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The Clustering of Dark Matter
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Simulations have
enabled a full
characterization of the
clustering of cold dark
matter on essentially all
astrophysically-relevant
scales.




THE PROBLEMS

*Hierarchical assembly
*Small scales
assemble first,
unlike galaxies?

*Inventory
Many more halos
than galaxies

*Early assembly
*Gas becomes

available for star

formation at high z
*Baryon budget

*Most baryons can

be accreted into

galaxies—but few

are

*Mergers
*Loss of angular
momentum
*Stellar disk survival/
bulgeless galaxies?




log(®/mag-'h® Mpc-?)

Dark halos
(const M/L)

“abundance
matching”

& *CDM halo mass
¥ function is very well
§ determined from

® cosmological

B simulations

R o It is much steeper
¥ than the galaxy

M luminosity function at

8 the faint end and much
8 shallower at the bright
& end

*Reconciling the two
¥ requires a highly non-
B linear dependence

® between galaxy and

8l halo mass.




Galaxy Stellar Mass vs Halo Mass

N

*Steep dependence at
low halo mass---implies
that most dwarfs live in
similar-mass halos

—_—
p—

Galaxy. Stellar Mass

*Yet dwarf galaxies
show great diversity in
their properties. What is
the origin of such
diversity?

|Og Mholo[ MO]

Guo et al 2011

Halo Mass
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the baryons of each halo
make it into galaxies---
halo assembly and
galaxy assembly may
differ substantially

*Halo mass accretion
rates = SFR.

*Halo merger rates may
be only indirectly
related to galaxy merger
rates and hence to
galaxy morphology

*Angular momentum of
baryons may have little
relation with the angular
momentum of halos.
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The Aquila Proj ect

Many codes were
applied to the same
initial conditions for a
single Milky Way-
sized halo

° - ‘ '0 Simulators were

it = — allowed to choose
. 5k 3 the feedback scheme
' of their choice

*Results illustrate the
wide variety of
morphologies, stellar
and gaseous
masses, and
formation histories.

*Most (all?)
simulated galaxies

failed to match
observed disks

Mo = 373210

aiar = 5.19%10% Mg tatir = 2:83%10% Mg

Scannapieco et al 2012



The Aquila Project: M.-M, .-
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*Aquila galaxies are
typically too massive,
too concentrated,
and form stars much
earlier than expected
for a “Milky Way-like”
galaxy.

«Simulated galaxies
that curtailed the
early onset of star
formation did best.

Scannapieco et al 2012




The Aquila Project: Star Formation Rates
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Scannapieco et al 2012




The Aquila Project: Rotation curves

'g *Aquila galaxies are
= 200 typically too massive,
> too concentrated,

and form stars much
earlier than expected

G3-CS

G3-CIMICH
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600
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400
= 300 -Simulated galaxies
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Scannapieco et al 2012




Vc(Rh. star‘s) [km/s]

The Aquila Project: Tully-Fisher relation
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*Aquila galaxies are
typically too massive,
too concentrated,
and form stars much
earlier than expected
for a “Milky Way-like”
galaxy.

«Simulated galaxies
that curtailed the
early onset of star
formation did best.

Scannapieco et al 2012



Individual galaxy simulations:
state of the art

MAGICC

Hopkins ‘13,14
Governato ‘10,12, ‘14
, Guedes ’11
"M Stinson’13

Aumer 13,14
Agertz’13

*These failures led most groups to update their feedback modules,
and the results are now more encouraging.




Individual galaxy simulations:

state of the art

’ o st ™
10° Worm co?{%.‘i?& 1%5351 *higher numerical
| Hok Gos (T30 resolution
10° the adoption of high
— thresholds for star
".'E 10°H formation
% 10' ‘ny=5 cm= (Guedes’11);
' 7 cm (Stinson’13);
10°F & «100 cm3(Governato’10);
10! «1000 cm3 (Hopkins’14)
1072 ‘ = ERSRE TS «All argue for good
0 5 10 18 20 B agreement with
r [kpe]

observation

Guedes et al 2011



Individual galaxy formation simulations

""" M* =fb Mlmlu
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*“Success’ is judged on the basis of galaxy morphology (exponential stellar
disk); rotation curve shape (flat); and galaxy formation efficiency (low).

*This is progress, but.....simulations have little predictive power, and there
is no hard proof that any of these halos should harbor disk galaxies.

*“\We might not know what kind of galaxy inhabits an individual halo, but we
do know what the population of galaxies looks like.” (Scannapieco’12)




Galaxy Population Slmulatlons

" The Hlustris Simulation 4

MVgIbg SGanSpmglI’T rey D. Sijacki DXu GSnyd S. Bird DNlnLHrnqut
¢ * "

The Eagle simulations .

Optlcal -

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS
A project of the Virgo Consortium

Dark Matter De
Gas 'D_gn_sit.y .

?

-Three Iarge simulation suites of cosmologlcally representatlve volumes
(~100 Mpc box) have recently been completed

*Resolution (per galaxy) is worse than individual galaxy simulations, but
agreement with observation is quite good




Galaxy gallery
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“*Tlustris : EAGLE




Cosmic Star Formation History
t [Gyr]
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Galaxy Stellar Mass Function
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GADGET3
Oppenheimer et al 10
Puchwein & Springel 13
Khaondai+ 14
(MassiveBlack—II)

AREPO
Genel+ 14
(Mustris)

Li & White 09
Baldry+ 12

*Feedback is able
to reproduce the
shape of the
galaxy luminosity/
stellar mass
function

«Some simulations
match it more
closely than
others, but one
shouldn’t perhaps
read too much into
that.

Schaye et al 2014
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Tully-Fisher relation
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*Galaxies identified morphologically as disks seem to trace the

observed Tully-Fisher relation.




The gas content of groups and clusters

*Not everything works out.
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«lllustris and EAGLE fail to account for the observed gas content
of galaxy groups and clusters.

*lllustris has too little gas, EAGLE has too much!

1'4
Illustris




Mass-metallicity relation

12 + log,, (O/H)

7.5

== Ref—-L100N1504

7.0 O Tremonti+ 04 === AGNJT9—LOSONO752 ] o 3{3""’”;3028005
A Zohid+ 14 — _ 0o+
Recal-L025N0752 i ® Kirby+ 2013 n
6_5 lllllllll lisisrasas lisissnsss Lissssnsss lssssssass | P l- I l I
7 8 9 10 11 12 7 8 9 10 1

logp M. [Mo] EAGLE Tllustris

*The mass-metallicity relation is also not very well reproduced.
Too many dwarf galaxies have too high metallicities, suggesting

that feedback is not as efficient as it should be at ejecting metals.




The galaxy color bimodality

*Not well reproduced in simulations R ' o
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Where next?
Think Locally: Local Group and Dwarts

OG-

Local Group simulations can help to exploit the abundance of
data being gathered on very faint galaxies, and to address the
potential biases that may arise from our particular environment




Dark Matter, Gas and Stars in the Local Group

LG-Fattahi’14
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Constant SFR

Star formation at
intermediate
times seems
disfavoured.

Evidence for
reionization?
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Benitez-Llambay et al 2014
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4 able to reproduce the stellar
t, morphology (disks and

SUCCESS i's a result of improved stellar and
“AGN feedback algorithms

CANADIAN = W properties of galaxies in the standard LCDM

9 ADVANCED e »QsmO!ogy has been identified
RESEARCH [HEEs

One challenge is to reproduce the properties of
dwarf galaxies in the local Universe
«  Origin of diversity
* Role of reionization
« Halo masses of dwarfs
Rotation curve problems?




