The satellites of the Milky Way
and the natre of the dark matter




+JBCE | The satellites of the MW and the
T nature of the dark matter

MW satellites can reveal nature of dark matter for two reasons:

* The spectrum of primordial fluctuations on small scales depends
strongly on the nature of the dark matter

* Satellites have large M/L = mostly dark matter
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+JBCE | The dark matter power spectrum

The linear power spectrum

(“power per octave” )

2l "HbM T T T 7T |
. WDM / cold
or CDM -
[ & ]
ol 2 3
or thermal relic I _
x - £ 3
p e "
susy; M., ~ 10° M, §)— - S clusters —
gl 8 J
mypu ~ few keV g :
sterile v; M_,,~10° M, -10¢ .
Mypy ~ few eV -2 | . . .
light v; M_ ,~10"> M 4 2 0 2 4
g ’ cut © Large scales Log k [h MpC-1] small scales

ll-llal-ll-ul-c 1VI WVUIlIpUuLaliviIIdl WUDIINvivyy l




+HJBCE | The dark matter power spectrum

k3P(k) The I|near power spectrum (" power per octave” )
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Aa-a A galactic halo (~1072 M,)

cold dark matter

Springel, Wang1, Vogelsberger, Ludlow, Jenkins, Helmi,

Navarro, Frenk, White




’LD\D A galactic halo (~10"> M,)

cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘11













Aquarius:
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NGC 7600




\D\D Cooper et al arxiv1111.2864

Aquarius:
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NGC 7600

(http://www.virgo.dur.ac.uk/shell-galaxies)




Cooper et al 2010




“ A cold dark matter universe

University of Durham

CDM N-body simulations make two important predictions
on strongly non-linear (halo) scales:

® Halos of all masses and subhalos have “cuspy” density profiles

® Large number of self-bound substructures (10% of mass) survive

=» Can test for identity of the dark matter!

Institute for Computational Cosmology




| A cold dark matter universe

University of Durham
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CDM N-body simulations make two important predictions
on strongly non-linear (halo) scales:

® Halos of all masses and subhalos have “cuspy” density profiles

® Large number of self-bound substructures (10% of mass) survive

Three challenges to CDM on galactic scales

1. The satellite luminosity function
2. The structure of satellite halos

3. 1 and 2 combined
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How many of these subhalos actually
make a visible galaxy?




different shapes

—>

Complicated variation of
M/L with halo mass

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03

log(®/mag-'h® Mpc~3)

Dark halos
(const M/L)

-25
MK’—5logh

-20

Institute for Computational Cosmology







+ICE

University of Durham

Luminosity Function of Local

Group Satellites

® Photoionization inhibits
the formation of satellites

® Abundance of satellies
reduced by large factor!

® Median model gives correct
abundance of sats brighter
than M,=-9, V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02

(see also Kauffman etal '93, Bullock etal ‘01, Somerville ‘02)1nstitute for Computational Cosmology
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+ICE

University of Durham

Luminosity Function of Local
Group Satellites

® Median model - correct
abund. of sats brighter than
M,=-9 and V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare
(~2% of cases)

log dN/dM, (per central galaxy)

Benson, Frenk, Lacey, Baugh & Cole '02

e
Koposov et al ‘08
predict large number ]

| 5-95%
. = 0-100%

_25-75%
10-90%

Mateo (1998)
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of galaxies like the MW
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21,000 MW type galaxies,

but can see only brightest satellite




CC How typical is the MW
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How typical is the MW
@??m satellite system?
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| A cold dark matter universe

University of Durham

K \I_
g

CDM N-body simulations make two important predictions
on strongly non-linear (halo) scales:

® Halos of all masses and subhalos have “cuspy” density profiles

® Large number of self-bound substructures (10% of mass) survive

Three challenges to CDM on galactic scales

1. The satellite luminosity function v
2. The structure of satellite halos

3. 1 and 2 combined
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The structure of dark
matter halos




The “NFW” profile




The Density Proflle of Cold Dark
. Matter Halos
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CDM rictcsp densit rofiles In

halos and subhalos
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HJBCLC |A Cold dark matter universe

University of Durham

N-body simulations show that cold dark matter halos
(from galaxies to clusters) have:

“Cuspy” density profiles

Does nature have them?

Satellites have large M/L and their halos may be
relatively unaffected by baryonic effects

Satellite halo profiles can be probed with stellar kinematics

Institute for Computational Cosmology
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U ECQ | The structure of dark matter halos

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqn: | -
stellar density profile radial velocity dispersion

GM -dllw dl :
(r)=—af np. nOr+2[3’

r tl dinr  dlnr I_T

from Aquarius sim vel. anisotropy

Institute for Computational Cosmology







BQHQXD

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqgn:
GM(r) __ »|dlnp. dlno;

-0’ +2p

rtl dInr dinr I_,r

from Aquarius sim vel. anisotropy

Velocity dispersion [km s

* Assume isotropic orbits

* Solve for o, (r)

* Compare with observed o, (r)
* Find "best fit” subhalo
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+ICE

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqgn:
| 2
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from Aquarius sim
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Strigari, Frenk & White 2010
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| A cold dark matter universe

University of Durham
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CDM N-body simulations make two important predictions
on strongly non-linear (halo) scales:

® Halos of all masses and subhalos have “cuspy” density profiles

® Large number of self-bound substructures (10% of mass) survive

Three challenges to CDM on galactic scales

1. The satellite luminosity function v
2. The structure of satellite halos v

3. 1 and 2 combined

Institute for Computational Cosmology
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Top 2 best f|t CDM models to data
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1JICC

Warm vs cold dark matter subhalos

massive progenitors

Red - 3 halos with
most massive

progenitors (LMC,
SMC, Sagittarius?)

Lovell, Eke, Frenk, Gao, Jenkins
et al ‘11




Draco for whic
V . <40 km/s )

ma

Boylan-Kolchin et al ‘12
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SEPEVI The satellites of the Milky Wa

SPH simulations of galaxy formation
in one of the Aquarius halos

Aq—-C-4
Local Group Al

(KOpOSOV et al')Koposov et al. 2008 O
Guo et al. 2011 —

SPH simulations
(Parry et al.)

p—

SDSS galaxies
(Guo et al. 11)

Parry, Eke, Frenk & Okamoto ‘11
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[ A MW satellites (Wolf et al., 2010)
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CDM puts the brightest sats in the biggest
halos, but these are more massive than

those indicated by the real data
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CDM rejected at 93.6%

confidence level

Parry, Eke & Frenk &
Okamoto‘11
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ICL | The satellites of the Milky Way

University of Durham

Boylan-Kolchin et al 11
V. = /G_M V_ .. =maxV,
r

Allowed range of (V. Rimax)
inferred for each MW sat from
M(r<r,,) assuming NFW

Majority of most massive CDM
subhalos are too concentrated to
host any of the bright MW sats.

20 | I | I | I 90
bright MW dwarf spheroidals @ 80
(95.4% confidence)

9 70

wn
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subhalos in 1 30
CDM
simulations
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: Three Cllng on glctic sces:

= 1. The satelhtelummosﬂy functlon |
- 2. The structure of satellite halos

B 3. 1.and 2 combined

CDM galaxy formatloj‘: .-'ahalytlcs and SPH) putS';;-"',_- |

brlghtest sats inthe. blggest?‘-.h‘al,oa but these seem to. be more  * |

masswe/cenc’entrate:j7""’. I"""‘:"chated by Local Group data

Note thrs has nothmg to do WIth Core radu & q-




Possible solutions?

Solution 1;: Warm dark matter




cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘11




v BCE | Warm vs cold dark matter subhalos

%)

é’b‘
<=\, 10.01 & o -
7.0F @ Y [ ] B
500 ¢ o ° )

Majority of most
massive CDM subhalos

too dense to host any of
the bright MW sats.
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Lovell, Eke, Frenk, Gao, Jenkins, Wang, White,

Theuns, Boyarski & Ruchayskiy ‘11
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&« | Warm vs cold dark matter subhalos

University of Durham

/GM _
Vo= 2= V_ . =maxV,
r

Majority of most
massive CDM subhalos

too dense to host any of
the bright MW sats.

WDM subhalos have the
right concentration to
host the bright MW
satellites
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&« | Warm vs cold dark matter subhalos

University of Durham

/GM _
Vo= 2= V_ . =maxV,
r

Majority of most
massive CDM subhalos

too dense to host any of
the bright MW sats.

WDM subhalos have the
right concentration to
host the bright MW
satellites
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subhalos with most

massive progenitors ~

Red - 3 halos with
most massive

progenitors (LMC,
SMC, Sagittarius?)

0.1 1.0 10.0 0.
r [kpc]

Lovell, Eke, Frenk, Gao, Jenkins et al ‘11
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ECC

Warm vs cold dark matter subhalos

Ursa Minor
Sextans
Sculptor
Leo Il

Leo |
Fornax
Draco
Carina

Density profiles of 12 -
subhalos with most
massive progenitors ~

Red - 3 halos with
most massive
progenitors (LMC,
SMC, Sagittarius?)

WDM subhalos have r [kpc]

the right masses to Lovell, Eke, Frenk, Gao, Jenkins et al ‘11
hOSt the MW SatS Institute for Computational Cosmology




HJBECL | Warm vs cold dark matter subhalos
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Possible solutions?

Solution 1;: Warm dark matter

Solution 2: Baryon effects
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The cores of dwarf galaxy haloes

Julio F. Navarro,"** Vincent R. Eke? and Carlos S. Frenk?

'Steward Observatory, The University of Arizona, Tucson, AZ 85721, USA
*Physics Department, University of Durham, South Road, Durham DHI 3LE
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ABSTRACT

We use N-body simulations to examine the effects of mass outflows on the density
profiles of cold dark matter (CDM) haloes surrounding dwarf galaxies. In particular,
we investigate the consequences of supernova-driven winds that expel a large
fraction of the baryonic component from a dwarf galaxy disc after a vigorous episode
of star formation. We show that this sudden loss of mass leads to the formation of
a core in the dark matter density profile, although the original halo is modelled by
a coreless (Hernquist) profile. The core radius thus created is a sensitive function of
the mass and radius of the baryonic disc being blown up. The loss of a disc with mass
and size consistent with primordial nucleosynthesis constraints and angular
momentum considerations imprints a core radius that is only a small fraction of the
original scalelength of the halo. These small perturbations are, however, enough to
reconcile the rotation curves of dwarf irregulars with the density profiles of haloes

formed in the standard CDM scenario.




Baryon effects in the MW satellites

University of Durham

Rapid ejection of large
fraction of gas during
starburst can lead to a
core in the halo dark
matter density profile

z=2, t=3.56 Gyr

The cores of dwarf galaxy haloes L75
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=T T T p T ——r e e B B e B L A
L. @ | L (®)
0F o -~ N 0k S ]
L = mm—— N
S ~ 1
. SeeoetEN
PN SN
- - N\ \\ . 1 TR 1
—| - /";i..”....,__x,‘n“\,\ N -2 1
L ;a,‘.\l a J
a o 2
VA 1
g ‘v-;‘; g
we Toue/8,=0.01 ! 4 R— J
- — - Tgu/8,=0.02 ’ - = T/ 0,=0.02
-4 = { - -4 - =
= = T/ 8,=0.04 I — — Tau/8,=0.04
______ No perturbation ! | -——.. No perturbation |
v 9 ST P [ N N Y SR T PP PR
-1.5 =1 -0.5 0 05 1 -15 -1 -0.5 0 0.5 1
log,o I log,, r
T T Ty T
- (©)
0F 2 - -

Navarro, Eke & |

1 Q
; Frenk ‘96 ;
o
o = 5 T/ 8y =0.01
Z= 2 : E -~ Ty/8,=0.02
v iy .
L s — - Tyu/8,=0.04
-| == Model € !
|| == Simulation (HT) | == B0 ERAENET 1]
2 % . PP | PP U B
A_dlabat_lc R =0 05 0 05 1
- Simulation (LT) log, T
S '_] - ] 0 3. Equilibrium density profiles of haloes after removal of the disc. The solid line is the original Hernquist profile, common to all cases.
10 10 st-dashed line is the equilibrium profile of the 10 000-particle realization of the Hernquist model run in isolation at £=200. (a)
r/kpc 0.2. (b) My, =0.1. (c) M,.=0.05.

Institute for Computational Cosmology




AP The satellites of the Milky Wa

SPH simulations of galaxy formation
in one of the Aquarius halos

Parry, Eke, Frenk & Okamoto ‘11




v B | Baryon effects in the MW satellites
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on effects in the MW satellites

Subhalo 33




Possible solutions?

Solution 1;: Warm dark matter

Solution 2: Baryon effects

Solution 3: The MW is atypical or its halo is
less massive than 1.5x10"?M_
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ICL | The satellites of the Milky Way

University of Durham

20

Boylan-Kolchin et al 11
V. = /G_M V_ .. =maxV,
r

Allowed range of (V.o Rmax) =
inferred for each MW sat from
M(r<r,,) assuming NFW

bright MW dwarf spheroidals o
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University of Durham

Solution 3

Apart from the LMC, SMC and Sagittarius, Milky Way
satellites seem to live in subhalos with V__, < 25 km/s

All 6 Aquarius halos have several massive (V. ., > 25 km/s)
subhalos where bright satellites should have formed

What is the probability of a halo having no more than 3 (LMC,
SMC, Sag) massive, e.g. V., > 25 km/s, subhalos?
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€L | Subhalo abundance in ACDM
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niversity of Durham

Millennium Il resolves FOURO
subhalos with V__. > 30 km/s
in 1072 M, halos 100.0f

However, the distribution of —~1g.¢ |

Vo Vooo IS Nearly universal ,f

(independent of halo mass) =
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Wang, Frenk, Navarro ‘12
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I |Probability of massive subhalos

University of Durham

Probability of having no
more than N subhalos
With Vmax> cht

Depends strongly on
Veut @and My

If M, _, = 1x 107> M,
probability of having no

more than 3 subhalos with
V. _..> 30 km/s is ~40%

If M, =1x10"> M,
probability of having no

more than 3 subhalos with

V.= 25 km/s is ~5%

m

Wang, Frenk, Navarro ‘12
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ACDM: problems/possible solutions
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