 2017



Why Studying  
the Milky Way Satellite Galaxies

• Missing Satellites Problem — Dark Matter Models 
• CDM vs. WDM vs. SIDM, etc. 

• Constraints on WIMP Cross Section — Indirect Dark Matter 
Detection 
• WIMP: Weakly Interacting Massive Particles 

• Constraints on MACHO Abundance 
• MACHO: MAssive Compact Halo Object

32



Indirect Detection of Dark Matter 
WIMP Annihilation 

33

??? gamma rays
out

dark matter
in

Many dark matter models predict 
annihilation into energetic 
Standard Model particles

(e.g., gamma rays, neutrinos, 
electrons, …)

Annihilation rate scales as density squared
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78

“Galactic Center GeV Excess”
Hooper & Goodenough 2009, 2011, Abazajian & Kaplinghat 2012, 
Hooper & Slatyer 2013, Gordon & Macias 2013, Huang et al. 2013, 
Dylan et al. 2014, Calore et al. 2014, 2015, Abazajian et al. 2014, 

Cholis et al. 2014, Carlson et al. 2015, Gaggero et al. 2015, 
LAT Collaboration 2015, Lee et al. 2015, Bartels et al. 2015 

Many proposed interpretations, e.g.,
millisecond pulsars, outburst of cosmic rays,

dark matter annihilation, …
Residual map 1-3 GeV

Image Credit: Tim Linden

10° x 10°

Fermi-LAT



Indirect Detection of Dark Matter 
WIMP Annihilation 

35

??? gamma rays
out

dark matter
in

Many dark matter models predict 
annihilation into energetic 
Standard Model particles

(e.g., gamma rays, neutrinos, 
electrons, …)

Annihilation rate scales as density squared

Nearby clumps of dark matter — dwarf galaxies — make ideal 
targets: 

• Clean —  no astrophysical source 
• Dynamical mass inferred from stellar kinematics 
• Cross-section upper limit from non-detection



Dark Matter Searches  
in Gamma Rays

36

• Reticulum II gamma ray excess 
• LAT Collaboration, Pass 8: local p-value = 0.06 (1.5σ) 
• Geringer-Sameth+2015, Pass 7: local p-value = 0.01 (2.3σ)

4

TABLE I. DES dSph Candidates and Estimated J-factors

Name (`, b)a Distanceb log10(Est.J)c

deg kpc log10(
GeV2

cm5

)

DES J0222.7�5217 (275.0,�59.6) 95 18.3
DES J0255.4�5406 (271.4,�54.7) 87 18.4
DES J0335.6�5403 (266.3,�49.7) 32 19.3
DES J0344.3�4331 (249.8,�51.6) 330 17.3
DES J0443.8�5017 (257.3,�40.6) 126 18.1
DES J2108.8�5109 (347.2,�42.1) 69 18.3
DES J2251.2�5836 (328.0,�52.4) 58 18.8
DES J2339.9�5424 (323.7,�59.7) 95 18.4

a Galactic longitude and latitude.
b We note that typical uncertainties on the distances of dSphs

are 10–15%.
c J-factors are calculated over a solid angle of �⌦ ⇠ 2.4 ⇥ 10�4 sr

(angular radius 0.�5). See Section 4 for more details.

LAT ANALYSIS

To search for gamma-ray emission from these new dSph
candidates, we used six years of LAT data (2008 Au-
gust 4 to 2014 August 5) passing the P8R2 SOURCE event
class selections from 500MeV to 500 GeV. Compared
to the previous iteration of the LAT event-level analysis,
Pass 8 [35] provides significant improvements in all areas
of LAT analysis; specifically the di↵erential point-source
sensitivity improves by 20–40% in P8R2 SOURCE V6 rela-
tive to P7REP SOURCE V15. To remove gamma rays pro-
duced by cosmic-ray interactions in the Earth’s limb,
we rejected events with zenith angles greater than 100�.
Additionally, events from time intervals around bright
gamma-ray bursts and solar flares were removed us-
ing the same method as in the 4-year catalog analysis
(3FGL) [36]. To analyze the dSph candidates in Table I,
we used 10� ⇥ 10� ROIs centered on each object. Data
reduction was performed using ScienceTools version 09-
34-03.3 Figure 1 shows smoothed counts maps around
each candidate for energies > 1 GeV.

We applied the search procedure presented in Acker-
mann et al. [19] to the new DES dSph candidates. Specif-
ically, we performed a binned maximum-likelihood analy-
sis in 24 logarithmically-spaced energy bins and 0.�1 spa-
tial pixels. Data are additionally partitioned in one of
four PSF event types, which are combined in a joint-
likelihood function when performing the fit to each ROI
[19].

We used a di↵use emission model based on the Pass

7 Reprocessed model for Galactic di↵use emission,4 but

3
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

4
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

BackgroundModels.html

FIG. 1. LAT counts maps in 10� ⇥10� ROI centered at each
DES dSph candidate (white ‘⇥’ symbols), for E > 1 GeV,
smoothed with a 0.�25 Gaussian kernel. All 3FGL sources in
the ROI are indicated with white ‘+’ symbols, and those with
a test statistic > 100 are explicitly labeled.

with a small (< 10%) energy-dependent correction to ac-
count for di↵erences in the LAT response.5 Point-like
sources within each ROI from the recent 3FGL cata-
log [36] were also included in the fit. The spectral pa-
rameters of these sources were fixed at their 3FGL cata-
log values, while their normalizations were refit over the
broadband energy range. The normalizations of 3FGL
sources more than 5� away from the center are fixed at

5 The energy dependence of the e↵ective area and energy resolu-
tion is somewhat di↵erent in Pass 7 Reprocessed and Pass 8.
Because the Galactic di↵use emission model was fit to Pass 7

Reprocessed data without accounting for the energy dispersion,
we have rescaled the model for this analysis.

Reticulum II

Gamma-ray Counts 
Map (E > 1 GeV)

Drlica-Wagner et al. (2015)  
(LAT & DES Collaboration)
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• Reticulum II gamma ray excess 
• LAT Collaboration, Pass 8: local p-value = 0.06 (1.5σ) 
• Geringer-Sameth+2015, Pass 7: local p-value = 0.01 (2.3σ)
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Table 1. Reticulum II

Quantity Value

Systemic Velocity v = 62.8± 0.5 km s�1

Velocity Dispersion �v = 3.3± 0.7 km s�1

Metallicity [Fe/H] = �2.65± 0.07

Metallicity Dispersion �[Fe/H] = 0.28± 0.09

Dynamical Mass M1/2 = 5.6± 2.4 km s�1

Mass-to-Light Ratio M/L = 470± 210M�/L�

J-Factor (0.2�) log10 J = 18.8± 0.6GeV2 cm�5

J-Factor (0.5�) log10 J = 18.9± 0.6GeV2 cm�5
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How strong the signal do we expect to see 
from Reticulum II? 
J-factor — the strength of the annihilation 
signal, inferred from stellar kinematics
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Annihilation Cross Section
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WIMP Annihilation 
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We will soon be able to either confirm or refute the dark matter 
interpretation of the Galactic Center excess using Milky Way satellites 

LAT Collaboration
Ackermann et al. 2015, PRL, 115, 231301

Galactic Center excess
dark matter interpretation
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Indirect Detection of Dark Matter 
WIMP Annihilation 
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We will soon be able to either confirm or refute the dark matter 
interpretation of the Galactic Center excess using Milky Way satellites 
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LAT Collaboration
Charles et al. 2016 Phys. Rep. 636, 1

Sensitivity increase: 
1. longer LAT monitoring 
2. more dSphs 
3. higher J-factor precision



Improve J-factor Uncertainty
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The cross section analysis depend on 
J-factor uncertainty. 

Decreasing J-factor uncertainty can 
be a powerful way to improve 
sensitivity.

In order to achieve log(J) uncertainty 
< 0.2 dex: 
• measure >200 stars in each ultra-

faint dwarf 
• w/ high velocity precision < 2 km/s

Reticulum II like system
LAT and DES Collaboration

Albert et al. 2016



Why Studying  
the Milky Way Satellite Galaxies

• Missing Satellites Problem — Dark Matter Models 
• CDM vs. WDM vs. SIDM, etc. 

• Constraints on WIMP Cross Section — Indirect Dark Matter 
Detection 
• WIMP: Weakly Interacting Massive Particles 

• Constraints on MACHO Abundance 
• MACHO: MAssive Compact Halo Object
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MACHO Constraints
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Eridanus II

Belokurov & Koposov



MACHO Dark Matter Constraints 
w/ Eridanus II
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• Dwarf galaxy candidate first discovered 
in DES 

• Distant : ~370 kpc (beyond the virial 
radius of MW)  

• Smallest galaxy that own its star 
cluster. 

Crnojevic et al. 2016



Eridanus II: Dark Matter Content
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28 members identifiedLi et al. 2017 (DES Collaboration)



Eridanus II: Dark Matter Content
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28 members identified

Eridanus II is dark 
matter dominated 

dwarf galaxy

Li et al. 2017 (DES Collaboration)
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• Dwarf galaxy candidate first discovered 
in DES 

• Distant : ~370 kpc (beyond the virial 
radius of MW)  

• Smallest galaxy that own its star 
cluster. 

• If the cluster is indeed in the center 
of the dwarf, the survival of this star 
cluster can place constraints on the 
MACHO abundance (Brandt 2016)
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• Dwarf galaxy candidate first discovered 
in DES 

• Distant : ~370 kpc (beyond the virial 
radius of MW)  

• Smallest galaxy that own its star 
cluster. 

• If the cluster is indeed in the center 
of the dwarf, the survival of this star 
cluster can place constraints on the 
MACHO abundance (Brandt 2016)

Li et al. 2017 (DES Collaboration)

Rule out MACHO as 
the dominated DM at 
10-100 Msun



Summary

• Milky Way satellites are powerful tools to probe the nature of dark 
matter. 

• Spectroscopic follow-up observations are necessary to confirm 
the ultra faint dwarf galaxy candidates. 

• Ultra faint dwarfs are good site for indirect dark matter search. 

• The survival of the central star cluster in the dwarf galaxies can 
put constraints on the MACHO abundance. 

• Ultra faint dwarfs are important to understand the galaxy 
evolutions on the smallest scale.
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Why Studying  
the Milky Way Satellite Galaxies

• Missing Satellites Problem — Dark Matter Models 
• CDM vs. WDM vs. SIDM, etc. 

• Constraints on WIMP Cross Section — Indirect Dark Matter 
Detection 
• WIMP: Weakly Interacting Massive Particles 

• Constraints on MACHO Abundance 
• MACHO: MAssive Compact Halo Object 

• Star Formation in Dwarf Galaxies

48



Star Formation in Dwarf Galaxies
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Baryon Effects: 
Astrophysical process prevent stars 
from forming in most low-mass halos
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Brown et al. 2004

 80% of the stars formed 13 Gyr ago  
100% of the stars formed 12 Gyr ago

Reionization?

age (Gyr)percentage of stars

HI: Neutron Hydrogen Gas

Quiescent     vs    Star Forming

Speakers et al. 2014

Quiescent Milky Way Dwarfs

Ram Pressure Stripping?
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Star Formation in Dwarf Galaxies

50

Brown et al. 2004

 80% of the stars formed 13 Gyr ago  
100% of the stars formed 12 Gyr ago

What makes these satellites stop forming stars? 
Stripping vs. Reionization?

Reionization?

age (Gyr)percentage of stars

HI: Neutron Hydrogen Gas

Quiescent     vs    Star Forming

Speakers et al. 2014

Quiescent Milky Way Dwarfs

Ram Pressure Stripping?

Eridanus II



Orbit and Infall History

• Vhel   = 75.1 km/s 
• VGSR = -67.0 km/s  
• Moving towards Milky Way 

• Compared with N-body simulations 
• Bound to Milky Way 
• Most likely on its second passage 

• orbit w/ high eccentricity
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2 3

8 3

Li et al. 2017 (DES Collaboration)


