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Universe Composition 

WMAP7
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DM particle models: Constraints

1.! Relic density   (CMB) 

2.! Electrically Neutral 

3.! Consistent with the Big Bang Nucleosintesis 

4.! Leave stellar evolution unchanged 

5.! Compatible with constraints on self-interactions 

6.! Compatible with direct-searches constraints  

7.! It can be manufactured in the laboratory  

Assumption: dark matter is composed of “exotic” particles 
(i.e. beyond the current standard model of particle physics) that 

were created after the Big Bang
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63 orders

51 orders

DM particle models: Constraints
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HOT
<102 ev

WARM
103 __ 105 ev

COLD
109 __ 1012 ev

λFS ≡  “average distance travelled by a DM particle before it falls in a 

potential well”

λFS ~ 20 Mpc (30 ev / mν)
λFS ~ 1 Mpc (1 kev / mν) 

λFS ~ 3.7 pc (100 Gev / mν)1/2 

DM particle models: Classification
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CDM 
prediction
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Clues on the nature of DM must be 
searched on small scales
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Diemand+05
0.02pc

DM particle mass ~ 100 Gev
• Msubhalo,MW > 10-5 Msol

• Nsubhalo,MW > 1014  (!)  all of them galaxies?
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The “missing satellite” problem

Diemand+07

∝ M−1.9

MW: ~25 dSph satellites
M31: ~23 dSph sats.

Thursday, 7 June 2012



Diemand+07

No stars

•H2 cooling
•Reionization

The “missing satellite” problem

MW: ~25 dSph satellites
M31: ~23 dSph sats.
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Diemand+07

No stars

•H2 cooling
•Reionization

faint dSphs: incomplete sample
Koposov+08; Tollerud+08

The “missing satellite” problem

MW: ~25 dSph satellites
M31: ~23 dSph sats.
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Diemand+07

No stars

•H2 cooling
•Reionization

faint dSphs: incomplete sample
Koposov+08; Tollerud+08

8 bright dSphs

The “missing satellite” problem

Inconclusive 
results ...
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Dwarf Spheroidal (satellite) 
galaxies
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Dwarf Spheroidal (satellite) 
galaxies

Simon & Geha 2007

luminosity

★ Faintest galaxies in the 
known Universe:    
103 < L/Lsol <  107

★High mass-to-light ratios:   
10 < M/L <1000
(Potential dominated by DM)

★Old, metal poor stellar 
populations
0.1  < age/Gyr < 12

★No gas

★No rotation (pressure-
supported)
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Dwarf Spheroidal (satellite) 
galaxies

Walker+09

Extreme DM densities !! 

DM density at the solar 
neighbourhood

★ Faintest galaxies in the 
known Universe:    
103 < L/Lsol <  107

★High mass-to-light ratios:   
10 < M/L <1000
(Potential dominated by DM)

★Old, metal poor stellar 
populations
0.1  < age/Gyr < 12

★No gas

★No rotation (pressure-
supported)
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Talk overview

r

stars ≣ mass-loss tracers of the 
DM potential

dwarf spheroidal galaxies  

1- Existence of “dark” substructures
              missing sat. problem

2- DM distribution in galactic haloes                  
             core/cusp problem
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“dark” substructures in dSphs

✴ CDM mass function:  

dN/dm ∝ m-1.9 

✴  dSphs have virial masses 
Mvir≲109Msol

Strigari+07; Peñarrubia+08; Walker+09; Wolf+09

NFW97; Diemand+07; Springel+08

DM substructures in dSphs 
have m ≲ 0.01Mvir ~107 Msol

i.e. they are “dark”

sub-sub haloes in CDM simulations  (Springel+08)
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✴ CDM mass function:  

dN/dm ∝ m-1.9 

✴  dSphs have virial masses 
Mvir≲109Msol

NFW97; Diemand+07; Springel+08

DM substructures in dSphs 
have m ≲ 0.01Mvir ~107 Msol

i.e. they are “dark”

sub-sub haloes in CDM simulations  (Springel+08)

“dark” substructures in dSphs

Strigari+07; Peñarrubia+08; Walker+09; Wolf+09
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Disruption of binary stars by 
“dark” substructures

Wide binaries have very 
low binding energies

Probes of clumpiness 
in the galaxy potential

e.g MACHOS in the MW halo: Carr & Sakellariadou (1999);  
Chaname & Gould (2004)

E= - G Mb / 2a
small tidal perturbations can 

disrupt these systems
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Disruption of binary stars by 
“dark” substructures

< ∆E >=
7G2M2

pa
2

3V 2
relb

4
U(b/rh);

mean change of energy after 
encounter with DM sub-subhalo

stellar halo of the MW:     Vrel ~ √2 x 160  km/s
dSphs                              Vrel ~ √2 x 10  km/s   

“Catastrophic” encounters: < ∆E >

Eb
> 1

Mp,crit ≈ 2M!
Vrel√

2 · 10kms−1

(
Mb

1M!

a

0.1pc

)1/2

;

Mp > Mp,crit

non-penetrating encountersU(b/rh) ≈ 1
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Disruption of binary stars by 
“dark” substructures

Analytically we expect binaries with a>amax to be disrupted 

amax ≡
(

kcat
Gρp∆t

)2/3

(GMb)
1/3;

(Bahcall+85)kcat ! 0.07

Monte-Carlo/N-body simulations

ρp =
fsubMvir

4π/3R3
b

Density of sub-sub haloes

CDM field haloes:    fsub ~ 10-2

✴We expect a truncation in the 
binary separation function at 

amax ~ 104 AU ≃ 0.05 pc
✴The perturbed separation 
function scales as 

dNb/da ∝a-2.1     for a≿amax

∆t ≡ tnow − tform{ Peñarrubia+2010
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The Aquarius satellites

Aquarius sims: Assembly of a 
MW-like galaxy halo with 5x109 
particles (particle mass =104 Msol)

Springel et al. (2008)

Position, velocity & mass of 
sub-subhaloes in satellite 
haloes

Generate samples of binary 
stars in the host satellites

< ∆E >=
7G2M2

pa
2

3V 2
relb

4
U(b/rh);Substructures:

Smooth field: rJ(r) =

[
Mb

3Msat(< r)

]1/3
r

S00
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The Aquarius satellites

Aquarius sims: Assembly of a 
MW-like galaxy halo with 5x109 
particles (particle mass =104 Msol)
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Position, velocity & mass of 
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Detection of binary stars in 
dSphs

challenging owing to their 
large heliocentric distance

ACS camera on Hubble:
•resolution = 4x 0.05” pixels
•f.o.v = 25”x25”
•limiting magnitude = 29mag

15’ = 900”
binary fraction =10%

Peñarrubia+2010
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The inner structure of Cold (?) 
DM haloes
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Collision-less N-body sims. of 
structure formation

Bode+01

CDM haloes follow a universal 
density profile that diverges at 

r=0 (cusp)
Dubinsky & Carlberg 91, NFW97, 

Moore+98, Diemand+ 05)

The inner structure of Cold (?) 
DM haloes
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Baryonic feedback

L~109Lsol; M~1010Msol

Baryons may alter the inner 
DM profile:

✴SNe-driven gas outflows  
(Navarro+1996; Gnedin & Zhao1992; Read & 
Gilmore2005; Governato+2008, 2010)

✴SNe-induced resonant 
motion of bulk gas 
(Mashchenko+2006, 2008)

✴Orbital decay of dense 
clusters 
(El-Zant+2001; Goerdt+2008 
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Baryonic feedback

L~109Lsol; M~1010Msol

Baryons may alter the inner 
DM profile:

✴SNe-driven gas outflows  
(Navarro+1996; Gnedin & Zhao1992; Read & 
Gilmore2005; Governato+2008, 2010)

✴SNe-induced resonant 
motion of bulk gas 
(Mashchenko+2006, 2008)

✴Orbital decay of dense 
clusters 
(El-Zant+2001; Goerdt+2008 Do those process affect dSphs? 

(100-1000 less luminous)
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Baryonic feedback in CDM dSphs

Same results found independently by 
Sawala, Scannapieco, Maio &  White (2010)
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The inner structure of Cold (?) 
DM haloes

stars ≣ mass-loss tracers of the 
DM potential

Jeans equations

✴ Halo mass profile
✴ stellar density profile
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The inner structure of Cold (?) 
DM haloes

stars ≣ mass-loss tracers of the 
DM potential

✴ Halo mass profile 
✴ stellar density profile
✴ radial component of the velocity dispersion

Jeans equations
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The inner structure of Cold (?) 
DM haloes

stars ≣ mass-loss tracers of the 
DM potential

✴ Halo mass profile 
✴ stellar density profile
✴ radial component of the velocity dispersion
✴ velocity anisotropy  β≣1 -  σt2 / σr2

Jeans equations
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The inner structure of Cold (?) 
DM haloes

✴ Halo mass profile 
✴ stellar density profile
✴ radial component of the velocity dispersion
✴ velocity anisotropy  β≣1 -  σt2 / σr2

Jeans equations

Projected velocity dispersion

M -- β  
degeneracy !!
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DM cusps?

Walker +09 Unknown β(r)

Unknown M(r)

e.g. Battaglia+08; Walker+09

NFW profile 
cored profile 

Can we break 
the degeneracy?
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THE IDEA  
Walker & Peñarrubia  (2011)
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M -- β  degeneracy breaks at R≃Rhalf

Peñarrubia+08;  Walker+09;  Wolf+10;  Amorisco & Evans 2010

M(Rhalf) ≈ µRhalf〈σV 〉2

THE IDEA  
Walker & Peñarrubia  (2011)

µ ≈ 480M!pc
−1km−2s−2 (Walker+09)
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M -- β  degeneracy breaks at R≃Rhalf

Peñarrubia+08;  Walker+09;  Wolf+10;  Amorisco & Evans 2010

M(Rhalf) ≈ µRhalf〈σV 〉2

Some dSphs show 
spatially + kinematically 
distinct stellar components

Tolstoy + 04  (see also Battaglia+08)

Sculptor dSph

µ ≈ 480M!pc
−1km−2s−2 (Walker+09)
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THE IDEA  
Walker & Peñarrubia  (2011)

log M 

log R 
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log M 

log R 

THE IDEA  
Walker & Peñarrubia  (2011)
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log M 

log R 

THE IDEA  
Walker & Peñarrubia  (2011)

M ∝ R−Γ

dM = 4πρDMr2dr

ρDM ∝ r−1

ρDM ∝ const.
Γ ≈ 2
Γ ≈ 3
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Method
Walker & Peñarrubia  (2011)

L({Ri, Vi,W
′
i}

Nsample

i=1 |!S) =
Nsample∏

i=1

[
f1

w(Ri)pR,1(Ri)pV,1(Vi)pW ′,1(W ′
i )∫∞

0 w(R)pR,1(R)dR

+f2
w(Ri)pR,2(Ri)pV,2(Vi)pW ′,2(W ′

i )∫∞
0 w(R)pR,2(R)dR

+(1− f1 − f2)p̂MW,R(Ri)p̂MW,V (Vi)p̂MW,W ′(W ′
i )

]
.

MCMC algorithm:
2 stellar components + MW 
foreground contamination
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Method
Walker & Peñarrubia  (2011)

MCMC algorithm:
2 stellar components + MW 
foreground contamination

pi(R, V,W ) = pR,i(R)pV,i(V )pW,i(W );

Priors  (14 free parameters)

pR,i(R) =
2R/r2i(

1 +R2/r2i
)2Plummer prof.

Gaussian pV,i and pW,i 

•! fmem       = (N1+N2) / (N1+N2+NMW) Fraction of dwarf members    

•! fsub,2    = N2 / (N1+N2)                      Fraction of stars in comp. 2 
•! rhalf,2    Half-light radius of comp. 2 

•! rhalf,1 / rhalf,2   Ratio of Half-light radii 
•! <W1>    Mean spectral index of comp. 1 

•! <W1> - <W2>   Spectral index difference 

•! !W1    Spectral index dispersion of comp.1 
•! !W2    Spectral index dispersion of comp.2 

•! !V1    Velocity dispersion of comp.1 
•! !V2    Velocity dispersion of comp.2 

•! µ
"    Proper motion in R.A. 

•! µ
#    Proper motion in Declination      

L({Ri, Vi,W
′
i}

Nsample

i=1 |!S) =
Nsample∏

i=1

[
f1

w(Ri)pR,1(Ri)pV,1(Vi)pW ′,1(W ′
i )∫∞

0 w(R)pR,1(R)dR

+f2
w(Ri)pR,2(Ri)pV,2(Vi)pW ′,2(W ′

i )∫∞
0 w(R)pR,2(R)dR

+(1− f1 − f2)p̂MW,R(Ri)p̂MW,V (Vi)p̂MW,W ′(W ′
i )

]
.
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Tests
Walker & Peñarrubia  (2011)

Synthetic data sets:

ν∗(r) = ν0

(
r

r∗

)−γ∗[
1 +

( r

r∗

)α∗

](γ∗−β∗)/α∗

.

ρDM(r) = ρ0

(
r

rDM

)−γDM
[
1 +

( r

rDM

)αDM

](γDM−βDM)/αDM

.

Opsikov-Merritt DFs

Plummer:  
(α,β,γ)* = (2,5,0) 

NFW:  
(α,β,γ)DM = (1,3,1) 

ρQ(r) ≡ (1 + r2/r2a)ρ(r)

Q ≡ E +
L2

2r2a
=

1

2
[v2r + (1 + r2/r2a)v

2
t ] + U(r)

β ≡ 1− σ2
t

σ2
r

=
r2

r2a + r2
r<<ra   β=0 (isotropic)
r>>ra   β=1 (radially anisotropic)

where

stellar density

DM potentialf(Q) =
1√
8π2

∫ 0

Q

d2ρQ
dU2

dU√
U −Q
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Tests
Walker & Peñarrubia  (2011)
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Tests
Walker & Peñarrubia  (2011) isotropic anisotropic
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Tests
Walker & Peñarrubia  (2011)

M(Rhalf) ≈ µRhalf〈σV 〉2
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Tests
Walker & Peñarrubia  (2011)
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Results
Walker & Peñarrubia  (2011)

14-parameter MCMC fit 

•! Fornax, Scuptor:  2 comp. 

are clearly separated 

•! Carina: single component 

•! Sextans: unclear 

We recover published data on: 

1.! proper motions 

2.! mean velocity dispersion 

3.! averaged Rhalf 

4.! mean metallicity 

MCMC posteriors
Two components detected 
in Sculptor and Fornax
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Results
Walker & Peñarrubia  (2011)

Nsample= 2603 spectra Nsample= 1497 spectra 
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Results
Walker & Peñarrubia  (2011)

Nsample= 2603 spectra Nsample= 1497 spectra 
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Results
Walker & Peñarrubia  (2011)

ρDM =
ρ0

(
r/rDM

)γDM
[
1 + (r/rDM)αDM

](βDM−γDM)/αDM)
NFW ruled out in Fornax and 

Sculptor at a 96% and 99% 
confidence level

NFW

Thursday, 7 June 2012



Results
Walker & Peñarrubia  (2011)

Springel+08

Profiles from collision-less cosmological 
simulations of satellites ruled out in 
Fornax and Sculptor at a 99.98% and 

99.999% confidence level

ρDM =
ρ0

(
r/rDM

)γDM
[
1 + (r/rDM)αDM

](βDM−γDM)/αDM)

sims.
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Core size

Only slope mass profile is known ρ =
ρ0

(r + rc)(r + rs)2

M=109Msol

rs=1.9 kpc

For

Scu

Γ(rh) ≈ 3− 3 + 2x

4x

(
rh
rs

)
; x ≡ rc/rs

rh ! rsfor

Only lower limits on rc can be derived

rc ≫ rh ~ 0.5-1.0 kpc

Thursday, 7 June 2012



The core/cusp problem

Most LSB and late-type galaxies 
(1010--1011 Msol) show rotation curves 

indicative of cored DM profiles  
de Blok+ 2001; de Blok & Bosma 2002;  Swaters+2003

2D velocities from the THINGS survey 
confirm the result

Text

Oh+08

Text

Oh+2008; Kuzio de Naray 2008, 2009; de Blok+2010
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Impact of cored DM profiles on 
Galaxy formation

N-body simulations:  
✴6x105 particles, 
✴resolution=10 pc

Cuspy haloes (γ≥1) 
cannot be disrupted 
by the host tidal field 

Peñarrubia+2010
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Impact of cored DM profiles on 
Galaxy formation

NFW Cored Msat(tacc)≥108 Msol

(possibly luminous)

Text Galactic discs deplete 
inner regions from 

satellites

✴number of tidal streams?
✴stellar halo profile?

Peñarrubia+2010
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Future work

1) Increase the sample of stars with measured radial velocities in MW dSphs  
2) N-body simulations of the Milky Way formation where satellites are 
embedded in a cored DM profile

1) Wide binaries in dSphs probe the existence of dark substructures
2) We have introduced a robust method to measure the mass profiles of 
pressure-supported galaxies with multiple stellar components
3) Applied to dSphs it rules out NFW profiles (Fornax~96%; Sculptor~99%)
4) This is in tension with CDM hydrodynamical simulations that follow the 
formation of (field) dSphs (Sawala+10; Parry+12)

5) The presence of DM cores in satellite galaxies has a strong impact on 
their mass evolution in the MW tidal field, as well as on the formation of 
stellar halo

Summary
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Dynamical models
Amorisco & Evans (2012) bin projected velocities 

and fit Michie-King DFs to Sculptor*
*metallicity cut

*model dependent

NFW Cored

χ2 = 58.5 χ2 = 46.3

uncertainties?
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Black Holes in dSphs?

Tremaine+2002
tight correlation between the mass of 

the central BH and the galaxy luminosity 
in pressure-supported galaxies

Gebhardt+ 2000;  Tremaine+2002; Ferrarese & Ford 2005; Hu 2008; Gadotti 
& Kauffmann 2009

MBH ∼ 108M!

(
σ!

200kms−1

)3.75

MBH,dSph ~ 103 Msol
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Black Holes in dSphs?

No clear evidence for 
BHs

log M 

log R 

log MBH { 
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TESTS  

Synthetic data sets  

(self-consistently calculated by 

M. Wilkinson from distribution 
functions) 

1- stellar distribution 

2- stellar kinematics 
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TESTS  

CUSP 

CORE 
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TESTS  

CUSP 

CORE 
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TESTS  

DM halo mass slope 

underestimated 
M(<Rhalf) over-estimated as 

 Rhalf/rDM ! 0 
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