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<’/ The formation of Milky Way }Tﬁ

 ELS Monolithic Collapse Model (top-down)

Eggen, Lynden-Bell and Sandage 1962
Milky Way formed from the rapid collapse of a large proto-galactic nebula

§un s location ' :
disk \ ‘ 1,000 light-years

28,000 light-years /'
globular clusters

100,000 light-years

e SZ Merger and Accretion Model (bottom-up)
Searle & Zinn 1978
Galaxies are built up from merging or accreting smaller fragments
N-body simulations under ACDM context



Milky Way Satellite Galaxies AIM

The Milky Way is
surrounded by small
satellite galaxies
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Probes

<’ Dwarf Galaxies as Cosmological m

* Missing Satellites Problem?

« CDM simulations predict thousands of dark matter
substructures

* Only dozens of dwarf galaxies are found

* “Too big to fail” Problem?

e Circular velocities of known dwarf galaxies are significantly
smaller than predicted by simulations.
e Cold dark matter?

» Density profile of dark matter halo * Warm dark matter?

° =1 i 2
e cusp vs core problem Self-interacting dark matter~
e Or other?

e Gamma rays from dark matter annihilation
e Study the property of dark matter particles
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Finding Milky Way

Satellite Galaxies

80 kpc




Classical Dwarf Spheroidal Galaxies (dSph)
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Milky Way Satellite Galaxies

Discovery Timeline
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Finding Milky Way
Satellite Galaxies .

ENERLY SURVEY

Koposov et al. (2008)
Walsh et al. (2009)
Willman et al. (2010)
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Ultra-Faint Dwarf Galaxies



Ultra-Faint Dwarf Galaxies
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Milky Way Satellite Galaxies AlMm
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& Known Milky Way Satellites  £Tp
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volune 67, number 4

Jﬂ" ﬂ \

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
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ENERCY SURVEY

DES Year-One (Y1A1)

Imaging data from the first year

of the survey:
August 2013 to February 2014

Coadded image catalog

covering ~1800 deg?

e ~200 deg? overlapping with
SDSS Stripe-82

« ~1600 deg? overlapping with
the South Pole Telescope

Stellar completeness >50%
down to g,r ~ 23

PN “"”ve:*‘f‘? y
.

| Eric Neilsen
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’ DES Year 1 vs. SDSS on Messier 2 m

THE DARK

A dramatic improvement in the photometric precision
with Blanco+DECam!

SDSS observations of M2 DES observations of M2
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And this is just Year 1—deeper, more precise photometry

will be produced throughout the five-year survey b



THE DARK
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Y1A1: A First Look

AlM

Reticulum Il
(DES J0335.6-5403)
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Bechtol et al. (2015) (DES Collaboration)
(see also Koposov et al. 2015a)
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Dwarf Galaxy Candidates

THE DARK
ENERGCY SURVEY
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Dwarf Galaxy Candidates AlMm
(continued...) °

ENERLY SURVEY

BEASTS OF THE SOUTHERN WILD. DISCOVERY OF A LARGE NUMBER OF ULTRA FAINT SATELLITES
IN THE VICINITY OF THE MAGELLANIC CLOUDS.

SERGEY E. Korosov, VASILY BELOKUROV, GABRIEL TORREALBA, AND N. WyYN EVANS DE S Data
Institute of Astronomy, Madingley Road, Cambridge CB3 OHA, UK
(Dated: March 10, 2015)
Draft version March 10, 2015

A NEW FAINT MILKY WAY SATELLITE DISCOVERED IN THE PAN-STARRS1 37 SURVEY

BENJAMIN P. M. LAEVENS"?, NicoLAs F. MARTIN"'?, RODRIGO A. IBATA', HANS-WALTER Rix*, EDOUARD J. BERNARD?,
Eric F. BELL*, BRANIMIR SESAR?, ANNETTE M. N. FERGUSON?, EDWARD F. SCHLAFLY?, COLIN T. SLATER*, WILLIAM S.
BURGETT®, KENNETH C. CHAMBERS®, HEATHER FLEWELLING®, KLAUS A. HopaPP®, NicHOLAS KAISER®, ROLF-PETER
KubpriTzKI®, ROBERT H. LUPTON’, EUGENE A. MAGNIER®, NIGEL METCALFE®, JEFFREY S. MORGAN®, PAUL A. PRICE’,

JouN L. ToNRY®, RICHARD J. WAINSCOAT®, CHRISTOPHER WATERS®
Pan-STARRS

Draft version March 20, 2015
A HERO’S DARK HORSE: DISCOVERY OF AN ULTRA-FAINT MILKY WAY SATELLITE IN PEGASUS

DoncwoN KiM, HELMUT JERJEN, DOUGAL MACKEY, GARY S. DA COSTA, AND ANTONINO P. MILONE
Research School of Astronomy and Astrophysics, The Australian National University, Mt Stromlo Observatory, via Cotter Rd, Weston,

ACT 2611, Australia
Draft version March 31, 2015 DECam Data

HYDRA II: A FAINT AND COMPACT MILKY WAY DWARF GALAXY FOUND IN THE SURVEY OF THE
MAGELLANIC STELLAR HISTORY

N1coLas F. MARTIN'?, DaviD L. NIDEVER®, GURTINA BEsLA*, KNUT OLSEN®, ALISTAIR R. WALKER®, A. KATHERINA
Vivas®, ROBERT A. GRUENDL”®, CATHERINE C. KALEIDA®®, RicARDO R. MUN0z??°, ROBERT D. BLUM®, ABHIJIT SAHA®,
Brair C. Conn'®, Eric F. BELL?, You-Hua CHU'"®, MaRria-Rosa L. Ciont*#'% Tuomas J. L. bDE BOoER'Y, CARME
GALLART!®17 Snoko JIN'®, ANDREA KUNDER!?, STEVEN R. MAJEWSKI'?, DAVID MARTINEZ-DELGADO?", ANTONELA
MONACHESI?Y, MATTEO MONELLI'®! | LArRA MONTEAGUDO'®!?, NoELIA E. D. NoEL?*?, EDWARD W. OLSZEWSKI*, GUY S.

STRINGFELLOW??, ROELAND P. VAN DER MAREL?**, DENNIS ZARITSKY"
Draft version April 3, 2015 DECam Data




Dwarf Galaxies or
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Reticulum lI: AlM
wom OE@ctroscopy Campaign .

ENERLDY SURVEY

‘ Magellan/M2FS ‘ Gemini/GMOS VLT/GIRAFFE
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Reticulum li:
A|M
Newest Dwarf Galaxy :
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e Velocity peak indicative of a gravitationally
bound object Quantity Value
 Dynamical mass calculated from the width of the
Ve|OCity dispersion Systemic Velocity v =628+ 0.5kms!
 Every measured characteristic of Reticulum is Velocity Dispersion ¢, = 3.3+ 0.7kms™"
consistent with the known population of dwarf  \fetallicity [Fe/H] = —2.65 + 0.07

galaxies

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

arXiv:1504.02889 | | arXiv:1504.03060 | | arXiv:1504.07916

Metallicity Dispersion  ofpe/m = 0.28 = 0.09
Dynamical Mass My =15.6+24 X 10° Mg,

Mass-to-Light Ratio  M/L =470 £210My/ Lg
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Dark Matter Searches
in Gamma Rays

&

THE DARK

Gamma-ray Counts

e Search for discrete gamma-ray Map (E > 1 GeV)

sources coincident with the DES
dwarf galaxy candidates

 No significant gamma-ray
sources detected over
background

 Most significant excess
coincident with Reticulum i

e LAT Collaboration, Pass 8:
local pvalue = 0.06 (1.50)

e Geringer-Sameth+, Pass 7:
local pvalue = 0.01 (2.30)

—46°

—48°

GLAT

—50°

—52°

3FGL J0314.3-51C
—54° &

265° 260°

GLON

270°
e How does the expected dark

matter annihilation signal from
Reticulum Il compare to other
dwarf galaxies?

Drlica-Wagner et al. (2015)
(LAT & DES Collaboration)
(see also Geringer-Sameth et al. 2015)

arXiv:1503.02632 arXiv:1503.02320
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Dark Matter Searches
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’ ons in Gamma Rays T
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Drlica-Wagner et al. (2015) (LAT & DES Collaboration)




Dark Matter Searches AlMm

Table 1. Reticulum II
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|
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B
&5 185} :
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%0 expected from some other dwarf

i : alaxies

175 Reticulum i | d

7.0 . . . 1 Unlikely to see a dark matter
. 0'5 | | | 1signal from Ret Il without also
av] O . . .
= seeing it from other galaxies.
oorHE : :
z 1
~ —05}
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Simon et al. 2015 (DES Collaboration) Distance (kpc) 30
(see also Bonnivard et al. 2015)



More Confirmed Dwarf Galaxies m
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KINEMATICS AND CHEMISTRY OF RECENTLY DISCOVERED RETICULUM 2 AN
DWARF GALAXIES

SerGeY E. Korosov,' ANDREW R. C.-\Sh’\;.l VASILY BL‘LOK,URO\-‘,: JAMES R. Luwxs," GERARD GILMORE,' CLARE
WORLEY_.‘ ANNA HOuRIHANE, T. BENSBY,” A. BRAGAGLIA,® M. BERGEMANN," G. CARRARO,” E. Fraccomio,” U.
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@ Looking Forward m

* More spectroscopic follow-ups on the dwarf galaxy
candidates

* Magellan
e VLT
o AAT
Y2 data are coming! Total sky coverage >4,000 deg?
—— Find MORE candidates!
Y3 observing starts TODAY!

 Dwarf galaxy is not the only interesting science In
Milky Way working group. More results coming soon!

32



@ Summary m

 Dwarf Galaxies are important cosmological probes
for studying dark matter

 More ultra faint dwarf galaxy candidates have been
discovered using DECam

 Coordinating follow-up
 Spectroscopic confirmation
 Obtaining dynamical mass and J-factors
* Fermi-LAT collaborations

* More results coming from the DES Y2+
33



