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Overview:

* What 1s the universe made of?
* How numerical simulations model the universe
* Connecting simulations and observations
*Galaxies live in halos
*Simulations link cosmology to:
* halo internal structure
* halo numbers (how many?)
* halo distribution (where?)
—problems with the cosmological model

—model early structure formation

* Future directions — bigger & better simulations
w/galaxy formation



Hubble Ultra Deep Field

HST = ACS

'y Y — T
- A > ‘o ; '.“ + » "
- - % - W
L]
¥ S
’ W # ' .‘ .-‘ 1F‘ : - ‘
™~ i n."'; " - i ; o
s ‘ Npsvig ) L .
[ ' - : = E
. » : ...'_II: . "
f ' . il = . :
i P SRR 4 - - : i =
i Sy . R - .
: o 2 . - ' . f
L ' - e B alffa Tt e % e L ; 5
i T BT, - , I
" . . " . J
i d . ; :
2 . ¥ ]
@ - “ S e
Ak 2 - : [
- ' " . 4 — ; =, .'a =
- . i S ' =, - o :
] L . '. [} o’ _r . ."..‘
u ® -
L . L L 4
T il ) X v, L
= = * x r -a'r' - 2
B .- T = L '
2 ’ .I‘ . ,‘ + |._ " . L
* b . gy W r e -Iu
o g X 1 ; 9
T p -
. LT
I i i . g o 1
r‘. L] e ol ‘ . '
; s, = . " : - H . s :
i - : ~ "'_ 3 = L3 -
% s L " b - L
- L o
\ . 5 r-_'. 3 - / . i
- ! e & = Hi L i : #
; 2 . il P i
507 ¥ e - el
o B [ 4 L + y = o - - .
A 2 ¥ " i *L
- ) . s e
; L ; - % = el
L ; -. E W AR, :
- ¥
o - - A & - i ! -.l '-‘r
¥ # -
L £ =
Lk i ¥ -
¥ W
' - ) g ¥ L f' r ) I
Ll r L o - "
- I F 4 “ ~ - r
Fi B T , .
= i -

MASA, ESA, 5. Beckwith (STScl) end The HUDF Teem

STScl-PRCD4-073



| G
n1z E>;111 (_)0 (CMB)

Yo ‘?'“ old galaxies
el h HST
! ﬁ.‘*:u'."'i | Spitzer
., x@t“. 3 . -‘ ETL . Subaru

o P 1 s
_.ﬁ_

A oldest galaxies :
2 _ S JwsT
r B, . - '

.‘, e f GRBS .SJIE

lgnittun"of first stars

ta’lrié‘ l

“F1¢m (e.g. LOFAR)

§e3»

1 o ~——— e )

- : NASA/WMAP Scien_ce Team



Dark matter evidence: Coma cluster, 1933

Fritz Zwicky
Measure galaxies velocities

virial mass estimate (KE=-PE/2)

--> most mass not in galaxies

Galaxy Cluster Abell 1689
Hubble Space Telescope + Advanced Camera for Surveys

mase, M, Beaiter LAV L Eroadhurst | The Reprew Unindomilyl, M Ford (D) M, Clempin(ST5<0),
(. Hartig (ST3ell. G Ihingwnrh ILCDL ek Ohasrvatany!, ihe ACS SdencaTsam and ESA
ETEal PRCE g



Dark matter evidence: | - 5% “
Spiral galaxy rotation [

Velocity

Vera Rubin

stellar velocities

=) most mass in

galaxies is dark

Distance



gravitational lensing = mass distribution

NASA/CXC/M. Weiss



gravitational lensing = mass distribution

A " " Distant Galaxy Lensed by Cluster Abell 2218  HST» WFPC2 « ACS
- . e - - -

- . s -
ESa, NASA, J.-B Eneib [CaliechCbservatoire Midi-Pyrences) and R Ellis [Caltechl] S5TScl-FROZ-08




Dark matter ewdence Bullet cluster 2006
Red = hot gas
(= baryon mass)
x-ray (thermal bremsstrahl

Blue = mass (total)

gravitational lensing of

background galaxies

*NASA/Cloweetal. (2 006) «’

:> non-baryon (dark matter)

dominates mass distribution



Dark energy evidence:

SUpPCrnovdac

~——;
. 44 his High-radshift (z > 0.15) Sha: | r?:':':'::_
. RIE:SS 61: al. 19985 — ; = High-Z SN Search Team " 2 ;'" ]
'E 472 B 0 Supernova Cosnolegy Froject M =
Per]mutter et al- fgf 40 :_ Low-radshift (z < 0,15) SMa: lﬂy’ff _:
E [ = CfA & other SN follow-up I
ﬁ 38 i o CalanTololo SM Search =
- S i Q,.=03, 0207 |
* Distant supernova too 5 4 i
2 S 0Q,=0.3, (2,200
: 34 F -- ,=1.0, 0,=0.0 ]
faint : . . .
. ; =10
* Consistent with S
% 0.5 :
Einstein's cosmological g‘:’ -
£ . .F -
constatnt = R ‘
Eé Perlmutter & Schmidt 2003

(.01 010
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* Fluctuation scale
sensitive to

geometry

e CMB: universe 1s

“flat”, Q +Q =1




Hu

bble

Ultra Deep Field

e

o

-

= ‘ Ey
'} J‘ F .
4 - i
3 s
£y i
% i
'] ¥ -
=
- : =
"I..
ol A '
§ 3 g
il. o
£ (]
k]
e =
L
. :
u rr : i
- ‘ nl
£
"l -'
A 5,
= w .l
¥ =t
T : L
- ¥ ‘
#
- % -
e A
-‘ i <
i :
: ¥
" -
i oy ] A
; 4 S Ri .
2N . v >
L]
L] J_ - -,
[ '1. -
g Cl
I L
-

STScl-PRCD4-07a



What 1s the dark matter?

* Dark

e (2~ 0.25 wazom

* ~Collisionless

* Cold (or warm), non-relativistic at freeze-out

* WIMP, axion, sterile neutrino.......
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Grow from
aravitational
instability, bound
Viralized

Lukic et al, ’2(_}'.08'

(K.E.=-12PE) B . .

7=0




Cosmology:

dark matter properties

initial density perturbations

\
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Halos as a cosmological probe

internal structure: satellite numbers, density
profiles

numbers: e¢.g. halo numbers vs. cluster numbers

clustering: halo bias relates observable galaxies to
underlying mass distribution (p(k))




Internal halo structure: motivations

- -Probe fluctuation spectrum on small scales

- Dark matter probe

- Subhalos- satellites, gravitational lensing

- Density profiles-- rotation curves, grav. lensing, X-ray
Dark matter annihilation(?)

Ettects of halo to halo variations



Resolution Issues:

125,000




a CDM crisis
“mussing” local group satellite galaxies

Simulated Halos Real Halos

o : __'. o ::.
U'ﬂ' SN g
SUALY. S}
S PO

FES & Anyg.u-Taolrc I.i-;rll |:|t;:-ljl wdour 4
Fratograph by Dausid Fzlin

_

Ccluster . &

in
Gravitational Lens

Galaxy Cluster KE2S+1 555
[iE= -] 0 3, AR
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Moore et al 1999
£ Simnulated cluster
" O e Simulaled galaxy
100

Virgo cluster data

o
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Cumulative number of hales
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Cold Dark Matter Warm Dark Matter

z= 15.00 WOM

Gao & Theuns 2007



2 possible solutions to missing satellites
1-Warm dark matter

2-Most subhalos did not form stars due to “gas heating”

Early times
Reionization/ UV background

Supernovae

Need to understand star/galaxy formation

especially at early stages (out to reionization era)



Non-universality of halo mass profile
& implications for dark matter self-
annihilation detection

x b b IR
T o B -
s

Prediction: non-zero self-annthilation ¢cross section

ongoing searches: e.g. Fermi/GLAST gamma-ray

Work in progress




Predicted annihilation signal from Milky Way

assuming Lumm(}Slty a [:)2
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Halo to halo

scatter

--> strong
variation in
d.m.

annthilation

vl 3 Rlinf =] W7

Lukic etal. '"08

10
104 Good fit
104
104 ¢

a1 010 1,00

R [Mpe,/h]
102
b
I':rl b
Bad fit

“]5.
102} S

.01 0.10 1.0H
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Another CDM crisis
low density “cores” 1n many small galaxies

vs CDM simulation high density “cusps”: V_= (GM/R)!?

UGC 4325
e e

—
1.4 —
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Can early star formation lower central density?

m 1

. I‘__}
Solution? =
|
Star/galaxy formation |=
>
“sloshing™ by
supernova “feedback” :
- *_
transtorms CUSPS Into Mashchenko, Wadsley & Couchman 2007 \
! | ! | ! | | ! | | | ! | | | ! 1 | | |
=
cores? 1.5 2 2.5 3 3.5

log r (pc)
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particles
that were
in halos
at z=10

central density distribution (cusp) formed at early times

]



Utilizing the high redshift dark universe
2>~ 5]

-compare galaxy numbers to halo numbers

-compare galaxy clustering with halo clustering

--probe cosmology (e.g. D.M. type)
--probe galaxy formation physics (¢.g. Sne)




Halos as a cosmological probe

internal structure: satellite numbers, density
profiles

numbers: e¢.g. halo numbers vs. galaxy numbers

clustering: halo bias relates observable galaxies to
underlying mass distribution (p(k))




halo mass function: n(m.z
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clustering as
function of
cosmology

“universal”:

all redshifts, all masses
(Jenking et al 2001)




Halos as a cosmological probe

internal structure: satellite numbers, density
profiles

numbers: e¢.g. halo numbers vs. cluster numbers

clustering: halo bias relates observable galaxies to
underlying mass distribution (p(k))
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“umversal” mass
variable, v,

]:):(&-'hal-::us/&-’mﬂss)u2

MW=predictions of
Mo & White (1996)

SMT=Sheth, Mo &

Tormen (2001)

Millenmum run data
from Gao et al.

(2005).
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Utilizing the high redshift dark universe
j 2>~ 0]

-compare galaxy numbers to halo numbers

-compare galaxy clustering with halo clustering

--probe cosmology (e.g. D.M. type)
--probe galaxy formation physics (e.g. Sne)

-Need to model early galaxy formation
*how do early galaxies populate halos
*history of present day galaxies

*model (gravitational) response of d.m. to barvons




L old alaxies

Tk h HST

£ 1 5 WSy Spitzer

F: .EF " ' ’ '*. ; ) Subaru
e “ 2 oldest galaxies

!

' (o ! GRBS .S:llE
lgnitlnn"of first stars

first liaht

-k o NASA/WMAP Scien_ce Team



it 2=0.8  |=z=0

10 T Governato et al. 2008
. |
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simulating early galaxy formation

Work In progress ‘J
e Smoothed particle hydrodynamic simulations

*code GASOLINE (Stadel, Wadsley, Quinn......)
*Gas cooling

*Star formation
*Supemova energy mjection, chemical enrichment
*(with Governato et al.)

-Model cosmological volume (=50 Mpc):
—stop at high redshift before physics too complex

—but within observable range (redshift ~5)
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Future Simulations --> more particles,

more physics, higher redshifts
* Galaxy Formation — High redshift, high densities

— Accurate baryon (gas + stars) physics

- Interplay between dark matter and baryons
* Small scales

- “Cold” vs “Warm” dark matter



Conclusions

* Universe 1s mostly dark matter (+ dark energy)

* Simulation vs. observations comparisons:

—Hal
—Hal
—Hal

O structure
o numbers

o distribution

* To understand cosmology & galaxy formation:

* bigger sims to model smaller scales
* higher redshiit
* better baryon physics (star/galaxy formation)
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Universe 1s mostly dark matter (+ dark energy)
Simulation vs. observations comparisons:
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better baryon physics (star/galaxy formation)
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