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Overview

1) How to study DM distribution -> Nbody Simulations

2) Satellites around galaxies Simulations vs. (old) Observations
The Missing Satellites problem

3) New satellites from SDSS-> Luminosity Function
4) Comparing apples with apples

5) Is there a missing satellites problem?

6) Conclusions

7) Future work on (observationally) testing DM as small scales



How: o study/follow the Universe: why numerical simulations?

Evolution is highly non linear: initial conditions from the CMB
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-> Numerical simulations




Particles for a numerical cosmologist

Modern computer can handle more than 108 particles/elements
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Our particles have the same mass of a dwarf galaxy...

High resolution simulation of a single halo object:

(RN I Colaxies (recent simulations m,~1000 Msun)
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Diemand, Kuhlen, Madau 2006



Courtesy of Jelte de Jong
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CDM at small scales - Satellites around the MW

How to compare sim. and obs?
Satellite Circular Velocity

Vc from in observations
1 - directly
2 - assuming Vc=J/30

DISTRIBUTION OF DARK MATTER IN NGC 3198




Simulations. vs, Observations.
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Almost one order of magnitude difference in number counts
between observations and simulations.

The missing satellites problem, is COM wrong?

Serious problem for CDM... more than 2000 citations




Cosmological solution
Replace DM with DM

Free-streaming smears; out
perturbationsionismall scales

Smoeoihing scale (Bode et al 2001) - Miranda & Maccio’ (2007)
P (de)/ P(Cdm) = 048] o '"——————

——m,=10 keV

— —-m,=5 keV

For' m(WDM)= 0.5 keV'~ M ~2 10t°

For' CDM' M. ~ Eartih Massi (Diemand et al. 2005)
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New Satellites in the SDSS

16 new faint satellites discovered around Milky Way (1/5 of the sky)
Systematic coverage of the Sky-> Selection Function

Maccio'+10
I data from Koposov+08
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Three main questions

100

uuuuuuuuuuuuuuuuuuuu

EMaccio'+10 _
data Ifr'om Koposov+08§;

|||||||||||||||||||

Can we reproduce in the LCDM model:
1) The MW satellites Luminosity function

2) The MW satellites radial distribution

3) Relation between central mass and Lum.
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The missing satellite:
each dark matter sub-halo
should host a (dwarf) galaxy.
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Changinhg M/L: Super Novae and Reionization

Gas cools in the potential well of dark matter halos
UV radiation

on_
= P

Gas can cool on DM haloes only if T <T,;,

Star Formation;
1. Energy from SN, heats the gas and removes it from the Halo
(so subsequent star formation is delayed and/or quenched)

2. Produces UV background that reionizes the Universe (z~12-7),
rising Tgas everywhere



Cosmic Reionization

» "Standard" picture - Alternative possibility
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Before Reionization: M, /My, =Q, 1Q,

After reionization (higher T, due to UV background)
baryon accretion is suppressed in haloes below a given mass M-
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F: filtering scale: scale over
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perturbation are smoothed
compared to DM.
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Comparing apples with apples

: DM halo with V=20 km/sec

What kind of galaxy will it host
(if any)

Mass today

Mass at reionization
SN feedback

Reionization epoch
Orbital parameters

Maccio'+10
Koposov+08
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How to compute the Luminosity
of DM haloes?




Semi Analytical Model

A series of approximated recipes are used to describe physical properties

Star formation & feedback

star formadon from
cold gas In disk

“~J__supernovae drive

wind into halo

- stars form in disks

- supernova feedback ejects gas from galaxies




The Semi-analytic Model
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Tidal stripping

5

Gas Cooling
SFR

SN feedback
Tidal Stripping
Orbit evolution
=>

Luminosity (M,) and Stellar mass




The Semi Analyticall Models

Somerville et al 2008
Kang et al 2005, 2008

Morgana, Monaco et al 2006
NO FINE-TUNING

Gas cooling (only for T ,»10% K)

SN feedback
(AGN)

Cosmic Reionization
(Filtering Mass Gnedin00 Okamoto+08) SAMs Parame*ers
Tidal Stripping (DM only) from fit to galaxy LF
Tidal Distruction

for this project

red/blue dichotomy
Stellar Stripping (Morgana)

Comparison Nbody and SAMs see our’ paper:
Maccio’ et al 2010 arXiv.0905.4681



RESULTS Maccio' Kang & Moore 2009, ApJL, 692, 109

Maccio' et al. 2010, MNRAS, 402, 1995

Table 1. Nbody Haloes

Halo Mass
(1012h=1 M)

GO 0.838

S
G1 1.22 @
G2 1.30
G3 2.63
Three SAMs
1) Somerville+ 08
(S08) S

2) Monaco+ 06
(Morgana)
3) Kang+ 05,08
(KO8)
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Shaping the Luminosity FUHCTIOH (I)

Both SN feedback and Reionization change The LF buT none
of them alone is able to reproduce the obser'va’ruonal data H

'
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Shaping the Luminosity Function (IT)

Hot gas halo
Cold gas halo

I | | | | I
oM,  <5x108

100 . x M, <10° 3

) f’“‘: e

- SR T

+ as:‘xg)x o P8 QA 10 .

n <0

Y oW S R -
- ’6@%0%"9‘& Q, x x .
Ty ngbgmo e

Hot gas component removed foo8 T FETe, L,

when a satellite is accreted
-> no more gas accretion
-> Star Formation quenched

Eormation iime
Cooling liime

Accretion| Time 15% of the satel. with M >-5
didn't have enough time to
make their stars

-> strangulation
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Effects of Reionization (I)
What is the effect of changing z.?

Using the Kravtsov+04
fitting formula for M-

No dependence on
reionization redshift

\

R— No reionization
z. = 7.5
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Effects of Reionization (II)

Over-estimation of Mg in Gnedin00 and Kravtsov+04
(Hoeft+07, Okamoto+08)
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Okamoto+08 seems to favor a higher reionization redshift ~11
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Direct comparison with SDSS data

SDSS selection function
log(R/k 1.04 — 0.228 x M o) : ! :
og(f/kpe) < M criteria applied to simulations
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Radial distribution of MW: correctly reproduced




Mass Luminosity relation for MW satellites
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At a given My,, more than 4 orders of magnitude in L/M.



Centirall Mass of MW/ satellites
Maccio’, Kang & Moore 2009, ApJiL
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- A new mass scale in CODM?
» Evidence for WDM (e.g. Gilmore+08)
- Can CDM account for this result?



Central Mass of MW satellites  We do not have enough
num. resolution ->

we use the density profile
Umac gma 1 TR s to compute the mass
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Compute rs and o, ai infall

Under the assumption that r, and o,
do noii change after accrefion
we can compute M(<Rg3)



For each satellite we have L and M(<R 3)

-
o
[}

p(r) _ O,
Per (r/rs)(1+r/r5)2

—
o
=1

Ros 2
M(<R,,)= jo 4 p(r)dr

i)
=
[
n
3]
]
4]
et
@
a,
o
o
™
=
=
=
=
]
]
©
=

103 0 108 108 107
Luminosity [Lg]

o e e
Luminosity [Lg]




Maccio’, Kang & Moore 2009, ApJiL
p(r) O,

Originiof the Mj /L relation

There is a well-known correlation between

o 2
mass and concentration (e.g Maccio'+ 08) Per (r / I )(1+ r/ rs)

Ro3 2
M (<Rys) = | 4r®p(r) dr

— slope=-0.099
— zero = 1.051
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Milky way satellites and properties of DM

o

What happens if we REDUCE
the number of small
DM subhaloes?



Milky way: satellites and properties of DM

Can we consiraini the minimum “temperature” of DM?

1 keV

Maccio’ & Fontanot 2010, MNRAS letters



Method
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m,>1 keV
(thermal relic)

previous' measurements
(L-alpha & QSO Lensing m,>4 keV) Luminosity (L]



Conclusions

Properties of MW satellites can be explained
withini (L)CDM

(witthi reasenable’ baryohic physics)

- Luminosity & INumber Density
- Cenitiral Mass

= N@!constraintis for cold/warm
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The other side of the coin

= offt the satellites with My, >107 M, . are dark
They do hoi host' any observable galaxies

The presence off Thisilarge popula’rlon of satellities
I5'al clear prediction of LCDM: =" 0 v T

We need tio “detect’ them j‘_ e "'. ¥
o probe LCDM et SN
o1 be correct DL e

Lensing nof really promising -~ . .oal vt
Waccio=06,07) LR
Gamma Rays (neither SRy R



Key test to distinguish:

1 keV DM

WIMP-like DM (GeV)

o -
r
E "
— m,=10 keV - .
— — —m,=5 keV o
m,=2 keV .
m, =1 keV

105 106 107 10®  10° 10w
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Heating of stellar streams

LA DL AL DL DL L L DL LI DL B

L Oderkirchen+09

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3
(1-1,) cos b [deg]




Hedating oi stiellar streams (Maccio#10iin prep)

What is the effect of a
large (undetected) population
of dark satellites
on thin stellar streams?

Satellite Distribution
from Nbody

Miyamoto-
Nagai disk

+
NFW DM halo









DM satellites and stellar streams

8

(R I E I = ) o A I |

Y yT A T

-4k 4 —4E E
~30-20-10 0 10 20 30 20 50 —30-20-10 0 10 20 30 40 50
20 ey . ; I‘-"'l .-(:f('g] i i i ; ; i i Ioj -|rlh'51'. . . .
15 4
= 10 i ) -‘_. = 1
S SR S T : o
= O floy. T gB 0 '
| no B ol \
— o A
a4 10k ' -
=15
—20 0016203040
&y 5[deg]

2000 4000

': I rj. :";‘J‘, - -L:'lt ) +Ef - -'
¥ .‘:E mﬁ' ik e
}:‘eﬁ%&*‘{ f“ﬁ‘é 38

s __" i‘:“'&‘a% ﬁj}ﬁ;«,’?‘

-.‘E.i : .-

£

ﬁgﬁx;ggri

- .'l.
;
.I:I-{.a:

~ o y o o ST
- 8 W — ol - 4 ) — £ L' l_pl _] 'k_pl

6000

8000




Even more work in progress:
N. Martin (MPIA)

Milky-Way and Andremedas
whichi Kihd of fWins?

O DM haloes + SAMs

Do we see any systematic difference
in satellites properties?



VERY PRELIMINARY
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Conclusions

Properties of MW satellites can be explained
withini (L)CDM

(witthi reasenable’ baryohic physics)

- Luminosity & INUmber Density
- Ceniiral Mass

= N@!constraintis for cold/warm

Detection of pure DM
satellites through

104 108 108 107

et Iy thin stellar streams
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The N-body: pure gravity

Cold Dark Matter: non relativistic, collisionless fluid of particles

Boltzmann collisionless equations
(Vlasov Equation)
in an expanding Universe

p(x,t) = | f(x, p,t)d’p
VZD(x,t) = 47Ga’[p(x,t) - p ()]

Matter density

We want to solve the equations of motions of N particles directly. The
N particles are a Monte-Carlo realization of the true initial conditions.



Initial Conditions

The Power Spectrum evolves according
linear theory if dp/p<0.2

2 ‘ Swm e 2
P(k)z AK"T (k, Z) Ii(k)2)) provided by linear tiheory

Then we should obtain a realization of this P(k) using particles:

Zel'dovich Approximation




Density wave

Zeldovich
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More stream perturbations
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So far only tests at
low resolution
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Initial Conditions

The Power Spectrum evolves according
linear theory if dp/p<0.2

P(k) =AK"T (k, Z) T(k,z) provided by linear theory

Then we want to create a realization of this P(k) using particles:

Zel'dovich Approximation

Density wave
Velocities and Positions K

T it T are linked together P, o e

® ® ® u>« © ¢
r(a,) =a()a+b(®)S()] /

® ¢ S 5(0) =V, () 2

22y
é,(a) = > a, cos(kq) + b, sin(kq) \
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