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The Formation of Milky Way
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•  ELS Monolithic Collapse Model (top-down) 
Eggen,	
  Lynden-­‐Bell,	
  and	
  Sandage	
  1962	
  
Milky	
  Way	
  formed	
  from	
  the	
  rapid	
  collapse	
  of	
  a	
  large	
  proto-­‐galac@c	
  nebula	
  

• SZ Merger and Accretion Model (bottom-up) 
Searle	
  &	
  Zinn	
  	
  1978	
  
Galaxies	
  are	
  built	
  up	
  from	
  merging	
  or	
  accre@ng	
  smaller	
  fragments	
  
N-­‐body	
  simula@ons	
  under	
  ΛCDM	
  context



Milky Way Satellite Galaxies
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Credit: Bullock, Geha, Powell
30 kpc

The Milky Way is 
surrounded by small 
satellite galaxies

D. Malin

Fornax

Segue 1

M. Geha

Distances ranges 
from 25 kpc to a few 
hundred kpc

Luminosities range 
from 107 L⊙ to 103 L⊙

The stars are moving 
too fast to be 
explained by visible 
mass 
——— dark matter 
dominated
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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

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
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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

Color-Magnitude 
Domain

Spatial 
Domain

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



Known Dwarf Galaxies after SDSS

10Belokurov	
  2013



Why studying the Milky Way dwarf 
galaxies

• A test of Lambda Cold Dark Matter (𝚲CDM) Paradigm 
• Cold vs. Warm vs. Decay vs Self-interacting? 

• Missing Satellites Problem? 
• CDM simulations predict thousands of dark matter 

substructures 
• Only dozens of dwarf galaxies are found 

• Cusp/core Problem? 
• Simulations predict cuspy central density profiles, while 

observations suggest constant-density cores 

• Indirect Dark Matter Search 
• Clean —  no astrophysical source 
• Dynamical mass from kinematics 11



Stellar Stream

• Milky Way stellar halo is formed by accreting other 
galaxies. 

12
Credit: Kathryn Johnston

Credit: David R. Law

Sgr. core

Direction of motion

Leading 
tidal debris

Milky Way disk
Sun

Trailing tidal 
debris



Known Diffuse Halo 
Substructures after SDSS 

stellar debris 
(stellar stream, stellar overdensity)

13Rocha-­‐Pinto	
  2010



stellar debris 
(stellar stream, stellar overdensity)

14Rocha-­‐Pinto	
  2010
Hercules-Aquila cloud 
Belokurov et al. 2007

Virgo overdensity 
Juric et al. 2008

Triangulum Andromeda 
Rocha-Pinto et al. 2004

Monoceros Ring 
Newberg et al 2002

Pisces overdensity 
Sesar et al. 2007

Known Diffuse Halo 
Substructures after SDSS 



Morphology of Tidal Debris

• Stellar Debris Streams 
• mildly eccentric orbit  

• Stellar Debris Clouds 
• highly eccentric orbit

15

Johnston	
  et	
  al.	
  2008



Why Study the Milky Way Halo 
Substructure?

16

• Hierarchical merging is predicted by 𝚲CDM. 
• What are the progenitors? How did the merging event 
happen? 

• Where is the thick disk from? 
• Inner halo vs. outer halo. 
• Halo formation: In Situ vs. Accretion vs. Kick out? 

• Milky Way Dark Matter Potential 
• Distribution of Milky Way Dark Matter Halo, 1/r2? 
• Spherical vs. Triaxial?



Overview

• Milky Way Formation, Dwarf Galaxies, Halo Substructures 

• The Dark Energy Survey (DES) 

• Latest Milky Way Science Discoveries from DES

17

Collaborators: Darren DePoy, Jennifer Marshall, Douglas Tucker, Gary Bernstein, Rick 
Kessler, Eli Rykoff, David Burke…. and the Dark Energy Survey Calibration Team
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The Dark Energy Survey

Dark Energy Camera 
(DECam) 
Cerro Tololo Inter-American 
Observatory 

5 year survey over 525 nights 
5 filters: g,r,i,z,Y 
~5,000 sq. degree 
~24th mag in g-band with 10 
tiling 



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 

19

3 to 5 relative to Stage II, depending on the level of optimism. Our own forecast constraints for DES are
given below in Table 1 and correspond to an increase by a factor of 4.6 in the combined FoM over the DETF
Stage II value. Our projections for the FoM for each method lie toward the optimistic ends of the DETF
projections for Stage III; we justify the assumptions underlying these projections in §2.-5..

We note that considerable uncertainties in the systematic error levels remain for each of the methods.
Some of those will be pinned down by further theoretical work, e.g., via N -body simulations, while others
will likely only be determined once we have the large DES data set in hand and carry out internal and
external cross checks of each method. On the other hand, we find that the forecast combined FoM for DES
appears to be robust to changing the level of systematic uncertainty in any one of the dark energy probes.

Figure 1: 68% CL forecast DES constraints in the w0–wa plane from the four probes: BAO (black), clusters
(magenta), weak lensing (blue), and SNe (green), each combined with the Planck CMB prior; the filled,
red region shows the constraints from combining the four methods. All other cosmological parameters and
the nuisance parameters for each method have been marginalized. To better show the degeneracies for each
method, in this plot we have not included the DETF stage II constraints, unlike in Table 1.

Our forecasts are based on Fisher matrix calculations. For the fiducial cosmological model, we take
the matter density !mh2 = 0.14, dark energy density !DE = 0.73, w0 = −1, wa = 0, matter power
spectrum amplitude σ8 = 0.75, baryon density !bh2 = 0.024, spectral index ns = 1, and spatial curvature
!k = 0, consistent with currentWMAP constraints. We allow each of these parameters, including the spatial
curvature, to vary, but we impose massless neutrinos, no tensor contribution to the CMB, and no running
of the scalar spectral index. We assume that the primordial perturbations are adiabatic and Gaussian, as
expected in the simplest classes of inflation models. The forecasts assume a Planck prior for the CMB, as
adopted by the DETF. For each dark energy probe, we derive marginalized 68% CL constraints on w0 and
wa using the Planck prior and the survey parameters and assumptions outlined in the following sections. We
then combine the Fisher matrices for all four probes to derive the combined marginalized constraints. The
results are shown in Fig. 1 and displayed in Table 1.

In addition to measuring the effective dark energy equation of state and determining whether it is consis-
tent with Einstein’s cosmological constant, we plan to address the fundamental question of whether cosmic
acceleration is caused by dark energy or by a modification of General Relativity (GR) on large scales. Such a
modification is expected to alter the growth rate of large-scale structure in a manner not captured by a single

3

Forecast



DES Year 1 vs. SDSS on Messier 2

• A dramatic improvement in the photometric precision 
using Blanco+DECam. 

20
And this is just Year 1—deeper, more precise photometry 
 will be produced throughout the five-year survey



aTmCam  
Atmospheric Transmission Monitoring Camera

• Robotic 
• 4 narrow-

band filters 
• Imager 

• Purpose: derive 
and model the 
shape of 
atmospheric 
transmission  

• Bonus:  can also 
monitor the 
photometricity, but 
small FOV

21Li	
  et	
  al.	
  2012,	
  2014,	
  SPIE



DECal 
Spectroscopic Calibration System for DECam

• Measure the instrument throughput vs. wavelength 
for every pixel on the CCD 

• Monochromatic light: ~2nm width 
• Scan during cloudy night (light leaks at Blanco) 
• Out-of-band light inspection

22

• Instrument throughput 
vs. position on focal 
plane   

• Instrument throughput 
vs. time 

• Relative throughput —
shape 

Marshall,	
  Li	
  +	
  in	
  prep	
  (DES	
  Collaboration)



Sub-1% Photometry with DES

• Auxiliary system to monitor the atmosphere and the 
instrument

23

Water vapor 3mm vs. 13 mm
DES bandpasses & 

atmospheric throughput

Li	
  et	
  al.	
  in	
  prep	
  (DES	
  Collaboration)

aTmCam measures the atmospheric throughput!

aTmCam Team: DePoy, Marshall, Li, Corona, Nagasawa, Mondrik, Allen, Prochaska



Sub-1% Photometry with DES

• Auxiliary system to monitor the atmosphere and the 
instrument

24

DECal measures the instrumental throughput!

DECal scan results in i-band
center vs. edge

DECal Team: DePoy, Marshall, Rheanult, Li,  Wester, James, Allen, Prochaska

Li	
  et	
  al.	
  in	
  prep	
  (DES	
  Collaboration)



Overview

• Milky Way Formation and Halo Substructures 

• The Dark Energy Survey (DES) 

• Latest Milky Way Science Discoveries from DES

25

Collaborators: Jennifer Marshall, Josh Simon, Marla Geha, Brian Yanny, Eduardo 
Balbinot, Alex Drlica-Wagner, Keith Bechtol, Basilio Santiago…. and DES Milky Way 
Science Working Group.



Known Diffuse Halo 
Substructures Before DES 

• What will DES discover?
26



Phoenix Stream

• Density map with MSTO stars from Year 1 DES data 
• A narrow stream stands out from the density map

27

Balbinot,	
  Li	
  +	
  2015	
  	
  
(DES	
  Collaboration)

• stream width ~54 pc 
• progenitor likely to be a globular cluster 
• heliocentric distance ~ 17.5 kpc



Eridanus-Phoenix Overdensity

28
Li	
  et	
  al.	
  2015	
  	
  
(DES	
  Collaboration)

Galactic coordinates



Eridanus-Phoenix Overdensity

29

MonocerosLMC

NGC 1261
Phoenix Stream 

EriPhe 

A extended overdensity stands 
out from the smooth Galaxy 
model

Li	
  et	
  al.	
  2015	
  	
  
(DES	
  Collaboration)



Eridanus-Phoenix Overdensity

• Overdensity also shows in color-magnitude space

30
Isochrone from NGC 1261 
EriPhe is at a similar distance as NGC 1261 — 16kpc from the Sun 

Li	
  et	
  al.	
  2015	
  	
  
(DES	
  Collaboration)



Eridanus-Phoenix Overdensity

31
Li	
  et	
  al.	
  2015	
  	
  
(DES	
  Collaboration)

Distance: ~16kpc from sun  
Size: ~4kpc x ~3kpc in projection 
Luminosity: ~105 solar luminosity

NGC 1261
Phoenix Stream 



• Polar orbit formed by EriPhe, Virgo overdensity and 
Hercules-Aquila cloud 

— close to VPOS plane

Polar Structure?

32

Li	
  et	
  al.	
  2015	
  	
  
(DES	
  Collaboration)



• Polar orbit formed by EriPhe, Virgo overdensity and 
Hercules-Aquila cloud 

— close to VPOS plane

33Hayashi et al. 2003

Polar Structure?



• Polar orbit formed by EriPhe, Virgo overdensity and 
Hercules-Aquila cloud

34Hayashi et al. 2003

Polar Structure?

Spectroscopic Follow-up 
Proper motion 

Modeling



LMC stream discovery using DES data

35

Mackey et al 2015 
Using public Y1 DES image data

Modeling predicted by 
Jin & Lynden-Bell 2008



Known Dwarf Galaxies 
Before DES 

• What will DES discover?
36



Dwarf Galaxy Candidates

• \

37

Bechtol	
  et	
  al.	
  2015	
  
Drlica-­‐Wagner	
  et	
  al.	
  2015	
  
	
  (DES	
  Collaboration)

Y1+Y2 data release



38Credit:	
  	
  
Keith	
  Bechtol	
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Reticulum II

DES Collaboration
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Reticulum II

DES Collaboration



Reticulum II: 
Newest Dwarf Galaxy?

41
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Fig. 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 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 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 deg of the centroid are indicated with individual points. The density of the field

within a 1 deg annulus is represented by the background two-dimensional histogram in grayscale.

The red curve shows a representative isochrone for a stellar population with ⌧ = 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 deg for each bin of the color-magnitude space given the local field

density. Bottom right : Color-magnitude distribution of high membership probability stars.
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Figure 5. (Left) Magellan/M2FS spectra in the Mg b triplet region for three Ret II member stars covering a range of line strengths.
From top to bottom, the stars are DES J033556.28�540316.3, DES J033454.24540558.0, and DES J033457.57540531.4. These stars span
only 0.1 mag in luminosity and 0.08 mag in g � r color, so their e↵ective temperatures and surface gravities should be very similar. Any
di↵erences in line strength therefore translate directly into chemical abundance di↵erences. The apparent emission features near 5182 Å in
the spectrum of DES J033454.24540558.0 are contamination by the Littrow ghost (Burgh et al. 2007). (Right) VLT/GIRAFFE spectra of
the bluer two CaT lines for the same stars.

SMC stars. If they are at the distance of the SMC, they
are at projected separations of 27 kpc, indicating that
they have likely been tidally stripped. The higher veloc-
ity stars have very similar velocities to the Magellanic
Stream gas a few degrees away from Ret II, and could
therefore represent the stellar counterpart of the Stream.

4.5. J-Factor

It is posited that dark matter particles could self-
annihilate to produce gamma rays (e.g., Gunn et al. 1978;
Bergström & Snellman 1988; Baltz et al. 2008). The
large dark matter content, relative proximity, and low
astrophysical foregrounds of dwarf galaxies make them
promising targets for the detection of these gamma rays.
The predicted signal from the annihilation of dark mat-
ter particles is proportional to the line-of-sight integral
through the square of the dark matter density (e.g., Baltz
et al. 2008),

J(�⌦) =

Z

�⌦

Z

l.o.s.
⇢

2
DM(r) ds d⌦0

. (2)

Here, ⇢DM(r) is the dark matter particle density, and the
integral is performed over a solid angle �⌦. The J-factor
is derived by modeling the velocities using the spheri-
cal Jeans equation, with assumptions on the theoretical
priors for the parameters that describe the dark matter
halo (e.g., Strigari et al. 2008; Essig et al. 2009; Charbon-
nier et al. 2011; Martinez 2013; Geringer-Sameth et al.
2015a). Here, we model the dark matter halo as a gen-
eralized Navarro-Frenk-White (NFW) profile (Navarro
et al. 1997), and we use flat, ‘uninformative’ priors
on the dark matter halo parameters (see Essig et al.
2009). Using this procedure, we find an integrated J-
factor for Ret II of log10(J) = 18.8 ± 0.6GeV2 cm�5

within an angular cone of radius 0.2�, and log10(J) =
18.9 ± 0.6GeV2 cm�5 within 0.5�. This latter value as-
sumes that the dark matter halo extends beyond the ra-
dius of the outermost spectroscopically confirmed star,
but truncates within the estimated tidal radius for the
dark matter halo. The quoted uncertainties are 1�, and
are estimated by modeling the posterior probability den-
sity function of log10(J) as a Gaussian. Note that the
uncertainty obtained by modeling this individual system
is larger than is obtained by modeling the entire popula-
tion of dSphs (Martinez 2013).
Several previously known ultra-faint dwarf galaxies

possess larger mean J-factors than Ret II, most notably
Segue 1, Ursa Major II, and Coma Berenices (Acker-
mann et al. 2014; Geringer-Sameth et al. 2015a; Conrad
et al. 2015). Though the velocity dispersions of Ret II
and Segue 1 are consistent within uncertainties, Ret II
is more distant (32 kpc compared to 23 kpc) and has a
larger half-light radius as measured along the major axis
(55 pc compared to 29 pc). The larger distance and larger
half-light radius imply a reduced mean J-factor relative
to Segue 1. In comparison to Ursa Major II, Ret II is
at a similar distance, but has a velocity dispersion that
is smaller by roughly a factor of two. The larger dis-
persion, and hence mass, accounts for the larger J-factor
of Ursa Major II. Coma Berenices is more distant than
Ret II (44 kpc compared to 32 kpc); however, the larger
velocity dispersion of Coma Berenices implies a slightly
larger mean J-factor.
Since Segue 1, Ursa Major II, and Coma Berenices

all possess larger J-factors than Ret II, we expect dark
matter annihilation to produce a larger gamma-ray flux
from these objects. However, no gamma-ray excess has
been associated with any of the previously known dwarf
galaxies (Ackermann et al. 2015). Given comparable

Magellan/M2FS VLT/GIRAFFE
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• Velocity peak indicative of a 
gravitationally bound object 

• Dynamical mass calculated from the 
velocity dispersion 

• Every measured characteristic of 
Reticulum is consistent with the 
known population of dwarf  galaxies
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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

– 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
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• Search for discrete gamma-ray 
sources coincident with the DES 
dwarf galaxy candidates 

• No significant gamma-ray 
sources detected over 
background 

• Most significant excess 
coincident with Reticulum II 
• LAT Collaboration, Pass 8:  

local pvalue = 0.06 (1.5σ) 
• Geringer-Sameth+, Pass 7: 

local pvalue = 0.01 (2.3σ) 

• How does the expected dark 
matter annihilation signal from 
Reticulum II compare to other 
dwarf galaxies? 44
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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)
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The expected dark matter signal  
from Ret II is smaller than that  
expected from some other dwarf  
galaxies

Unlikely to see a dark matter 
signal from Ret II without also 
seeing it from other galaxies.
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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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Looking Forward 

• More spectroscopic follow-ups  

• Magellan 
• VLT 
• Keck 
• AAT 

• DES Year 2 catalog construction 
• DES Year 3 operation 49

Keck/DEIMOS

VLT/GIRAFFEMagellan/IMACS

AAO/2df+AAOmega



Summary

• Large-area imaging surveys provide extremely powerful 
datasets to study substructures in the Milky Way halo. 

• A lot of dwarf galaxies and substructures have been 
discovered in the DES 

• Spectroscopic follow-up is underway! 
• Constrain the orbits of EriPhe and Phoenix Stream 
• Confirm the dwarf galaxies

50


