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OUTLINE

* Briet Motivation -- What 1s the structure and SFH
of the new MW satellites? What fraction are being
tidally stripped? Ultimate goal 1s to connect
observations with GDM simulations.

» Detailed SFH and structure analysis ot 5 of the
new MW satellites: Hercules, Leo 1V, Leo V, Canes
Venatici 11, and Pisces 11

» Gompile structural data on the new satellites (and

the classical dSphs).
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Context: The ‘missing satellites problem’
Mismatch in the Number of Subhalos

* Within the virial radius,
the MW should contain
~500 halos larger than

Draco

 'T'he galaxy cluster
satellite function could
reproduce numerical
predictions, but not for a

halo the size of the MW!

1000 ( '

Moore et al. 1999; Clear

lack of MW sate]

lites, pre-

SDSS (see also K
RISIE)

ypin et al.
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THE PLACE OF THE NEW DWARFS -- DO
THEY FIT WITH CDM?

Connecting observations with
simulations 1s not trivial! We must
have a deep observational
understanding of the new satellites
in order to put them 1n context.

Key questions include:
Are they all dark matter dominated?

Are they the remnants ot larger e Leo 1SS CyaN OV I
° A v : Leo IV : UMa
progenltorS? qu},g' ] S‘)XL:::SI Boo } UMi Willman 1

Draco

What is their star formation history? N NG v gk

Segue 3

"4 Pisces I Seque 2

What 1s their orbital history?
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ARE THE NEW DWARFS THE DISRUPTED
CORES OF LARGER PROGENITORS?

[d(arcmin)
0 137 273
(pc)
0

-137

-273

(e arcmin) | Orphan Stream

Ursa Major I has an ellipticity of

A l A A A

o

b l A A A A

— Smoothing Length A

0.5

0.0

-0.5

e~0.5-0.8 (Martin et al. 2008; Okamoto et al.
2008)

Ara (°)

Ursa Major II shows signs of ongoing
interaction, spans 1.2 deg on the sky, with

e~0.5 (Munoz et al. 2010)
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NATURE VS. NURTURE?
WHAT DRIVES THE SFH OF THE
SATELLITE GALAXIES?

Of the 9 ‘classical’ MW dSphs, the 4 most o Gas- poor dwarts
distant (d>90 kpc) experienced extended SE, =2 B (distance from nearest primary)
with a fraction occurring <10 Gyrs ago (Dolphin !
2005). The four closest dSphs all had truncated
Sk, with all stars forming >10 Gyrs ago.

. . e Gas-rich dwarfs
ThlS SUppOI‘tS a mOdGSl Wh€r€ SF 111 the HCaI‘by 8 ! (distance from nearest primary)
dwarfs was halted by environmental effects, such T a
as tidal/ram pressure stripping or local 10nizing 4r
radiation. 2 m— E =M
0 — : . ] —_i
p 0 200 400 600 800 1000
BUTT, the four nearest classical dSphs are also D [kpe]

the least luminous. Is truncated SF just a
function of their presumably smaller potential
wells?

Grebel 2004

A systematic study of the SFHs of the new MW
satellites can test this model.
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A DEEPER LOOK AT THE NEW
DWARFS

* Measure their star formation history and

metallicity via CMD-fitting techniques;
1.e. StarFISH (Harris & Zaritsky 2001)

» Measure their structural parameters

» Search for signs of extended structure;
1.e. tidal streams.

» Look for larger trends. For example, Megacam on the MMT (and now
SFH as a function of MW distance. Magellan) ~24x24 arcmin
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THE PLACE OF THE NEW DWARFS

Focus ON 5 DWARFS SR NI NN NN S
(SAND ET AL. 2009, 2010, 2011)

Hercules (at 130 kpc) 1s
unusually extended, with
e~0.6 (Coleman et al. 2007),
making 1t a good candidate to
search for tidal streams

Leo IV may be a ‘thick’ red giant
branch, indicating multiple
epochs of star formation or a
spread 1n metallicity. L.eo V was
found to be only ~2 deg away. .

Are they associated? N
" SDSS GC L

Leo V, Pisces II & CVn Il SDSS GCs ™ ettt N0
all at >150 kpc and have half 0 05 1 Iogl ;'5(pc) 2 25 3
light radii of ~70 pc b

Taken from Clementini 2010

>
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THE OBSERVATIONS

20F

21F

22 F

23k

Hercules -- 5 LB'T
pointings, 30 min per

filter in B,Vr sl 1 --%E

24

I'he new data goes ~3 mag
deeper than the original SDSS  Leo 1V -- Central pointing only;
discovery data 25 min per filter in g,r
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MORE OBSERVATIONS

Pisces |

0.0 0-5 } 1-%_' (m 05 1.0

Sand et al. 2011

» (olor magnitude diagrams within 2r_h.
« These observations are still hard even with Magellan/Subaru
* Data goes down to main sequence turnoft

« Very sparsely populated but still have a clear blue horizontal branch
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PARAMETERIZED STRUCTURAL FITS

--We adopt a Max-Likelihood
technique to measure the
parameterized structure of the
new dwarfs, with a background
term (Martin et al. 2008).
--Uncertainties are estimated via
1000 bootstrap resamples.

-- Hercules ellipticity 1s e~0.65!

Zying(r) = 2o & ((1 + r:) - (1 M r!;) )
| r2 r2

) 2
r
2:l’lux!'.mc'r(r) — 2:0.!’ (1 + _2)

r[)

Zexp(r) = Zo £ €Xp (— 2) :

See also Munoz et al. 2011

=
£
O
| -
O
7o H ]
@ 10} CIrcules
OL) R
Q
> fe R R e
Exponential
Plummer
King
5 oogpnooopooo BockgroUnd (exp)
M M M gl M M .
0.1 1.0 10.0
Elliptical Radius (arcmin)
1200 7 = T T T
Best |volue: LBT = 5.91' +/- 0.50'
Best vplue SDSS = 7.65' +/— 5.16' --:oooovveeen
100 - &)
80| || """ R
b4 60_ ....... —
40 < wtc o b
20 e 3
O- a1 i i | - WP S | B i 0 R v S 1 1
0 5 10 15 20

Holf light radius (arcmin)
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STAR-FORMATION HISTORY VIA CMD-
FITTING

» StarFISH (Harris et al. 2001) takes a library of

theoretical 1sochrones and includes the eftects of
extinction, photometric errors, completeness and
binarity to produce realistic model GMDs.

A minimization routine 1s used to find the linear
combination of model CMDs that best matches
the observed photometry.
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STAR FORMATION OF HERCULES

‘T1T1T|| 1!71"[1’11’7[-.
s T (Fe/Hl=-17
2 [ [t
'21__ l, i l._4
AN RRR Rk L
;o_i 1] |ll|| lilllllllllu
3 - .
E 3 T [Fe/H]=-23 ]
e [ .
e, o -
wn - f
2E | ] [1
1 [' 11
0:1 A l l{lll]’l[lr’__‘lll:

000510 000510 000510 000510 000510
8 8.5 9 9.5 10 o,

log (age) 1B [T

» Hercules 1s predominantly
old and metal poor
(consistent with e.g. Kirby et
al. 2008), although we
cannot rule out low levels of
recent star formation

r s

000510 000510 000510 0005 1.0 000510
B-v
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ARE THERE YOUNG STARS IN LEO IV??

RA (arcmin)

Stars that would lie on the ~2 Gyr main
sequence seem to be segregated within the

body of Leo IV
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ARE THERE YOUNG STAR FORMING
REGIONS IN THE OTHER NEW DWARFS?

Log (Ngss/Ngug)

_0.5 L

So far, only Leo IV and Canes Venatici
I have an excess of ‘blue plume’ stars,
which appear to be segregated with
respect to the dwarf as a whole

I ) ) ) ) I ) ) ) ) I
All stars _

Blue/young stars
Red/old stars |

(a—ay)*cos(6,) (arcmin)

Canes Venatici I; Martin et al. 2008

10

— 1@
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STAR FORMATION HISTORY SUMMARY

» All the new MW sats are dominated paces R lre/ule 2.0 sochones
by old (>10 Gyr) and metal poor
([Fe/H]<-2) stellar pops.

* Leo IV & GVn I *may* have had a "

sprinkling of more recent SF.

e 'The other satellites were too faint to
definitively say that they have/have
not had more recent SF.

Pisces I1I, CGVn 1l and Leo V are all
consistent with [Fe/H]|~-2, >12
Gyr old stellar pops. No sign of

» It will always be *very* hard to
distinguish 12 & 13 Gyr stellar ages
(for instance). How do you find
relonization fossils? young stars. (Sand et al. 2011)
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SEARCH FOR EXTENDED STRUCTURE --
SMOOTHED MAPS OF HERCULES

+ 5 | contral Field raa® - [0

e e ol [Fitaz
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EXTERNAL STRUCTURE IN
HERCULES?

SIGNS OF

15
10}
= =5
i= =
10 -5
-15 o) i -10 ,
35 30 25 20 15 10 5 0 -5 -10 -15 220 225 230 235
RA (arcmin) RA (arcmin)

RA (arcmin)

Stream CMD

-0,5 00 05 1.0 -0.5 0.0 B0.5 1.0 -05 0.0 0.5 1.0 15
-r

-0.5 0.0 05 1.0 -0.5 0.0 B0.5 1.0 -05 0.0 0.5 1.0 1.5
-r
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SOME SIGNS OF TIDAL DISTURBANCE

LeoV

. Dec (arcmin)
o

W

S

RA (arcmin)

RA (arcmin)

Sand et al. 2011

* Both Leo V and CVn Il show possible stream-like features.

* Leo V’s BHB distribution 1s more extended than the other ridgeline stars.
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OUTLIERS IN [FE/H] Vvs L
SPACE

B Woo, Courteau, & Dekel (2008) :
-10F - - - bestfit . -
"~ rms about best fit ]
-15- i T
= : VR Ar gty
= 3 e
 20F O R ol .
~ . ,.: ,.. -
] ;Q_' o ',"'—o- this work ¢
23R Kirby et al. (2008b) &
;.f‘" Helmi et al. (2006) O -
] Martin et al. (2007) &
X 1| 1 I DU TP TP
4 5 6 7
Kirby et al. 2011 log (L../Lo)
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STRUCTURAL PROPERTIES OF THE NEW

Sand et al. 2011
1000 b R L |' L |' I | """""""" ] 1.0 [ T T ]
[ Ry e L Classical dSphs A |
S YR ! L Post—SDSS Sats @
SRRy | 0.8 . -
. o i
g Al i +
g e = oy oY
~ 100F M - = i —
3 ¥ sy i
5 1# Soar |71 g + + 3 g
oY - [ A % A
i o
: Classical dSphs Ao A 0.2 R g 1
L Post—SDSS Sats @ L : %
el 2 - -
ool o o L L S
0 -2 -4 —6M -8 -10 -12 -14 0 _9 _4 _6 _8 ~10 _12 _14
v (mog) M, (mcg)

» 'T'here may be low surtace brightness, ‘faint and large’
satellites to be discovered.

» Contrary to early esimates based on SDSS data alone,
the classical dSphs and new satellites do not have a
ditferent ellipticity distribution.
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SATELLITE ORIENTATION

LeO V i ' lllllllllllll
u [~ . ComBer
] a
05 ©
Q) O
e
g 00
3 ' ®)
e
-05 F
. To Galactle center
~ Smoothing Length
<
[P § e YR [
0.5 0.0 -0.5
Ara (%)

-5 -10

RA (arcmin) Coma Berenices; Munoz et al. 2010

Intriguing that some new satellites seem to point
towards the GG (in projection).
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ORIENTATION OF TIDALLY STRIPPED TAILS

60
‘Inner’ tail points roughly 1n |
direction of gravity vector. 40 |
Outer tails roughly follow the z |
G(C/dwarf orbit. sl

Can some subset of the new
dwarfs be sculpted by tides and

vvvvv T - > v T v - > T v - T v

Klimentowski et al. 2009

L

0 20 40 60 80 100
angle [deg]

leave an observable imprint? Orientation distribution from a
simulation of dwarf on r_p/r_a=0.2;
baryons + DM

' l 1 ' 1 ] I 1 R
A e N . i - e Tt = g =t

46
FE:
S, 45 - L
Q _
44
X 1 | 1 1 | 1 l | 1 1 | l 1
Dehnen et al. o) 0 -9
2004 A(lcosb) [deg]
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ORIENTATION OF ALL THE MW SATELLITES

Black: post-SDSS satellites; Blue: Classical dSphs
Sand et al. 2011

80 B | | # i 80 — % =
SEC | : Lt ! i¢ :
60 - B 60 % 7
o
3 a’s 2 - f .
L & . | ) A
40 — < 40 ne 7
< - % : ! §
+
20 Ps ; - 20 J £ % il
or & o ok A =l
0.0 0.2 0.4 0.6 0.8 1.0 0 -2 —4 -6 -8 -10 -12 -14
Ellipticity M, (mag)

T'he faintest (and nearest) satellites are the most aligned with
the MW center.

For the highest ellipticity ultrafaint satellites, 20° < AOgc < 40°
-- 1n rough agreement with tidal stirring scenario

Many caveats....projection effects, comparing with inner tidal tails in simulations, etc.
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SUMMARY

* We have undertaken a large observational campaign to gather
deep 1imaging of the new MW satellites to characterize their
SFH and structure.

* There have been several surprises: 1) some systems have had
very small, recent star formation episodes. 2) Many systems
show evidence for tidal stripping of varying degrees.

« Based on the most recent data, the ultra-faints and the classical
dSphs have similar ellipticity distributions (with some clear
outliers)

* There 1s some evidence that the faintest and most elliptical new
satellites have been sculpted by tidal forces.

* Stay tuned for an analysis of the rest of the new satellites soon.
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