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Astronomy: Science of  Observations

Astrometry

Photometry Spectroscopy

Position 
Distance (foreground removal) 

Proper Motion

Brightness and color 
Stellar Population (CMD) 

Structure Parameters 
Distance (galaxies or streams) 

Line-of-sight Motion 
Stellar Parameters 

Chemical Composition



Where are we now?



Ongoing Surveys

Astrometry

Photometry Spectroscopy

Gaia

DES/DECam 4-10 m MOS



Ongoing Surveys

Astrometry

Photometry Spectroscopy

Gaia

DES/DECam 4-10 m MOS

Discovery Follow-up Observations

Catalog Mining



Photometry
DES/DECam

• optical grizY imaging survey with Blanco 4m 
and DECam at CTIO 

• ~600 nights from 2012-2018 

• 5000 sq deg sky coverage with a depth of  
24-25th mag 

• an international collaboration of  ~400 
members; 90% on cosmology 

• ~10-20 active members in Milky Way WG 
(current conveners: Keith Bechtol and Ting Li) 

• 24 papers published, 3 submitted 

• ~180 papers published total in DES

Dark Energy Survey 
(DES)



Ultra-Faint Dwarf  Galaxies: 
Discovery
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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.
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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)
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Dwarf  Galaxies: Discovery

Belokurov et al. (2013)

Galactic Coords



New Ultra-Faint Dwarf  Galaxies

blue: prior 2015
red: 2015 - Now (DES)
green: 2015 - Now (others include 
DECam) Credit: Alex Drlica-Wagner

Galactic Coords



Tucana III 
~25 kpc 

Mv ~ -2.4

Eridanus II 
~370 kpc 
Mv ~ -7.4

New Ultra-Faint Dwarf  Galaxies

Bechtol et al. 2015 
Drlica-Wagner et al. 2015



Dwarf  Galaxy Discovery Timeline

Credit: Keith Bechtol



Dwarf  Galaxy Discovery Timeline

Credit: Keith Bechtol
Bootes IV w/ HSC 
 arXiv: 1906.07332



Magellan/IMACS+M2FS VLT/GIRAFFEKeck/DEIMOS

6-10m telescopes 
 FOV: 15-30 arcmin 

Spectroscopy
8m MOS



Dwarf  Galaxies: Discovery

Tucana III 
~25 kpc 

Mv ~ -2.4

Eridanus II 
~370 kpc 
Mv ~ -7.4



Dwarf  Galaxies: Spectroscopy w/ 
Magellan/IMACS

Tucana III 
Simon et al. 2017

Eridanus II 
Li et al. 2017

confirmation; member identification; dynamical mass 



Dwarf  Galaxies: Spectroscopy

As of  April 2019, 44 satellite galaxies have 
published radial velocities.



Dwarf  Galaxy Discovery Timeline

Credit: Keith Bechtol



Astrometry
Gaia

April 2018: Gaia DR2

only classical dwarf  galaxies has measured 
Proper Motion prior Gaia



Dwarf  Galaxies: Proper Motion

Simon et al. 2018 
See also Fritz et al. 2018, Kallivayalil et al. 2018….

PM from confirmed spectroscopic members



Dwarf  Galaxies: Proper Motion

Pace & Li 2019

PM without spectroscopic members
Reticulum II

Columba I



Dwarf  Galaxies

As of  April 2019, 44 satellite galaxies have 
published radial velocities.

As of  April 2019, 46 satellite galaxies have 
published proper motions.



Ongoing Surveys

Astrometry

Photometry Spectroscopy

Gaia

DES/DECam 4-10 m MOS

Discovery Follow-up Observations

Catalog Mining



Stellar Streams : Discovery



Stellar Streams : Discovery

NGC 1904
Credit: Alex Drlica-Wagner

Red = selection region around isochrone; 𝛕 = 13 Gyr, Z = 0.0002, m-M = 14-19



Stellar Streams : Discovery

Nora Shipp 
UChicago

Shipp et al. 
2018



Stellar Streams : Discovery

Nora Shipp 
UChicago

11 new stream
+ 4 previous known (including 2 from DES)

Shipp et al. 
2018



Stream Discovery Timeline

Compiled data at 
https://tinyurl.com/y6gggvee

Mostly from galstream (Mateu+2018) 
https://github.com/cmateu/galstreams 



Stream Discovery Timeline

Sagittarius
Palomar 5

GD-1 
Orphan

Compiled data at 
https://tinyurl.com/y6gggvee

SDSS

PS1/ 

Gaia

DES/ 

Gaia

Gaia

PS1

Mostly from galstream (Mateu+2018) 
https://github.com/cmateu/galstreams 



Spectroscopy: dwarfs vs streams

Stream: more diffuse, higher background contamination

Dwarf Galaxies: > 70%

Stellar Streams:  ~ 10%



Streams : Proper Motions

Shipp et al.  
to be submitted

Proper Motion measurements 
on all DES streams



Stream: Spectroscopy with AAT
AAT: Anglo-Australian 
Telescope (4 meter) at  

Siding Spring Observatory

2df: 2-deg (in diameter) 
field fiber positioner w/ 
400 fibers

Large Field-of-View, High Multiplexity 
= An Ideal Instrument for Stellar Streams 

AAOmega: a dual-arm 
optical spectrograph



Stream: Spectroscopy with AAT

Tidal tails of Tucana III

Tucana III

Tucana IV



Southern Stellar Stream 
Spectroscopic Survey (S5)

• AAT + 2df/AAOmega 
• ~30 members 

international  
collaborations  
Co-PI (Dan Zucker and 
Ting Li) 

• Targets with 15 < g < 19.5  
• RV precision ~ 1-5km/s 
• Started in August 2018  
• ~25 nights in 2018B  
• 10 DES streams fully 

mapped 
• 43k spectra on 38k targets 
• Expand beyond DES 

footprint in 2019 for a 
total of  20 streamsLi et al.  

to be submitted
s5collab.github.io



Southern Stellar Stream 
Spectroscopic Survey (S5)



Southern Stellar Stream 
Spectroscopic Survey (S5)



Streams : DES + Gaia + S5

• Characterize stream progenitors 

• Constrain the Milky Way potential 
• Assess the influence of  LMC



Where are we now?

Where will we be at in 10-20 yrs?



Ongoing Surveys

Astrometry

Photometry Spectroscopy

G~20 
(similar in r)

r~23.5 dwarf  galaxies: (8m) r~21.5 
stellar streams: (4m) r~19.5

Gaia

DES 8m+4m

50 kpc



Future Surveys

Astrometry

Photometry Spectroscopy

WFIRST

LSST 30m + 10m

r~25-26

r~27 dwarf: (30m) r~24.5 
streams: (10m) r~22.5



Astrometry

Photometry Spectroscopy

WFIRST

LSST 30m + 10m

r~25-26

r~27 dwarf: (30m) r~24.5 
streams: (10m) r~22.5

More discoveries (w/ LSST or WFIRST) at fainter 
luminosity, farther distance, lower surface brightness



Streams: Now and Future

• LSST:  
streams > 50 kpc 

• Proper motions from 
WFIRST 

• What about 
spectroscopy? 

• 13 8m+ optical telescopes: 
Subaru, 4xVLTs, 2xKeck, 
2xGemini, LBT, SALT, 
GTC, HET

• SDSS/DES:  
streams < 50 kpc 

• Proper motions from 
Gaia 

• Spectroscopy from S5 and 
other upcoming 4m 
spectroscopic surveys, e.g. 
DESI, WEAVE, 4MOST 



Streams: Now and Future

• LSST:  
streams > 50 kpc 

• Proper motions from 
WFIRST 

• What about 
spectroscopy? 

• 13 8m+ optical telescopes: 
Subaru, 4xVLTs, 2xKeck, 
2xGemini, LBT, SALT, 
GTC, HET

• SDSS/DES:  
streams < 50 kpc 

• Proper motions from 
Gaia 

• Spectroscopy from S5 and 
other upcoming 4m 
spectroscopic surveys, e.g. 
DESI, WEAVE, 4MOST 

14th telescope?



CFHT MSE

Facility transformation



CFHT MSE

Facility transformation

• 11.25 m mirror (in diameter) 

• 1.5 deg field of  view (in diameter) 

• ~3200 fibers in low/med 
resolution (R~2k - 6k) 
~1000 fibers in high resolution 
(R~20k-40k) 

• Dedicated Survey Telescope



— Exoplanets and stellar astrophysics  
— Chemical nucleosynthesis  
— The Milky Way and resolved stellar populations  
— Galaxy formation and evolution  
— Active Galactic Nuclei and Supermassive Black Holes  
— Astrophysical tests of  dark matter  
— Cosmology  
— Time domain astronomy and the transient Universe  
— Solar System science 

9 Science Working Group



 
— Astrophysical tests of  dark matter  

DM chapter (40 pages): 1903.03155

All Science Cases (300 pages): 1904.04907



One Science Case w/ WFIRST on 
Dark Matter Science

investigation on the known streams w/ WFIRST



Stellar Streams: Subhalo 
Perturbations 

Credit: Denis Erkal



Stellar Streams: Subhalo 
Perturbations — GD-1 

Koposov et al. 2010



Stellar Streams: Subhalo 
Perturbations — GD-1 

Price-Whelan & Bonaca (2018)



GD-1: 10 kpc

Price-Whelan & Bonaca (2018)

Stellar Streams: Subhalo 
Perturbations — GD-1 



GD-1: 10 kpc ATLAS: 25 kpc

Shipp et al. (2018)

Price-Whelan & Bonaca (2018)

Gaps in ATLAS Stream? 
Need WFIRST

Stellar Streams: Subhalo 
Perturbations — ATLAS? 



Perturbations in 6D

a simulated GD-1 like 
stream in a 106 Msun 

subhalo  

MSE Science Case 
DM chapter (40 pages): 1903.03155



We are in the era with 
overwhelming amount 

of  data



SOC : a talk “on the topic of Galactic streams, satellites, 
DM and relation of WFIRST to DES and MSE.”



Thanks for your attention



Dwarf  Galaxies: Core vs. Cusp

• a 5σ detection of  a 
central density cusp 

• 3 km/s precision in RV and 
PM 

• 8 µas/yr at 80 kpc 

• 21 µas/yr at 30 kpc 

• Achievable on Draco like 
dwarf  galaxies with 
WFIRST w/ a baseline 
of  a few years

Simon et al. 2019 
arXiv: 1903.04742 

Astro2020 White Paper


