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CRIME SUMMARY
• How can we measure mass? 

• Where do we find dark matter? 

• How can we explain dark matter? 

• How can we test these explanations? 

• What have we found so far?
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FORENSICS
How do we measure mass?
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Tools for Measuring Mass

4

Light to Mass

Orbital Velocity
Gravitational Lensing

NASA/ESA



CRIME SCENE
What objects are missing mass?
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Our Solar System?

Solar Sytem Rotation Curve (Bustard, 2007)
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Individual Galaxies

NGC 3198 Optical Image (Vickery & Matthes)
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Galaxy Rotation Curve (NOAO, AURA, NSF, T.A. Rector)



Clusters of Galaxies

Coma Cluster in Visible Light (SDSS, 2005)
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Coma Cluster in X-rays (Jones & Forman)



Crime Scene

DARK MATTER
DARK ENERGY
ORDINARY MATTER
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SUSPECTS
What is the missing mass?
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Modified Newtonian Dynamics 
(MOND)

• Modify the equations of gravity 
at large distances 

• This would mean there is no 
missing mass! 

• All alterations to gravity should 
be tied to the mass that we can 
see (normal matter is still the 
source)…
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A Hard Question for MOND…

• MACS J0025.4-1222 (Allen & Bradac)

MACS J0025.4-1222 (Allen & Bradac, 2008)Bullet Cluster (Markevitch & Clowe, 2006)
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Massive Compact Halo Objects 
(MACHOs)

Black Holes

Dwarf Stars

Black Holes

Black Holes

Asteroids
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MACHOs (II)

Small Magellanic Cloud (HST)

Microlensing Event (OGLE 2006)14

Gravitational Lensing

https://upload.wikimedia.org/wikipedia/commons/d/d6/BlackHole_Lensing.gif


Weakly Interacting Massive 
Particles (WIMPs)

• Independently invented to solves 
other problems in particle physics 

• Interact little with ordinary matter 
(like neutrinos)  

• Roughly the mass of 100 protons 

• Are difficult (but not impossible) to 
detect experimentally

WIMP
PRIME SUSPECT
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• This room contains ~108 dark matter particles 
• They each have roughly the mass of a  silver atom 
• They pass through the walls, ceiling, floor, and us at 

~500,000 mph 
• Their gravity holds the galaxy together 
• We don’t have any direct evidence for their 

existence except for gravity 
!

• This isn’t as strange as it sounds… think about 
neutrinos!  

• Roughly 108 neutrinos pass through the tip of your 
finger every second!



THE MANHUNT
Can we catch the WIMP?
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Direct Detection

Elastic Scattering of Dark Matter (Cooley, 2009)
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CDMS Solid-State  
Germanium Detector

LUX Liquid  
Xenon Detector



Collider Creation
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LHC at CERN (French-Swiss Border)

Tevatron at Fermilab (Batavia, IL)

Jets of energy from  
Standard Model particle

Dark matter particle created and  
escapes as “Missing Energy”

Slam two protons together…



Indirect Detection

WIMP Annihilation (Dinderman, 2007)
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Fermi Gamma-ray Space Telescope

Dark matter  
particle

Dark matter  
particle
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Dark Matter in  
Our Backyard

260,000  
light years

All the stars,  
gas, and dust  

that we can see

The dark matter  
that surrounds us

(Simulation of our Galaxy)

Can we find these  
clumps of dark matter?
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Can we find these  
clumps of dark matter?

YES!

The Fornax Dwarf Galaxy

Dark Matter in  
Our Backyard
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Finding Milky Way  
Satellite Galaxies
Detectors Drive Discoveries

Naked-Eye Visible
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Fornax

0.6m Telescope 
Photographic Plates
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Dwarf Galaxy  
Discovery Timeline
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Segue 1

Marla Geha

2.5m Telescope 
SDSS CCD Camera
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Segue 1

Marla Geha

2.5m Telescope 
SDSS CCD Camera

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!
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Dwarf Galaxy  
Discovery Timeline
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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



30 DES Collaboration

Reticulum II

4m Telescope 
DECam CCD Camera
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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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The Astrophysical Journal, 807:50 (16pp), 2015 July 1 Bechtol et al.

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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The Astrophysical Journal, 808:95 (14pp), 2015 July 20 Simon et al.

4m Telescope 
DECam CCD Camera DES Collaboration

Reticulum II



Dwarf Galaxy  
Discovery Timeline
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THE PAPERWORK

• THE MYSTERY:  Nearly 85% of the mass of the Universe is 
unaccounted for. 

• THE CRIME SCENE:  This missing mass seems to be 
present in all large gravitationally bound systems. 

• THE SUSPECTS:  The PRIME SUSPECT is a Weakly 
Interacting Massive Particle (WIMP) that is fundamentally 
different from particles we are familiar with. 

• THE STAKEOUT:  There are a wide variety of experiments 
attempting to detect a candidate dark matter particles. 

• THE EVIDENCE:  There are no definitive detections of 
WIMPs, but the sensitivity of experiments is rapidly 
increasing and the next 10 years will be very exciting.
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