The Milky Way Halo
Direct Evidence for Accretion

Suglﬂur-lus dwarf galaxy
- currently merging with Milky Way

- diameter >20 degrees, with larger
tidal streamer

- L=1-2x107L,

- M~108 M,

- includes 5 globular
clusters
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Magellanic Clouds




Sag A : Disruption of a Satellite in the
Milky Way Halo

Stellar streams — remnants of a galaxy torn apart



More Satellites to the Milky Way ?

 New very faint dSphs are being discovered ... how many are
& we still missing ? Not enough to solve the missing satellite
problem! How faint/low mass can they go ? Empty DM halos ?
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‘ More Satellites to the Milky Way ?
ey

A How many satellites has the Milky Way swallowed already ?
s New streams are being discovered ...

g
How many streams
and accretion events?
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More Satellites to the Milky Way ?

L' How many satellites has the Milky Way swallowed already ?
i New streams are being discovered ... Outlook :

QO 6dFspectrograph atthe 1.2m UK Schmidt, AAO.
Q0 R=7500 Ca triplet (841-879 nm) spectra.

QO Southern hemisphere stars, 9 <1 <12 mag.

O Radial velocity measurement accuracy <2 km/s.
Q [Fe/H], o, log g, T ...

0 Began 2003, torun until > 2010.

Q > 150,000 spectrato date.

O Datareleases and more information:




% More Satellites to the Milky Way ?

v, & How many satellites has the Milky Way swallowed already ?
| New streams are being discovered ... Outlook :
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Chemical and kinematic signatures of stellar
streams in the halo, outer bulge and thick disk
due to satellite accretion.

Dynamical influence of the local spiral arms
and inner bar.

Ellipticity, warping and lopsidedness of the disk.
First non-local measurement of surface density
in the disk.

Galactic escape speed

Detailed structure of the spiral arms and
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The Local

Dara on Logcar Gagur Galanme

43 galaxies (2007)

- . T axm Arzax TeFs Mo Crelaxy Tocal Group
b - R Do 234 Ir ¥y —144 Q&5 0al
' ¥ ° I oGC 192 Lr [V —143 Qb6 0T
’ 35 dwarfs. Catuz ............. dipk —1a1 ora a2
HGC 147 ... OGC 326 &h —151 O&B 022
1 7 ds hs 5 dEs 13 d's AndIO.. ........ ADOIE 4 36 dipk —1032 OTh 031
p 9 9 HGC1as ... OGC 3E6 &h —15h6 Q&6 022
HGC 25 . B0 &h —154 OrB 0.1
I, MGC 131 E21 —145 OFh 0.1
M3 o MGC 124 ib [-IT =112 OFh .30
0 AndL............. A4 57 dipk —11.43 0d1 0.3g
BAC L Ir ¥/ Iy —1T1 Qb 048
50% Local Group gals A Mer | 51 cw o
Figwg............. LG5I drdSph —104 04l 042
have M <3 107 M IC 1613 ... Iy —143 o 047
tot ® And Y dsph - a1 041 037
And IT dsph —1L4 (]! (el
(d'S dSphs) M3 o MGC 9 Sg [-IIT —119 079 037
t Fheenix drMdEph -8 040 oS
Fo oAy . d5ph —131 014 045
TMIC . Ir OI-I% —1L5 005 048
Caria. ... d5pk — 94 oo 051
Tea A ... oo Be vy —1L5 (a2 088
Leol ...... Eegulas d5pk —1iL@ Q15 061
Beactans dfpk — 8.5 oo 051
TeoIl ..... ooC 92 dipk —1n1 o1l 0.57
Trm Minor Do 199 d%pk Y (il4]3 042
Dicnao ... Do 104 dipk — L6 (] 042
Miky Moy Galnxy EB{Ejba I-IT —ng ool 046
Bngittnrine A% phit) ~1%18= ooz O
EngTT G Iry —110 118 178
MGC 6321 Ir TV-¥% —1560 050 067
Acuarinz O 110 ¥V —1ng n@s o@s
Tumanas dsph —Bh a7 110
Cazdo psis | And VI d5pk —110 a1 DI
Fegaziz . Do 116 Irw —11% o7k 044
Fegaziz IT And VT dfph —11.32 a7l 3a




The Local Group

HA
SAf NGLoS FECiF

Member galaxies differ by up to
100,000 in mass and luminosity.

Local Group:

No galaxy cluster,
but a small galaxy group with
= 43 members, among them our Milky Way.

Miirren - Saas-Fee-Course - E.K. Grebel 2




rebel 2007, Saas-Fee

Certain or probable members:
Q 243 galaxies
(Ry~ 1 Mpc)
1 40 satellites and dwarfs
(M,, =-18 mag); + tidal remnants

-» galaxy assembly in action 56%
3 Spirals 3 dIrr/dSphs

ey 3 0ES, 1CE 24 dSphs

: ; Compact, bright; Diffuse, faint,  Irregular, gas-

Massive, luminous; old/intermed. age; low mass, old/ rich, active,

cont. star formation some gas intermed. age  range of ages

LI LD S IFIUTTE - SddsS-ec-L Durse - L. LiTenel _'l

9 !rrs /dlrrs




Dwarf Ellipticals

b © Eliptical dwarf

© galaxies in the
Local Group




Dwart Ellipticals

v¢ spherical - elliptical, exponential light profiles

v¢ high central stellar densities

v¢ dEs and dE,Ns with nuclei containing up to 20% light
“* M,z -17 mag, uy =21 mag arcsec2

Y M(HI) = 108 M, some still have ongoing low-level SF
* M, ~10°M

v¢ long-lasting SF in the past

v¢ considerable chem. enrichment

v¢ in high galaxy density regions, mostly satellites




Dwarf Spheroidals

Dwarf spheroidal galaxies
in the Local Group

4 (810 kpc)




Dwarf Spheroidals

Mostofﬂm@a!aeﬂcutaﬂihsmtoofamt
L tobevisiblewmenakodeye

- 3 Fnrcnmparisnn:
- . . size of the

| | G | | g fuII moon
Draeo,dwarl' spheroldal galaxy B O
: A : _79 kpc _ '. - o
In the last three years: 7 new dwarf galaxles E
- discovered in the Milky Way's surroundings! -




Dwarf Spheroidals dSphs

v¢ diffuse, LSB dwarfs

v¢ little central concentration

v¢ younger stellar populations (more centrally concentr.)
* M,z -14 mag, uy =22 mag arcsec? (leastlum. gals known)
Y« M(HI) = 10° M, no ongoing SF

M ~1 0’ M (least massive gals known)

ve exponential light profiles, R,, > 100 R,, (BCs@same lum.)

v¢ long-lasting SF @ early times, all have old stellar pops
some stopped SF 10 - 12 Gyr ago,
some formed majority of their stars 6 - 8 Gyr ago
few had SF 1 - 2 Gyr ago
SF influenced by big companion

v¢ low metallicities but large spread in abundances
v¢ in high galaxy density regions, mostly satellites
v¢ high DM fractions or radially varying veloc. dispersion
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Dwarf Spheroidals

DSphs: Radial velocity dispersion profiles
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Dwarf Spheroidals

DSphs: common halo mass scale of~ 4-107 Mg

(Mﬂ—)mt = (Mﬂ_}ﬂ, + MDMILV |
(mass within stellar distribution) -

Draco -14 to —4 M,

- 108 to 103 L
UMi
e Carina

Wilkinson et al. 2006;
Koch et al. 2007a, b
Gilmore et al. 2007




dSphs : Stellar Metallicities

Low but not extremely low stellar abundances.

o= | | 6o 1, Koch et al. 2007, Apd,
—F=—1§57, 241. /
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Note absence of extremely metal-poor stars




Dwarf Irregular Galaxies

Irregular dwarf galaxies in the Local Group

NGC 6822 IC 10
(500 kpc) (660 kpc)
05.03.2007 Miirren - Saas-Fee-Course - E.X. Grebel
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Dwarf Irregulars dlrrs, dis

v¢ blue, gas-rich, irregular, dominated by scattered HIl regions
v¢ young stellar populations, active SF

Y M,z -14 mag, uy, = 23 mag arcsec?

Y M(HI) = 10° Mg, clumpy, often more extended than stellar comp.
* M, ~101°M,

v¢ stochastic SF, no spiral arms/density waves

v¢ low metallicities but large spread in abundances ratios
v¢ in low galaxy density regions

v¢ do all dirrs have old stellar populations ?

if dl stops SF, it will resemble a dSph after few
100 Myr



HST WFPC2 imaging

observational limit depends on distance D

detect Giant Branch & (upper) Main Sequence
stochastic effects (small star number statistics)

SF history entangled with chemical enrichment history
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UMD Analysis o ' NS A, D=1.32 Mpc

Dolphin et al. 03:

HST WFPC2 imaging 50% c i 27.5,1=27.0
. 4 1 ve recent increase in SFR since ~0.1 Gyr ago
B | Y stars older than 2.5 Gyr
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UMD Analysis of dSphs
Dwarf Spheroidal Galaxies

lirsa Minar ¢8ph

* SF history from HST CMDs
» young population is absent (by
definition)
* old population ubiquitous
- at least one purely old galaxy
(Ursa Minor)  --—----- >
. * intermediate-age population varies
5 from 0% --> >90% Mighell, Burke 1999, AT, 118, 366




UMD Analysis

Carina

» 10-13 Gyr old population: 10-20%
* ~7 Gyr old population: 80-90%
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UMD Analy

LeoI

Relatively steady SF from
10-13 Gyr to ~1 Gyr ago

Yale [sochrones
16 Gyr (E=0.0004)
3.1 Gyr (Z=0.001)
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OCMD Analyses of dlrrs

Tolstoy et al. 98: HST WFPC2 imaging of L



Age structure

in a synthetic
color-
magnitude
diagram

Shown:
Constant star
formation rate
from 15 Gyr to
the present, no
photom. errors.

Illll'ill[l

4

—2

|1II|I'EI|I]_|_]|TT|

4

o vvaa i i bl ikl

-05 0 05 1 15
(V=1)

Gallart et al. 1999



UMD Analyses ot airrs

y etal. 98: ST WFPC2 imaging of LeoA, D=7
different distance moduli
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J‘XIJ:JJ‘\/:):):) o) CJJE)

WEFPC2 imaging of LeoA, BDNVI=24
e+ JDQ O/R)=7.3 +/- 0.2 (2.4% solar)

from Skillman+89, PNe)
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The SFHs of Dwarf Galaxies

Population box
(first introduced by Hodge)

Star from Grebel 2007
formation

rate Metallicity
[Fe/H]

Lookback time

Age

Requires: Ages and SFR(t) = photometry
+ metallicity (t) = spectroscopy
+ abundance ratios (t) = spectroscopy

+ kinematics




OFHs or Dwart Galaxies

from Grebel 2007

Pegasus
439 kpc

1510 § 0

of a dSph of a dIrr

(Note: even within the same type, each dwarf has its own, unique
star formation history; no two dwarfs are alike.) Grebel 1997



Dwart Irregular Galaxies als



Dwart Irregular Galaxies : LMC

LMC Star Formation History

Smecker-Hane et al. 2002, ApJ, 566, 239 |
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Dwart Irregular Galaxies :: LVIC

* Field stars

- LMC contains outer halo of old field stars and
globular clusters

- evidence for large star formation events 3-10
Gyr ago
- peak in star formation occurred in last 3 Gyr
» Clusters and asssociations

- age distribution is bimodal, with gap between 3-
10 Gyr (field stars show different behavior)

- LMC contains population of massive young “blue
globular clusters”, and supergiant HII regions



Dwart Irregular Galaxie

A I <4 LA ) .
otar cliusters the LMC show aage aap :

-- not seen in field stars

4 -- chemical enrichment continued
=» Formation of long-lived star clusters only during
L AR SR LA RS LA L) RAR RAREE RAAE LA RS R LA R peak SF phases
3 & [ i
u
L. L]
’ 0.5 .e .
: g ¥
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% 023456?89101234
- §

Age (Gyrs)

-- related to close passages of SMC and Milky Way ! ?



The Local Group

The Local Group




Dwarf Galaxies in the Local Group

Metallicity-Luminosity Relation
dSphs =—» dirirs; but also: evolution as independent entities!)
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dSphs more massive before ? got shred down by tidal
forces & past close passages to the MW ?




The LMC -- SMC -- Milky Way System
Interacting satellites: The Magellanic Clouds

The Magellanic Clouds interact with each other and
with the Milky Way and will eventually be accreted.
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The HI bridge between the Clouds:
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The elliptical galaxy formerly known as the Local Group
MW and M31 will probably merge in ~ 4 Gyr
by that time they will have swallowed all their smaller comp.
, =» normal field elliptical
i When young stellar pops will have faded: M,, < -21.
#.4 The Globular Clusters will survive.
[Gas-rich mergers may produce new GCs]
Collect all 700 Local Group GCs with their luminosities
(+fading) and metallicities [Fe/H]
=» ~ universal GC Luminosity Function
=» ~ normal bimodal GC [Fe/H] distribution with peaks at
[Fe/H] =-1.55 & -0.64

MP/MR=2.5/1 MP metal-poor, MR metal-rich
= ~normal GC specific frequency Sy = Ngg- 100-4MV+15) ~ 3
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Local Group

‘Elliptical’
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Fig. 3. Metallicity distnbution for the Local Group “elliptical’. The
distribution reveals two peaks 2t [FeH] = -1 55 and 0 64,



