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What are dark matter halos?

* Bound, collapsed, virialized, ellipsoids

* Hosts to galaxies, groups, and clusters

* Rotation curves, lensing, x-rays — Dark matter

* Overdensity A~200 ——

Coma Cluster

HST - WFPC2
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What is a
halo?

c=1.4 Mifof/NMso=1.37
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clustering: halo bias relates observable galaxies to
underlying mass distribution (p(k))

internal structure: satellite numbers, density
profiles

Astrophysics: e.g. galaxy formation




until critical overdensity, 0 =1.686
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* P(k) > 6*(M) (cosmology dependent)




T = Iniinlval oy

ol

=

LY, (T
=

0L NN N N

Reed et al 2003

14 15

13

Log,(M/h~tM_)




5;:; i ‘Il_()OE‘CMBf’ 5
}-e vidals 2 | old gataxies |
f ﬂf';- .'_-."' ; o

HST
Spitzer
Subaru

" -9
e
L3
#
g
-

[ ]
. -
) 1 .
H e -
I r e o I
L | .IJ ] :

I‘

i

#
'tE -.‘I-‘

.

A ":"':'.1
b
IIf_-i

ni

nldest galaxies

JWST

y
o
Jo

. -
" -

'a.-.. i3

L] & L
o & ¢

Ignlﬂun"‘n‘r ﬂrﬁt stars : )

yStars
.

-.-Ir""

s R LOFAR,SKA...
' . a Now
A £

. r D -. |
dark. # qfi‘ewmzed Z ._6 R X
g ) % 2 WP ~ . L.Hernquist

———— | “S— e — | || g4 W e N




mini-halo

T, >~ 2000K:

Mhalo > ~10%° Msun
H+e—2>H +hv
H+H->H,+e-

H, line cooling

Inefficient

lots of stars?

15t galaxies?

e

‘- X

~10-1000 M__?




-galaxies + clustering at high redshift

--sensitive to cosmology (e.g. ., D.M. type)

--sensitive to galaxy formation physics (e€.g. SNe)
—> probe cosmology and galaxy form. physics

& robust test of analytics
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Problem

density field — Zeldovich approx.

(4)
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(t)
* Evolve with gravity, gas physics

D

= q—

—
r

FrFr v B N B L B B L .f__.ﬁ_
a2 T TSR i i
“i+++++t#++++++++++ln...++++%
FE b A b et FFE AL+ FE RO
m++++++++i+++++++++#hhh*+@4
T i T it
i T O T I SRR
e i T T A i 2k T T T IRy
P+ + +F5+ 25+ 4+ 4+ 4424502 Etw 4+ +
I I VR
Fr s r s FEF 5+t nndrrrrnatd s+
SR I I I S T
_.u,Tf...++ﬂ++|++.+.r.+.rif++++++._|+._
S T I S R
S T T S TR IR A T
Bt Tt kb b+ bRt h o E A+
ST B T T e G B
A K 3 T 2 TR Y
Fd % d b b b g op bt b+ kR
Fh t F vttt b sminnt +++4+ %+
Ed b 44 b b hpe ittt o ons s
L I T I O .
E+* +# 4+ + #4446 wvatasw+++++FF2:w
E+ + F ¢+ +tbsntunaswrtt et ]
oo F+ + + + + + 4+ s hssd ==t o
T T T O e e ol e o it B e e Bl . T N O N
Te) M) o — o



10 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | Illllu
7z=10 _ f(ﬂ-,neﬂ)

E.'Eltﬂ.rt — 299

— Z = 118
= 0.001

force ace,

|
Y[

=1 /40 2

saft IMean

— A=0.005

(-

fcr, simulatinn/ fanﬂl]rti::

Reed et al 2007
011 I IIIIIII| I IIIIIII| | IIIIIII| | IIIIIII| I IIIIIII| L LI

10* 105 108 107 108 10° 10w
M [h~M,]




10 [ | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | Illllu
- z2=20 _ f(ﬂ-,neﬂ)

= 298
=118
force ace, - 0001 l
B suftzlmean/40 |

— A,=0.005
= 589

|

start

B

Blart

|
[

e

fcr, simulatiun/ fanaljrti::

Reed et al 2007
0‘1 I IIIIIII| I IIIIIII| | IIIIIII| | IIIIIII| I IIIIIII| L LI

10* 105 108 107 108 109 1010
M [h~1M,]



LY B L B R R L B RLLLL BRI AL
- 2=30 _t(o.mn.,) -
o 7. = 299 _
— Zgtary 118
B ﬂfurce ace. 0.001 )
£ - rsuftzlmean/ 40
2, | ——_4-0.665
E - Zotart B
0 = -
~ L i
i :
z L _
=
E L :
n—F: — -
0.1 —
i Reed et al 2007 i
| |||||||| |||||||| [ | ||||||| | |||||||| | |||||||| [ [ 111
104 10° 108 107 108 104

M [h—'M,]

101[]




5 [T 1T | PRV TR (= PR (=7 IR (= T | | R R R L B L | | G IS A = O A
4 L flo.n,) WMAP 3yr _
flon,,) 6,0,=0.81.0-
3 £ |
2 ]
m 1 N
b 0 -
a, ad
= —1 —
- !
-2
E_B
st
=
-5
on
L-8

cosmological

probe at
high z?

10 <0
7

RGGBCP et al 2007 o



E

T ||||||I'|

0.1

0.01

Lol Lol

1 IIIIII|_|

o
[a—ry

1

10
log [k (h Mpc1)]




L N

ass halo {D1

P : I‘;’-: g i -1 a*"
@H%{)_QS" ; t1ny nglon h1gh reldsh'

>

‘.

$ No “global” mass function

1 . _
. . ¥ I




o

highly clustere
“biased”

&) = N/ Nt random™1 bias(r)=(¢, _  (r)/E (r))"




z=10 T

| IIIIII| | L

~10%K _

vir

9x107>M>9x108 h-'M, _

o Lyy=4.8 m =108 NN S
&) =N_./N -1 - L,,=25 m =103 S N

pair_random box

I 1 IIIIII| 1 1 IIIIII|\" 1

[y

0.1 1
r [h-! Mpc]
Reed et al 2008

1
b :(ghalos/gmass)l/2 0.0



Scale-dependence of halo bias

our fit/ N
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Why 1s the scale dependence of halo bias so steep during the dark ages?
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Universality of large-scale bias

z=30
z=20
z=19
z=10

Mill., 0= z £5)

Reed et al 2008.
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- Density profiles-- rotation curvies, lensing, X-ray

- rlorr!'? cusp?
- asymptotic central slope down to what radius?

* Universal? How does profile shape or subhalo
distribution depend on mass, redshift?

* Baryons ignored
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CDM crisis

“missing” local group satellite galaxies

Simulated Halos

Real Halos

AngL tralian O
ph by David Malin

.

Gravitational Lens HST - WFPCZ
Galaxy Cluster 0024+1654

PRC96-10 - ST Scl OPO - April 24, 1996
W.N. Colley (Princeton University), E. Turner (Princeton University),
J.A. Tyson (AT&T Bell Labs) and NASA
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* We only see oldest satellites
* Decaying dark matter
* faulty intelligence



Cosmological Simulations
some problems

*Simulation:
An imitation; a sham.
Assumption of a false appearance.

(American Heritage Dictionay)

Kolb & Turner(?)



Cosmological Simulations
Answers.com:

*Simulation: SOINC pI‘OblemS

* 1. Something false or empty that is purported to be genuine;
. a spurious imitation.

* 2. The quality of deceitfulness;

* empty pretense.

*3. One who assumes d false character;
*an impostor: “He a man! Hell! He was
*a hollow sham!” (Joseph Conrad).

°4. A decorative cover made to simulate
* an article of household linen and
*Used over or in place of it:

*A pillow sham
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Hayashi et al 2004

—A— UGC 5750 (BO2) (7=5.0)
—#— UGC 5721 (S03) (7=0.60)
—— Galaxy Halos

--------- Dwarf Halos

— —— NFW

—— V x r

r/ Io3



36 kpe/h

t=0 Gyr

102 kpc'h

Havashi et al. 2004




Hayashi et al. 2004

—A— UGC 5750 (B0R) (7=5.0)
—@- disk (y=4.8)
~—- NFW

r/Tys



- Simple, adiabatic hydrodynamics, OK?

 Simulations break when:

- galaxies, star formation, feedback, other “unresolved” physics

- Resolution 1ssues not tested/understood



- semi-analytics (e.g. starburst during halo merger)

- HOD (Halo Occupation Distribution)

* Prob. Ngal within Mhalo, to match galaxy correlation function

* Basis for “precision” cosmology:

= Cluster mass function

- p(k) for weak lensing
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All subhalos
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o model Milky Way halo, including micro-(su 0S

- get D.M. Annilihation signal (e.g. Koushiappas)
- Earth mass: need ~ 10®* Msun particle ------- ~10% particles

- 10" times more particles ------- ~20607?



* Problems
* Simulations difficult to interpret

® ‘¢

trust” D.M.-only, w/convergence tests
* Always need bigger sim., smaller scales
* CDM lives, so far

* Precision cosmology still needs simulations
(e.g. evolution of cluster mass function,
matter power spectrum)



