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Small-scale DM:
Are we making progress?

m Satellite counts — more puzzling

m Clustering — still puzzling

m dSph natural size: very little progress

m Abundances/feedback limits — substantial
m Core/cusp, dSph: kinematics — substantial
m Dynamics modelling - substantial



LCDM: Impressive consistency
over five orders In length scale
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Impressive consistency over five orders in length scale
95 out of 100 orders leaves lots of discovery space
- And cuspy density profiles are still elusive. WHY??

There are 60+ orders
of magnitude here,

smoothed by inflation?

Searches for
non-Gaussianity are
standard cosmology
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\Mf suggests looking at the smallest galaxies
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Dwarf Spheroidals

» Low luminosity, low surface-brightness satellite galaxies,
‘classically’ L ~ 10°Lg, w, ~ 24 mag/“(~10 Ly/pc?)
plus ultra-faint galaxies discovered in SDSS very much fainter
» Extremely gas-poor
» No net rotation, supported by stellar ‘pressure’, velocity dispersion

» Dark-matter dominated
velocity dispersion ~ 10km/s, 10 < M/L <1000

» Metal-poor, mean stellar metallicity <"1/30 solar value

» Extended star-formation histories typical, all from early epochs,
perhaps before reionization??

» Most common galaxy in nearby Universe
» Crucial tests for models of structure formation and star formation



The missing satellite problem
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Mass function of visible satellites:

(N-bOd)’ - theor)’) Springel+08

» (dynamics)

o (observations/
technology) faint dSphs: incomplete sample

Koposov+08;Tollerud+08
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Add ~20 new satellites, galaxies and star clusters - but note low
yield from Southern SEGUE/SDSS imaging : only Segue 2 and Pisces II as

candidate galaxies, in 3/8 area (Belokurov et al 09,10)




m There Is a well-established size bi-modality:

¢
—16 <M, < —1, M/L <4, e.g. globular clusters, nuclear star clusters..
¢
Expect dark matter scale length to be at least equal to stellar scale length
(gas dissipates prior to star formation)
Extreme baryon loss in dSph— expand to new equilibrium
L 2

Exceptions are faint and closer than ~50kpc to Galactic center — regime
of Sgr tidal tails/streams, may be associated — and on deep images often
appear tidally disturbed systems



There is clearly still a lot to learn about small galaxies!!
The missing satellite problem

z=0.0
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The number of satellites in the Milky Way (24) and M31(22)
is far smaller (factor ~20) than predicted by CDM models:
®* DM is not cold = low-mass substructures do not exist
e Star formation processes inefficient in low-mass
(M = 108 Msol) haloes = substructures are invisible
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Spatial distribution of dSph is in a plane: not expected In
— cf Deason etal 1101.0816; Bozek etal in prep

Talk to Brandon Bozek.

spatial

Spatial satellite distribution
IS not simply consistent
with simulations — but small
numbers

“spatial satellite problem”

=- L 4-d space
N

I

Sgr dSph findable!!



There Is a probable scale associated with baryonic physics
“Dark’ CDM substructures

In low-mass haloes gas cools
through the formation H»
molecules
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Satellites with Myir=10%Mso; are
expected to be devoid of baryons

“dark haloes™
VWhite & Rees 1978; Haiman 2000; Bovill & Ricotti 2009, ...,

Sawala+09

(Can we detect invisible/dark galaxies??
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Can we probe the existence of “dark”
substructures?

X dSphs virial masses
Myirs | 0°Msol

Strigari+07; Penarrubia+08; Walker+09; Wolf+09

* CDM mass function:
dN/dm o« m!?

NFW?97; Diemand+07; Springel+08

DM substructures in dSphs
ha.ve ms=s 0.0 I Mvir g I 07 Msol

expected to be “dark”




Disruption of binary stars by
“dark” substructures

Monte-Carlo/N-body simulations

*We expect a truncation in the binary
separation function at

*The perturbed separation function
scales as

Wide binaries have very
low binding energies

E=-G Mp/ 2a

small tidal perturbations can
disrupt these systems

v

Probes of clumpiness
in the galaxy potential

e.g MACHOS in the MW halo: Carr & Sakellariadou (1999);
Chaname & Gould (2004)




Various ‘feedback’ recipes Somerville et al 08
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Carina:
Photometry —

Luminous dSph

have a very wide age
range: they had
extended very low
star formation

=» Minimal feedback
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Chemical elements

m element production is very sensitive to SN
progenitor initial stellar mass =» primordial IMF

m =» do we see a big scatter from single SNe?

m Metallicity DF defines length and time scale of SNe
enrichnment, and KE energy feedback/gas loss

m Do we see (near) zero abundances?

m If not, what pre-enriched the first halos? Did this same
process affect Ly-alpha clouds?



Elemental Abundances: beyond metallicity
Alpha element and iron

Self-enriched star forming region. Wyse & Gilmore 1993
This model assumes good mixing so IMF-average yields



Galactic halo field shows
very low scatter, just a
systematic of constant
IMF, fast star formation,
well-mixed ISM,

only very old stars.

[Mg/Fe)

Is this consistent with many
small accretions? How??

[Ca/Fe]

mean halo star at [Fe/H]=-1.5
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Chemical abundances: dispersion (self enrichment)

Is evidence for early massive halos in extreme low luminosity systems
Norris, GG et al 2010a

Mean iron abundance of member stars
against total luminosity of host system:
clear trend, hard to maintain if

significant tidal stripping of host =» are any
of the dSph tidally stripped?

=>» Interesting? since cusps survive, but
cores don’t in stmulations.

Segue 1 (filled red star) based on
only 4 stars — caution!

Dispersion in metallicity increases as
luminosity decreases — consistent with
Inhomogeneous stochastic enrichment
In low-mass halos, gentle feedback:
Highly variable SFR models

predict high element Fatlo scatter




A CARBON-RICH, EXTREMELY METAL-POOR (CEMP-no)
STAR IN THE SEGUE 1 SYSTEM!

JOHN E. NORRIS!, GERARD GILMORE? ROSEMARY F.G. WYSE?, DAVID YONG!,
AND ANNA FREBELA

Very high carbon from zero-metallicity first SNe?
Astrophysics =» faintest galaxies are the first bound systems

l:] all stars

@ C—rich stars

Galactic field stars

Carbon spreads in dSph — Norris, GG etal 2010



Simulations show low luminosity galaxies retain
primordial DM profile
but still fail to make plausible galaxies x10 problem

Forming Realistic Late-Type Spirals in a LCDM Universe: The Eris Simulation
Guedes, Javiera; Callegari, Simone; Madau, Piero; Mayer, Lucio
eprint arXiv:1103.6030

The Baryons in the Milky Way Satellites

0. H. Parrv'*, V. R. Eke!, C. S. Frenk! and T. Okamoto'?

! Institute for -I:'ﬂmpul-u.l.‘mm:ll Casmology, ﬂ:pn.rl:'m.-:n: of Phyasica, University of Durham, Science Loboraiories, Scuth Hood, Durfiam DHI JLE
? Center for Computational Sciences, University of Teukuba, 1-1-1 Tennodai, Tsukuba E'ﬂE-SE]"‘]’J'hmh. Jopan

We mmvestigate the formation and evolution of satellite galaxies using smoothed particle
hydrodynamics (SPH) simulations of a Milky Way (MW)-like system, focussig on
the hest resolved examples, analogous to the classical MW satellites. Cumparmg with
a pure dark matter stmmlation, we find that the condensation of baryvons has had
a relatively minor effect on the structure of the satellites’ dark matter halos. The

data; the most massive examples are most discrepant. A statistical test vields a ~ 6
percent probability that the simulated and observationally derived distributions of
masses are consistent. If the satellite population of the MW 15 typieal, our results
could mmply that feedback processes not properly captured by our stmulations have
reduced the central densities of subhalos, or that they mtially formed with lower
concentrations, as would be the casze, for example, if the dark matter were made of
warm, rather than cold particles.




What is the (Dark) Matter with Dwarf Galaxies?

Till Sawala'*, Qi Guo®, Cecilia Scannapieco?, Adrian Jenkins® and Simon White!

! Maz-Planck Institute for Astrophysics, Karl-Schwarzschild-Strasse 1, 85748 Garching, Germany
? Astrophysikalisches Institut Potsdam, An der Sternwarte 16, 14482 Potsdam, Germany
3 Institute for Computational E:gsmafag_t;, Department of £-'wsir::s, University of Durham, South Road, Durham DHI SLE, UK

galaxy formation in similar mass haloes. Our final objects have structures and stellar
populations consistent with observed dwarf galaxies. However, in a ACDM universe,
10'""Mg haloes must typically contain galaxies with much lower stellar mass than our
simulated objects if they are to match observed galaxy abundances. The dwarf galaxies
formed in our own and all other current hydrodynamical simulations are more than an
order of magnitude more luminous than expected for haloes of this mass. We discuss
the significance and possible implications of this result.

If the observed stellar mass function is complete, and

the hvdrodvynamical simulations correctly capture the rele-

vant physics of galaxy formation, the Millenninm-II Sim-

ulation (and similar ACDM simulations) overpredict the
number of 10" M-, dark matter haloes. This would seem to
regitire the nmnderlyving physical assumptions of the ACIDOM
model to be revised. Warm Dark Matter may offer a pos-
sibility, but only for particle masses of ~ 1 keV, below the
limit apparently implied by recent Lyman-o observations.
OOf the three proposed scenarios, it appears that missing
astrophwvsical effects in the simmulations are the most likely
cause of the discrepancy, and the most promising target in
search of its rescolution. VWhile the three scenarios differ in
nature, none is withoont significant implications for galasxy
formation, which will have to be addressed in the future.




Where are we with chemistry

m There is a [Fe/H] vs Mv correlation at bright
magnitudes, perhaps not below Mv=-8

m There is a high abundance dispersion in dSph =
they really do/did have massive halos (>10777?)

m At least the very lowest luminosity dSph have near
zero-abundance stars. Probably all do.

m Stars in dSph are younger, have different chemistry, than
halo & thick disk stars =» what formed the halo?

m Star formation rates low — minimal feedback, primordial
DM profile is unchanged

m Still major problems making plausible systems in CDM



DM distribution in galaxies
“Core vs Cusp”
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Theory prediction:
CDM haloes follow a universal
density profile that diverges at

r=0 ( )

Collision-less N-body sims. of structure formation

Dubinsky & Carlberg 91, NFW97, Moore+98
Diemand+ 03)




DM distribution in galaxies
“Core vs Cusp”

1d, - . 2,3?)3 _ GM(r)

v dr r 72

Theory prediction:
CDM haloes follow a universal
density profile that diverges at

r=0 ( )

Collision-less N-body sims. of structure formation

Dubinsky & Carlberg 91, NFWS7, Moore+98.
Diemand+ 035)




Substantial improvements in measured velocity precision
Koposlcgv, Gilmore etal ApJ 736 146, 1105.4102
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Substantial improvements in measured velocity precision

Koposov, G
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M [Msun]

Current dSph kinematics: is there a standard mass?
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Derived mass density profiles:

Jeans’ equation with :
assumed isotropic

-
-

velocity dispersion: Sii s
all consistent with |
cores. R S

CDM predicts slope of
-1.3 at 1% of virial radius
and asymptotes to -1 .
(Diemand et al. 04)

NB these Jeans’ models are to provide the most objective
sample comparison — DF fitted models agree with these



Jeans equations allow unphysical models

Jeans equations give simple relation between kinematics, the light
distribution and the underlying mass distribution
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Plummer profile for stars
+

NFW profile for dark matter
=+

isotropic velocity distribution

unphysical distribution function



Going beyond velocity moments:
Construct line of sight velocity distributions
MCMC comparison to data

m Fit surface brightness profile

m Use method by P. Saha to invert integral
equation for all DFs consistent with observed p

where

m Project to obtain LOS velocity distribution on a
gridof  and

m convolve with individual velocity errors, and
compare to data (MCMC)



Fornax: real data - PRELIMINARY density profile

5 )
-1.5 = -0.5

Log r (kpc)

» 3 MCMC chains combined: total of ~5000 models

“+ At radii where most of data lie, clear constraints on profile
*.*Inner regions uncertain, few stars observed

- Mass profiles are now/soon being derived from kinematics



DM distribution in galaxies
“Core vs Cusp”

Some dSphs show
spatially + kinematically
distinct stellar components

M -- B degeneracy breaks at R=Rpaf

Penarrubia+08; Walker+09; Wolf+10; Amorisco & Evans 10

Sculptor dSph

Forzground ot FRE

Rhalf—ligu Rstellar limit

0.5 10
Physical Rodius [kpc]

J_\[ (Bhalf) ~ [thalf <O-Tf > 2 Tolstoy + 04 (see also Battaglia+08)

1t~ 480M o pe tkm 272 (Walker+09)



THE IDEA

Walker & Penarrubia (2011)




THE IDEA

Walker & Penarrubia (2011)




THE IDEA

Walker & Penarrubia (2011)
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Results

Walker & Penarrubia (2011)
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Further dSph candidates for holding multiple stellar
populations

. :UMi, Dra, CVe |, Leo | and |l
. :And |, Il and VI



In a near future...

Major photometric and spectroscopic surveys of the MW coming up, e.g.:

* Pan-STARRS 0.5--1.0 mag deeper than SDSS; 30,000 deg? (3.6 times larger area than SDSS).
Mission begins : March 2010

* GAIA + 300 nights (!) VLT spectroscopic survey 107 stars with full phase-space information.
Mission begins: 2013 N
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Constraint on very low frequency gravitational waves:

- constraint on stochastic GW flux with v < 3x10° Hz
(similar study done for VLBI: Gwinn et al., ApJ, 1997)

- attempts to fit a pattern of apparent motions induced by an

individual GW with
(matched filtering can be used, synergy with LISA & ground based)

The harmonic coefficients for n>1 give the GW-flux constraints

From Gaia for v < 3x10° Hz (95% confidence; preliminary analysis):

41



Gravitational Wave Spectrum
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Small-scale DM:
Are we making progress?

m Satellite counts — still puzzling — many new
deep surveys starting, exciting future

m Clustering, sizes — still puzzling — see above
m New tests, eg binary stars - promising

m Abundances/feedback limits — exciting!

m Core/cusp, dSph: kinematics — substantial!
m Dynamics modelling - substantial

m and still nothing yet from particle physics






Pattern matching in positions/proper motions

Example: a GW of strain and frequency propagating in the direction

LNt
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