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Motivation / Contents

Dwarf galaxies... :
) building,b'lo.cks of more 'massive galaxies
to co'nsthrain ACDM mddelé.of struéture’ formation .
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as probes of environmental effects on galaxy evolution
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Observing Galaxy Evolution

Far-field cosmology: 2= OB TR
k=T * =3 AR <
O High redshift, ;""“f-g'};»y\m =3 L e o'
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Near-field cosmology:

) Local Group
d Redsh |ft O, progenitor at

z =T as seen by:

nearby. 2
d Evolved universe.

O Detailed “archaeology” of all
structures at high resolution. Boylan-Kolchin et al. 2016
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“Merger Tree”

Hierarchical
Structure
Formation

%ﬁ% Q Larger structures form
through successive
mergers of smaller
structures.

If baryons are Time
involved: Observable
signatures of past merger
events may be retained.

uonenwis susn|||

"% - DM Density 4

=> Dwarf galaxies as building blocks of

massive galaxies.

Potentially traceable; esp. in galactic halos.
O Surviving dwarfs: Fossils of galaxy formation

Fundamental scenario: and evolution.

Large structures form through
numerous mergers of smaller ones.
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Satellite
Disru ptlon

Satellite disruption:

0 may lead to tidal
stripping (up to 90%
of the satellite’s original
stellar mass may be lost,
but remnant may survive), or

-

Rl SN

O to complete disruption and

ultimately satellite accretion.
Hardlng

0 More massive satellites experience
higher dynamical friction dV' o MpV
and sink more rapidly.  dt “7‘3

Stellar tldal streams
from different dwarf
galaxy accretion
events lead to

a highly sub-

= Due to the mass-metallicity relation, expect
more metal-rich stars to end up at smaller radii.
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De Lucia & Helmi 2008; Cooper et al. 2010 accreted stars (ex situ) in-situ stars

Stellar Halo Origins

O Stellar halos composed in part of ' : '
accreted stars and in part of stars 5 :
formed in situ.
Rodriguez- v
0 Halos grow from “from inside out”. Gomez et al. 2016
O Wide variety of satellite accretion histories from smooth growth to discrete events.

0 <5 luminous satellites (108 — 10° M) are the main contributors to stellar halos.
Merged > 9 Gyr ago (inner halo). Satellite accretion mainly between 1 < z < 3.

Pillepich et al. 2015

Age [Gyr]

present-day ex-situ stars ; |
(incl. those still in
self-bound satellites)

present-day
in-situ stars

1 1

10 10° 10 10 10°
galactocentric distance [kpc] galactocentric distance [kpc] @
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Dark matter .~ #=* % ~ "1 Galaxies
r ) |
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The Missing Satellites Problem

ACDM simulations:

2 orders of magnitude more dark matter halos
predicted than actual luminous satellite galaxies
observed.

-t

—> Missing satellites or substructure problem

T

Proposed — ACDM satellites
solutions: 100 - . J
) ) 7,}{* Local group dwarfs

DM halos : Galaxies

without _ N\
baryons S
around
massive A ol _ “’
galaxies? - :

Or undet- ,.
ected _ ¥ |

baryonic \ J
structure . Kravtsov 2012

- l

with DM? 10 20 30 40 S0 &0 70

Ve (km/s)
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The Substructure or Missing Satellite Problem

. 1.0 L 1 [ L] I L | I 1 ] ] E | I 1 [ T [ | ] 1 T I ' 1 1 T v T v T
Below a certain mass | 0 TR -
limit (but which?): -~ Cosmic re-ionization 1 100t ve i
imit (but which?): g|. Local re-ionization N E — MW Soteliites
v by most massive w= Solellite Goloxies -
Dark matter halos - Y . . : ‘
] L. MW progenitor | s Solellite Holos
cannot retain - (inhomogeneous, . Sawala et
baryonic matter _06 [ f(distance)). 15 al. 2016
needed for star Y. |- Observed - % s
. Y » =
formation 0.4} =
= |ower limit - —
on formation of 0.2} o
luminous galaxies. [i Ocvirk & 7
: Aubert 2011 |
Moreover, belowa 0.0 ;lnlx 1'111L1'111L11111111 1 3
rt ) I t 1.0 1.5 2.0 106 103 10'0 '012
certain mass limi log (Rec [kpc]) M. M [Mo]
feedback processes, ¢ 200

local and cosmic re-ionization remove baryons required for star formation
= |lower limit on formation of luminous galaxies.
Pure DM simulations predict much larger numbers of small halos than dwarf

galaxies observed. Cosmological simulations accounting for baryonic effects
predict luminous satellite numbers in ~ agreement with observations.
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The “Too Big To Fail” Problem

DM-only ACDM simulations: 45

| |

More massive subhalos predicted, 4o} Predicted, butnot observed : .
and with higher central densities, | \\\5"” — S——
than luminous satellite galaxies

observed. (Boylan-Kolchin etal. 2011)  30F

ol
{
 —
$
f

- “Too Big To Fail” problem

V., \\\\

Expectation:

0 Too massive to have failed to
form stars.

0 Observable as luminous, dense
dwarf galaxies.

L No detection difficulties due to
high luminosity at v, > 30 km/s.

But if baryonic effects are included:

Bullock & Boylan-Kolchin 2017
»  Papastergis & Shankar 2016 field dwarfs

$  Classical MW Satellites
1

1 1

1 2 3 + 5
r [kpc]

max

0 Stellar feedback redistributes matter leading to shallower, cored DM distribution.

d Mass of each subhalo reduced; halos with v, > 30 km/s affected by tidal
stripping after infall, resolving TBTF (Sawala et al. 2016; Tomozeiu et al. 2016).
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p(r) o r_aint
The Core — Cusp Problem

CDM predicts: p~r~! or r13in the
inner part of each halo (“cusp”).

ACDM simulations:

O DM halos share a universal
shape over many decades
of mass. Parameterized by
a simple fitting formula.

cusp

Observations:

a
_ o0 core
O Halos are cuspy: their 2
denSityldOiE;r)iboléU;?_f&ﬁm Observers find: p ~ r 02
fO”OW at to r+02 (”core” .

the smallest halo radii r with

R essentially p = const.
intrinsic inner slope o, = 1.

d  More generally:
Navarro, Frenk, & White
(NFW; 1996, 1997) profile:
2 log r
p(r) = 2 i i i
(r/r)[1+(r/r)]" (o, rg characteristic halo density and radius.)
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Pasetto, Grebel,
etal. 2010 |
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Importance of Baryons

Cosmological simulations of
Milky Way-mass galaxies with
baryons and DM (in contrast

) . . . T £ N
to DM-only simulations): 510 Flattehing ‘of cuspy
d SN feedback reduces central g to cored DM and N
DM densities of satellites with = =Ty stellar profiles due to
7 o 5 , 5. |
M, <107 Mg, S 10 N\ redistribution of mass |
O In addition, baryonic disk of %\ due to star formation, |
. T=T_+6Gyr~ . |
of host galaxy increases mass 4 e feedback, relaxation. |
loss rate via tidal stripping. 10 ({T=0 R i
Also ram pressure stripping.
- Lower v, .. Also, fewer surviving |
satellites. 0.5 1 10
= Resulting v, and (N > v, ,,) agree
with observational data. Brooks et al. 2013:
— Resolves missing satellites problem, too-big-to-fail Brooks & Zolotov 2014;
Arraki et al. 2014;
problem, and core-cusp problem. Sawala et al. 2015. 2016.
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Dwarf Galaxy Types (<1/100L,; M, > -18)

[ Dwarf elliptical galaxies Early-type dwarfs.

[ Dwarf spheroidal galaxies Gas-deficient and now largely quiescent.
O Ultra-compact dwarf galaxies High-density regions preferred.

(A Dwarf spirals / dwarf lenticulars Late-type dwarfs.

[ Dwarf irregular galaxies Gas-rich and usually star-forming.

1 Blue compact dwarf galaxies Low-density regions preferred.

1 Ultra-diffuse galaxies

L

Tidal dwarf galaxies

dE dSph UCD  dS0,dS

Pictures not on same scale

| Irr BCD
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Families of Early-

E v Es/dEs: Bender+ 93 E
type Systems " w bulges: Bender+ 93 " ,:
[ 4 ACSVCS goloxies: Ferrarese+ 08 : V&
- " o Nucl 1 ° ﬁ? |
O Two families of early- R T & Agmi

104 |- ACSVCE nuclei: Cote+ 08

type systems: The F . ACSVCS GCs: Jordan+ 0 o 13 3
“galaxian” familv from - % UCDs (M>10* M,): Mieske+ 08 : + 4
9 y "« Star clusters: McLaughlin & v.d. & + % 1
Es to dEs and dSphs, g o E e !
and the “star cluster” 10° i ~
family from cEsto = - %Qv" 5 ;
e X o
UCDs, nuclear star 3'% _ . ]
X
Clusters and GCs. & | X . weor !

. . v, XX (77, S 2 E
Q Massive Es: similar g . woootra "/ ;
size-mass relation as i e ™ 0 dy M. oy’ 1

cEs, UCDs, and NCs. o é Ay S?

10 M - Centaurus Es/dEs: Misgeld+ 09 @

Centuurus cE cendidates: Misgeld+ 09 (@)
Hydra | Es/dEs: Misgeld+ 08 O
cE galaxies A
Coma cEs: Price+ 09 AA
1 g LG dwarf galaxies

radii = 100 pc. while most 102 10 10¢ 10®* 10® 107 10°® 10°* 10 10" 10! 10

- pC, stellar mass [M,]

GCs have r, =10 pc. Misgeld & Hilker 2011
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O Luminosity and stellar
mass distributions of
dSphs and GCs overlap.
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a— faint—end slope luminosity where
" . exponential cut-off
- sets 1n.

ny: Normalization factor

=
!
’
-
il
-
N
.\

at L, (mean number

—

p—

-
S )
e e N S density / Mpc 3).

Qo -

_o. / - - .
-~ —

o A B : How bright are
i . "

‘» the least luminous
& AT 8 ' galaxies?

= ’ .

- - . . -t

3 ’ What does the

a gy «: e ’ extreme faint-end
7]

slope look like?

.
-
-

‘..\‘co’
AN A KRR

A A A
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120
Local Group Dwarf Galaxy Discoveries

New Satellites of 100
the Milky Way
and M31 by year
of publication

Cumulative Number
[+a] o
o o

&
o

Mainly thanks to large
imaging surveys in the
northern hemisphere
(esp. SDSS, PAndAS, PS1).

Increasingly also southern

20

Grebel 2017

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year of Discovery

hemisphere (e.g., DES, e 2 v r _;
VST-ATLAS, Subaru). F B 3
-12F $ 3
But: Far fewer than ek L : 3
needed for missing 5 : o & ¢ - i
satellites problem. E -:é P j
Total satellite population ] -d P t; j
of Milky Way estimated Y3 fg _i
142753 down to M, = 0'in plesaerLlle., . : j
simulations (Newton et al. 2017). 1940 1960 1980 2000

Year of Discovery
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At Low Masses: Distinguishing Galaxies & Star Clusters

No general definition exists but conventionally the following criteria are used:

d

Galaxies:
Gravitationally bound

Star clusters:
QO Gravitationally bound

d Contain dark matter EEITSER ] No dark matter
d Considerable metallicity spread Q Negligible metallicity spread
*o > B S 'y | - . & o 1 | . ' | 1 | 1 i ' 1 1 L J
N < Galoctic sub—group @ 3 - I l -
Andromedo sub-group ® 1 1 | : \[:’?{a;.fs -
Seq UMajig un.to; e cch _A - o GCs .
gl . McConnachie | . Willman &
S T seng CBer 8 20123 08 I Strader 20127
c WEE 1 ) = i ]
-_E C‘-'cnll..Lcov Chian -QU) " n
= Fer v T &, - Y N
; 8 B Locf-’:x“:x] A!;(,EV‘ASCF gt | 5 0.6 i ¢ )\ )}
~ T dom  F glyin i = i i
= e loolAm™ Eaxy X
=~ " AV N R Y N
e A or® 8L0S3 & 04 e § .
= g S sone " 8548 —
9 :. Leollg .AAA::( 4 : i 'f_‘uCen. » :
Lo‘ol o N&Gb Mgz 0.2 |- T M54 =
o = -
Globular clusters M4 acs - v :
- T S T RN . 0 i [ T T T 0*9 &fl TR T |
0 -5 -1/(\)4 -15 -20 0 _5 —10
Vv
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Dwarf Galaxy Types (<1/100L,; M, > -18)

d Dwarf elliptical galaxies Early-type dwarfs.

[ Dwarf spheroidal galaxies Gas-deficient and now largely quiescent.
O Ultra-compact dwarf galaxies High-density regions preferred.

(A Dwarf spirals / dwarf lenticulars Late-type dwarfs.

Q Dwarf irregular galaxies Gas-rich and usually star-forming.

1 Blue compact dwarf galaxies Low-density regions preferred.

1 Ultra-diffuse galaxies

L

Tidal dwarf galaxies

dE dSph UCD  dS0,dS

Pictures not on same scale

| Irr BCD

06.09.217 Grebel: Near-field Cosmology with Dwarf Galaxies 20 },-;



Dwarf Galaxy Types (<1/100L,; M, > -18)

d Dwarf elliptical galaxies Early-type dwarfs.

[ Dwarf spheroidal galaxies Gas-deficient and now largely quiescent.
O Ultra-compact dwarf galaxies High-density regions preferred.

(A Dwarf spirals / dwarf lenticulars Late-type dwarfs.

Q Dwarf irregular galaxies Gas-rich and usually star-forming.

1 Blue compact dwarf galaxies Low-density regions preferred.

1 Ultra-diffuse galaxies

L

Tidal dwarf galaxies .
Pictures not on same scale

dE dSph dlrr
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The Galaxy Content of the Local Group

Certain or probable members:
= 104 galaxies within R, ~ 1 Mpc.
Q 3 spiral galaxies (~ 95% mass).

d = 101 dwarf and satellite galaxies
(typically, M, = —18).

L Some satellites have own satellites...

Gas-deficient, late-type dwarf galaxies: 80%
dwarf elliptical (dEs: 3; 1 cE) & dwarf spheroidal galaxies (dSphs: = 83)

Gas-rich, early-type dwarf galaxies:
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Black dots, black circles: Satellites not in the plane.
Green circles, colored dots: Satellites in plane.

Satellite Planes -

200

Thin planes of satellites .

o

o
around MW and M31 .
(e.g., Kunkel & Demers 1976; %
Lynden-Bell 1976; Koch &
Grebel 2006; Pawlowski et
al. 2012; Ibata et al. 2013). S0 i

y-position [kpc)
<
.
o
o

ACDM simulations: ~200 —.

O Planes form through 200 -100 6 100 200  -20 -6 0 100 200
x-position |[kpc) x-position [kpc)

accretion along large Buck et al. 2015
filaments of DM around galaxies at high redshift.

O High-concentration massive halos tend to have thinner and richer planes.
E.g., Libeskind et al. 2015; Buck et al. 2015.

O Satellite planes at least partially fortuitous.
O Planes may contain co-rotating pairs of satellites, but planes need not co-rotate.
O Planes not kinematically coherent structures as a whole; transitory features.

0 Long-term survival of planes depends on orientation of their orbit.

E.g., Cautun et al. 2015; Buck et al. 2015; Gillet et al. 2015; Bowden et al. 2013; Fernando et al. _4‘3
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25 1
Morphology-
distance £% ]
Present-day Dwarfs relation &
] _ for Local 2 -
# dwarfs at time of accretion! Group 51
: Grebel 2017 &
O Present-day dwarfs continued 25
to evolve. 0 1 —m s =
100 200 300 400 500 600 700 800 9S00 1000
D Evolutlon governed by (1) Distance from the Nearest Primary [kpc]
intrinsic properties (mass, g |- Grebel et al. 2003 - j
star formation, feedback, : *o-
- s 4
gas f;f)ntent), but also 8 - —— R . -
modified by = |
: o 7 ¢ *
(2) external influences 2 O e
(environment), includinggas " 4 [ . ;
accretion, local and global T | — v . _
re-ionization, ram pressure = 5| et | .
i i i =0 s £ Lol :
and tidal stripping. S, : ' o s dirrs 3
. . . L J ' |
O Most infall/accretion predicted ; e— dIrr/depEz:
at early times: = we focus on old 3 | Host halo size @ dSphs-
stellar populations in present-day — )) ; —— -
5 2 o .

dwarfs, especially in satellites. log D [log kpc]

06.09.2017 Grebel: Near-field Cosmology with Dwarf Galaxies




w’ i v L A ]
= » Quenched Dwar! Galaxies %
Impact of Environment | I
sor I M, <1 x10% M
100 | r9YragymeryrTyrtTerTTTeTT—Y—a : I
; 1,80,S, dlrr, dE : 8 I 97% of quenched dwarfs
- Coma (10/13/2/0/75) I P are found within 4 virial 3
- ) z N I .
: : radii from host, but only 1
10 | dE . 20k | 49% of star-forming dwarfs..}
: : lOL T I\‘:i" < 4) = 7% .i
| | LY |
oL .. Ly PRt | W— po— ;
o F E 0 - 10 15 20
= : ; Distance freen Heat Calaxy (fuu wa)
*9*00‘ - % 400 RS S N S
10oE £S0.S. dlrr. dE E J | Cehaetal. 2012, ApJ, 757, 85
-1
: :Croupa (3/6/62/26/3) : 300 | SF Dwar! Calaxies
o ) 1o M, <1 ox 10" M
A i IAt larger distances quenched
F | = S00F dwarfs are rare, but star-
- [ forming dwarfs are still
ko 100k ] common.
; : l M i
A A IN(r,, < 4) = 40x %Mi
18 16 . 0 - . s
. Q 10 15
Jerjen 2006 M [mag] Distance from Mool Calaxy (row sea)

06.09.2017 Grebel: Near-field Cosmology with Dwarf Galaxies 25 €5



Early Star Formation in Dwarf Galaxies

In all dwarf galaxies studied in detail so far. Old populations ubiquitous.
Grebel & Gallagher 2004

I ] 1 .,,6 -
,_o: i : s 2 Epoch of re-ionization:
= Ny - & N z~6-14o0or
:: N N © 5 ~12.8 —13.4 Gyr.

: ' - N B

]

dSphs with épisodic star formation

I
'"Young" dSphs; transition types '

Big Bang

\ "Intermediate-age" dSphs
Interestingly,

"Old" dSphs not even ultra-

A
O === = - - - - - -

o D | 2ntoerhe e
' , simple stellar
L 1 ] g ] 1 Y, 1 .
populations.
6 7 8 9 10 1 12 13 14

Time before present (Gyr)
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Early Star Formation in Nearby Dwarf Galaxies

Dwarfs generally continued to form stars after epoch of re-ionization.
Some ultrafaint dSphs formed most of their stars prior to/during re-ionization,
but no evidence for general, significant re-ionization quenching.

Grebel & Gallagher 2004; Weisz et al. 2014

Redsh (2) Redsh 11 Redsni (2) Fadu @ 4| ) Redshit (2) P (1) Redshit (1)
L B AL L 2L N I L ) ) e W ' LLL I L #ME W ' W LLL . B B M W ' W 2 ' L AR
s Cvnil LoolV AndXN Hercules AngX) leof |§ Cwnl
0.8 ' - { A 4
Y B
0.6 - : g
I
w 0.4 - -
D a2
.g 00 ' 1 : : ;| 1 ] 1 : - . 1 ' : | '
T 1.0 || Andll Sagittariug SexB NGC147
g 0.8 1 g d s o
S 0.6 - . £ 2
O 04 B & 2 2
0.2 - i 4 1
0.0 (B L P W TRRET b 2 TR Y R, Kl | o i i
124046, /3.0 129 -6 3°0-12:9 6 3 01206 3 0. 12:9.6 3 0 12°0.6 30
Lookback Time (Gyr)
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Average Star Formation Histories

Redshift (z) Redshift (z)
1005 2 1 0.5 010 i05 2 1 05 010 |
g (i) dSph Gy dier N

‘\
0.8 p- “‘\ - B el
0.6 } + +
. Expon.
0.4 o declining -+ -+

. - T - 5
= Pyrely old T .
v Constand t Weisz et al. 2014 L

12 9 6 3 0 12 9 6 3 0
Lookback Time [Gyr] Lookback Time [Gyr]

0.2
0.0

Dwarf satellites generally formed bulk of their stellar populations prior to z = 1.
Mean dSph SFH well approximated by exponentially declining model;

mean dlrr SFH roughly constant with time (but note considerable individual deviations).
Higher-mass galaxies formed larger fraction of their mass at later times (“upsizing”).

Weisz et al. 2014
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Crnojeyic et at. 2016

Dwarf Spheroidals and Globular Clusters

Dwarf spheroidal = s _ SRet | .
galaxies may contain ' A ERT T SN - | Eri 2 with GC
globular clusters ' R v %
themselves.

Least luminous dSph ' O
known to contain a GC#
GC:Eri2 (M, =-7.4)
GC: M\=-3.5, [Fe/H] =-2.4 g
Age-dated GCs: '
Indistinguishable in
age from oldest GCs
in the Milky Way.
Few GCs studied in the |
needed detail such far,
but light element abun-
dance anomalies have
been found in, e.g., Sgr
(Na-O anticorrelation).
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Globular Clusters in the Fornax dSph

" ----- VYT YYY rY vy rYYTY YT Y™y

: —2.5dex + —2 .4 dex .
[ Fornex L Pornax 3 Note 2nd parameter effect in
- \ | \ V4 ~ coeval, metal-poor GCs!

Smith et al. 1996

-
"aq .
L X

.
. .
2(3 ! . -
»
-

! R A T (A T O e e N P O N ) 1 A 5 ey o I l |"-|'.|.1'..7|A.~;.| i 111 I’I
-05 O 0.5 1 1.5 0 0.5 1 1.5 2
V=1 |

-
D e i
'

Buonanno et al. 1998 '

This is of interest when considering the old argument about “young” halo
GCs having been accreted from dwarf galaxies — dwarfs can actually
contribute both “old” and “young” halo GCs.

Horizontal branch morphology can be reproduced when assuming 2"
generation stars in GCs #2, #3, #5, while GC #1 may only host 1t
generation stars. pantona et al. 2013
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Structural Properties at the Low-Mass End

0 Many dSph galaxies show flattened profiles:

0.1

b

<e=1-—=<0.7

a

Past interactions?
Ongoing disruption?
Some: dwarf mergers!

Others are unperturbed and perfectly symmetric.

0 DSphs may contain kinematically, chemically,
and spatially distinct stellar subpopulations.

< 600 Myr

-

Main sequmva

03

06.09.2017

Grebel & Stetson 1999
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: P Counterexample
Unperturbed,

perfectly
symmetric profile

0s

da )

02

1

0

45 pc)

L2 01

'Q;"f‘ Odenkirchen
&/ etal 2001

Okamoto et al. 2012



Metallicity Gradients (Population Gradients) in Dwarfs

Younger and/or more metal-rich stars: Radial abundance gradients in

more centrally concentrated disks of spirals and Irrs/dlrrs:
(Harbeck, Grebel et al. 2001) e.g., Pilyugin, Grebel, et al. 2014a, 2014b, 2015.

and kinematically colder. Shown here: Gradients in Galactic dSphs
- v Kirby et al. 2011

WW—r<r Carina |

— 2r,<r<r,
0.8

06}

04}

[Fe/H]

02}

Koch, Grebel, et al. 2006

0
-3 -2.5 -2 -1.5 -1
[Fe/H| aa
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The Metallicity — Mass Relation

The mean metallicity of galaxies decreases
with decreasing luminosity (or stellar mass).

Signature of galaxies’ ability to retain metals in their

SF efficiency
and stellar
mass.

Present-day
luminosity
(or stellar
mass)
correlates
tightly with
system
properties
during star
formation and
self-enrichment.

([Fe/H))

-0.5

-1.0

-1.5

2.0

Ll - T i_4

! ]

g 0.0+ 3

w - ..a ’ - R

gravitational potential wells or of correlation between .= ) S )

.. ’ p—

" I LA B ' LA B ' LA A A I LR ‘[ LA A ' R A '....’.-.’ - )

- 4 Milky Way dSphs PLs i

A MB31dSphs/dEs ’ SDSS spectrowopic -
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()4 type |l supernova type la supernova

o
| magnesium Fe ..
[Fe/H] vs. [a/Fe] N i A storw
fgmassve L N
. 4 L s [ => iron Fe SN Ia
At early times: ISM en- X 11 ¢ ,
riched faster in elements RN e
. . Q stcon sulfur
prOdUCed IN ShOI’t-|Ived, brief life (millions of years) « long life (billions of years)
- . enrichment due to type Il SNe +
massive stars (= SNe II). enrichment due to type Il SNe type la SNe + planetary nebulae

——

lived, low-mass stars
(= SNe Ia, AGB).

Ratio of O (a) vs.
Fe: “Clock"to  ~ 94

gauge SFand 2
enrichment 4
time scales. =
Initially: O, Fe £ o

produced by
SNe II at ~ same
rate (plateau).

Once SN Ia become -4.0 -1.5 -1.0 0

important: [O/Fe] ratio drops (knee). [Femlu(::gfca'ﬂ)
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. a) Grey dots: Milky Way stars.
08 - Colorful dots: Stars in a dSph. 4
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[Fe/H] vs. [a/Fe]

Stars formed in earliest stages of self-enriching
systems (prior to SNe Ia): high levels of [a/Fe]

04

|e/Fe]

-h
£

13

Hawkins et

Canonical

12 -

11

10

D -1.0

~0.5 0.0 0.5
[Fe/H]

Position of turnover

(“*knee”) shows how
far enrichment could
proceed until onset

of SNe la.

Measure of SFE and
retention of enriched
ejecta.
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Y b combined a-clements
[Fe/H] vs. [a/Fe] in Dwarfs - a
—15 p= -
. e 17 ” : ‘\\ <]
Sgr dSph: POSI’[.IOH of “a knee” shows . ) !
that early accretion (before knee formed) % ol 1
of Sgr-like galaxies could have contributed = e
~ . . = o \‘ Dea o
metal-rich parts of inner MW halo. 3 om
06 — ~—— - - r T ‘\Cn .J
% O cama = | 25 - st
Cieaw e Tes Sadice - Ly
- ~\‘ M
-30 |- -
| Hendricks et al. 2014 T :
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Position of “a knee” correlates
, Sgraknee: ~13dex. | WIith dSph luminosity (or stellar
941 de Boer et al. 2014 MW a knee: -1.0dex. | mass).
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Metallicity Distribution Functions and Metal-Poor Stars

0'40 Y Y Y L2 Y v ¥ Y v Y ;LH‘...,..V,..H.n.,,.-nqﬂ.--.'..,,.,.,.A.,.,,,..-.
Sculptor Fornox Helmiet al.2006 — Koch, Grebel, t Koch,..., ~— Leo |

Carina et al. 2006a Grebel, l\

[ et al. / | 3
r——l 2007a /l

s

Note apparent absence of ext emely metal-poor stars

JleLf‘H -

-3.5 3.0-25-2.0-15-1.0  -3.0-25-20-15-1.0-05 =25 -2 & -1 05 o -2 15 10
[Fe/H] [Fe/H] o [Fe/H]

N([Fe/H])/Ny,
o
3

o
=

But then: Detection of “extremely metal-poor” giants in classical and ultra-faint dSphs.
Lowest [Fe/H] so far: in Sculptor dSph, [Fe/H] = -3.96 + 0.06. (Tafelmeyer et al. 2010)

. , 1.0

Scaled MDFs of Milky Way dSphs with newly o 0 row HES

. . 08HE £l corr HES
discovered extremely metal-poor stars agree 5 [| 3¢mimmimemincmincei Ultro=foints A
with inner MW halo at metal-poor end. $oot AP e 43
, i < | K TEE R © Corino ol
Paradigm shift! - ---------- 4 Sextans :
. . & 0.4 starkenburg et al. 2010 f
In particular, accreted ultrafaint dSphs may ¥ :
. . - [ 1
have been an important contributor of extremely™ ©-2 §

metal-deficient stars to the Galactic halo. 0.0F oo eegaze=sre=3itHl
-45 -40 =35
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Metallicity Distribution Functions and Chemical Evolution

T

0=23 ¢
Chemical evolution models with slow gas infall, @ = ]-g
low-efficiency SF, and strong galactic winds: o= 1j2‘ i
H o " ‘ LR o g
O Reproduce well MDF and abundance ratios. . | ¢ ¢ * ¥ e
Q Drop at high-metallicity tail: SF cessation 5 .+ " «i..
due to removal of gas. s LA =5
Q Without strong winds: MDF far too metal-rich. REFSA Uuwc;
= . . Herc @ |
Present-day mass functions increasingly bottom- | Gehaetal. 2013 e
light/flat with lower galaxy mass: More SNe/winds. ¢ °® ©°7 8 ~ 9F e
,,,,,,, TR S . . S e
0.15¢} = :iom.\x - N =671 - [Pe/H) Leo II
’ P,'c_"'":md:d 'MM": 2t Lanfranchi & Matteucci 2010-
E 0.10 Extra Gas Mode! 7
i Kirby et al. 2011 LA )
S i | ;
= 0.05} 2o :
3 s i <
< & Model with winds -
0.00 | ' Model without winds |
Observed MDF
_4 _3 _2 _1 o - . . - . -
[Fe/H] ' -2 -1 0
X/H >
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Trends in Individual Element Abundance Ratios

FEE | FaL J ' T '
1 —= @ A CAR ;5 .
- 0AU DRA : ‘ °
v 05 = A o ST A I | ’,.... :‘-x'.‘;i;
C RS . " s o e .':-,. s .O:.' oy D3 v - .» 2 ’
~. + HERC  * " ..i :'-t‘;dfa--;. ""f' -{ﬂgﬁf TR
o L . . . . el . L ; . f
o 0 ¢ COM Beesies wer et iR oA ligy TV . i
: A UMAII 4
0.5 - O ® BOO Venn et al. 2012
i I ; | L i L R |
-4.5 —4 —35 -3 D =2

[Fe/H]
Below [Fe/H] = -3:

O o elements in low-mass and massive galaxies very similar.
d Iron peak, Al, Na follow trends seen in MW halo. Tafelmeyer et al. 2010

Ultra-faint dSphs mainly have distinctly low n-capture and low [Sr/Ba] values,
whereas brighter dSphs and the halo do not — small sample sizes still,
but differences not yet understood. Koch et al. 2013; Frebel & Norris 2015
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Element Abundance Inhomogeneities

a Considerable abundance spreads observed in dSph field stars:

Up to > 1 dex even in dwarfs dominated by old populations
(e.g., Shetrone et al. 2001; Norris et al. 2008)

O Ata given age:

scatter in abundances Carina
e.g., SMC (Glatt, Grebel, et 0.2 ! -
al. 2008), : I | =
Sex B (Kniazev, Grebel, et L d ‘ f * ;
al. 2005). o O0.1f | W i )

O At a given metallicity: 3 ke
scatter in a abundance ol | - | o
ratios (e.g., Koch, Grebel, et ° *r—t— %

al. 2008) |

- Slow, stochastic SF, L Koch, GreIE)eI, et al. 2A008
low star formation efficiency, = —2 -1.8 “-?F /H]-M -1.2

e

dwarfs not well mixed.

May be composite, consisting of multiple progenitor halos themselvesgirm
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Trends in Individual Element Abundance Ratios

r-process: n-rich nuclei
formed rapidly in massive
stars via n-capture (~10%s)
and  decay, e.g., Eu:

O Eu mass in ultra-
faint dSphs and

O large scatter in
abundances of
r - process elements

in metal-poor dSphs (and
in metal-poor stars in MW):
Produced in rare events!

102 { Beniamini et al. 2016 Tpomax‘
| pOl A
103 | UM f?‘”' .
E -——’—: N 1. 10‘
» — ;.*Draoo Scl ]
10 } RN »f« ‘ 5
e 7 N\ Carina 110
/ _Ret Il \ :
-5
107 ¢/ ? \ 103
s F_{ JSegl _ Coma | Stochasticity begins
Wk g ] i
| \ uman ! to dominate 1 10
B \ MSeg I 7
10" F N\ = Z -5
2 N3~ — ’4 ls Js l7 810
10 10 10 10 10 10 10
LV [LV.sun]

(Beniamini et al. 2016)

As with a elements, we see contributions from individual events.

Models suggest that in an initial, metal-poor ISM stochastic effects dominate.

Inhomogeneous pollution, few SNe (Marcolini et al. 2008).
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10 15 20

- ' ] -
} l(Z)mega (;emauri Mass follows light
{

o(R) / kms!

Radial Velocity Dispersion Profiles

: i 1 | { | |
0 5 10 1 5 10 15
: ; R/R, R/R
Q /f mass follows light: Walker 2013
Globular-cluster-like vel- s s
. . . . — Corma Oroce .
ocity dispersion profile; = 2} { 1wk 18 } i } ' } g
: 3 i ; ﬁéo.‘fi :
highest mass concen- = - " § { st NG .
. . b
tration in the center, o o - N
then monotonic fall-off. M0 a0 &0 %0 1000 0 W0 0 &0 05 1000
15 . . - 15 . .
H . H p— 2 yw Forrnas T Leo )
d But in dSphs. R.adlal T 10 | oL} H-fﬂ"& } I
velocity dispersion pro- £ . St el 3 t
: . o ~ 1 5t .
files as function of galacto-* =~ . Tse
centric radius: ~ flat. o S0 1000 1500 2000 0 200 400 €00 #00 1000
O Dashed line: Slopeex- _ ™ 3 [ S i Urso Minor
pected if mass follows ~ § ' TR I '_;}‘?é{} . i
light (King 1966 models); » *[ °‘°-~__ I e e, S8
normalized to central O Cermmaseasmen — : T -
) ) 0 00 <400 wo 800 1000 1300 O 200 400 €00 800 1000
dispersions. R [pc] R [pe]

O High velocity dispersions at large radii: dominant and extended DM halos.

O But MOND can also reproduce these flat profiles, = M/L = 1 — 4 (Alexander et al. 2017)
06.09.2017 Grebel: Near-field Cosmology with Dwarf Galaxies




Dynamical M/L ratios increase with decreasing luminosity

-«

_ (= P — — — ————
Faintest dSphs are = § Boci ’ Balastle Suborous © 3
the most dark- :é ! Andromeda sub~group B -
matter-dominated & | i '
ones (of all galaxy . Q C McConnachie 2012
types!). -1 S

: o £ | e =97 :
Discontinuity in = | ! ;
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between dSphs - o iy AXAV®S i
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mark a boupdary . e 5050
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. s 2 F = T
with dark matter o F o O as
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A Common dSph Mass?

Qd Is each dSph embedded in DM halo of a few times 10" My?
d Is there a common mass profile? Note: 20 <r, ;s,, <2000 pc!

> S 0
Umall uma | Car Leo | A
$ cvi ; } e ? -] il.ooll Sci [ Frx
0’ % {. CVI Umi i 2
% LeaT l _a
A ]
- Wi Com Her Sex {]
-14 to —4 M, "
2 106 108 to 10° Lg
g Leo IV
lllllll 2 ’ lllllll 4 llL'lll . | llllll[ 1 4 Lllllll 1
109 104 105 106 107
Luminosity (L)

Strigari et al. 2008
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A Common dSph Mass?

O Beware of interlopers (Adén et al. 2009) inflating o of ultrafaint dwarfs!
O Also, host’s baryon-to-DM halo ratio may affect dwarfs (Collins et al. 2011)

I T 15 rrnr]

Seg

i
2 S 0
Umall uma | Car Leo | A
S cvi % }’ e % Eil.ooll Sct § Frx
o7 % { CVI Umi i e
% LleaT l
= Wi Com Har Sex
a 108 , O
@ Leo 1SHADSN il
= et al. 2009 N4 AVIL,
Collins
et al. 2013
llillll | 1] lljllil 4 ) ] llL'lll ) | lllllll | 4 Lllllll 13
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Luminosity (L)

Strigari et al. 2008
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DM Content | @St satles | M A R

22" / A

A MW EL <2-10% LZ; \ ,‘ § ,

Mass within 74, vs. L;,: b . ,é :? Iy GO',' ‘

O Considerable scatter, A ,\sq’,/ Y |

no universal mass profile | AA' * ,’ ’ 8’0’/ ’

(Adén,..., Grebel, et al. 10 ’/_ ’ ,flA ‘:&}" o,;j}',’ y ‘:

2009; Collins et al. 2014). 20 ’; D¢ /f" | ’,' PO/’/

Q High M/L at low L E Y e |

Q Inlow M/L regime: = i1 rl | v oy |

may have suffered oA e ot

substantial tidal stripping ~ 1¢° Sy ,". I ,m 7 |

(as in cosmological DM + J ,-Q', Y| L ’ ‘

baryon simulations of, e.g., A T A S AR 1

Brooks & Zolotov 2014). N T . / | K ’ '

— Not necessarily disruption, ," . I 1/ Collins etal. 2014 |
but mass loss. 10’ 100 10°  10° 10°  10° 107  10°

— Expect corresponding stellar Dy (L)
contributions to MW / M31 (outer) halo, but (!) first substantial amounts of DM

must be stripped prior to stellar stripping (galaxies that lose ~ 80% of total DM
only lose 10% stars). (Smith et al. 2016)
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Unbound Tidal Remnants
Without Dark Matter

Draco Depth Extent:

Horizontal branch width remains small and
constant regardless of the area sampled

— Depth extent negligible

: : Observations
Simulations
0san P50 15 0800 Eo 1 BLUE HORIZONTAL BRANCH WIDTH OF DRACO
w0 Gyr 5°x5° - 0.5°x0.5° -
7 | ”." ' | Arca ::Ag’}o.}"n Predicted (A V)"Ba
> {deg) {mag) (mag)
(1) (2) (3)
025 %028 vinina 0.12 0.125+ 0.023
0.50 x 0.50.......00000 0.13 0.138+0.023
i AR RN 0.13 0.162 + 0.020
1.50 x 1.50......co0 000 0.14 0.185+0.018
N . 1 {0 2.00x2.00.....000000 0.13 0.207+0.017
......... STSELNISN | ESRSTNS——, . 8. 4 2 | PR 0.14 0.225+ 0.016
-050.0 05 1.0 15 -05 00 05 1.0 15
(B-V) (B-V)
Klessen & Zhao 2001 Klessen, Grebel, & Harbeck 2003

06.09.2017 Grebel: Near-field Cosmology with Dwarf Galaxies



Unbound Tidal Remnants Without Dark Matter

Is the existence of a
metallicity-luminosity

] —_— v —————————————

Spectroscopic measurements

relation consistent

with dSphs being Milky Way satellites {
unbound tidal M31 satellites

remnants without Other Local Group members

dark matter?

Relation has been
cited as evidence
that dSphs did not
experience drastic
mass loss in the
past.

([Fe/H])
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Using DSphs to Constrain Nature of Dark Matter

d If DM consists of WIMPs, v rays from self-annihilation may be observed.

d Advantage of y rays: Can be traced back to point of origin (in contrast to other
potential decay products such as charged particles).

Expected DM signal « to line-of-sight integral of DM distribution (“J-factor”).

Very high DM density in Galactic Center (J-factor should be an order of magnitude
higher than from dSphs), but also bright diffuse astrophysical foregrounds.

Advantage of dSphs:
0 DM-dominated
d Mainly located at high-latitude regions where diffuse vy ray background is lower.

O To date: No evidence for significant v ray emission from any of the individual
dSphs or from the combined sample. e

= Limits on WIMP annihilation cross section

Observations from space
(e.g., Fermi LAT) and from

..the ground (e.g., H.E.S.S.).
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Wood et al. 2015
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Near-Field Cosmology With Dwarf Galaxies

O OlId populations ubiquitous. Fractions vary.
Oldest age-dateable populations in satellites and in the Milky Way coeval
within measurement accuracy.

No evidence of significant cosmological re-ionization quenching.

O Well-defined mass-metallicity relation over ~ 9 decades of galaxian M,
O Dwarfs: Radial gradients; element abundance inhomogeneities and spreads,
both at a given metallicity or at a given age (= localized (SN Ia) enrichment).

U [o/Fe] vs. [Fe/H]: InefﬁClent chemical enrichment, low SFR and SFE.
oy Soes Enrichment before onset of SNe Ia (a knee)
| correlates with galaxy luminosity.
"0 Dwarf MDFs: Gas infalliwinds. Flatter MFs.
O Old extremely metal-poor stars in dSphs:
~ consistent with MW halo EMP stars.

O Low-metallicity stars in dwarfs and MW in general:
abundance consistency. Early accretion favored.

L Continued discoveries at faint end. Lower limit?

O Constraints on nature of dark matter.
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