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Lecture 5: Dwarf Galaxies as DM Labs



Vmax > 35 km/s

Voids are empty enough only if
MB < -12 galaxies are big:

Fraction 
of local 
volume in 
voids 
bigger 
than R

R=size of void (Mpc)

but: VHI ~ 
20 km/s

~Fornax’s  ~Leo I’s 

Mvir~109.5 Msun

M300~107.15 Msun



Putman, Grcevich, Peek 08

Leo T: Mgas/M*~ 1
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LG dSph Galaxies:
Best DM Labs in the Universe

1. Dark Matter Dominated - Easy to interpret
- Segue 1is the most dark-matter dominated object in the known universe.  

    
2. High phase-space densities - WDM vs CDM
  
3. Nearby - individual stellar kinematics

L ! (103 − 107)L!

M/L ! 10− 10, 000
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Cusps vs Cores: 2D Velocity Maps

Dutton et al. 05: (Ha & HI)
  3 of 6 flatter than NFW

Kuzio de Nary et al. 06, 07:
2d H-alpha  ~13 of 17 look flatter than NFW

Simon et al. 05: (Ha & CO)
 ~3 of 6 look flatter than NFW

Galaxy rotation curves rise more 
slowly than CDM prediction

CONCERNS:
- astrophysics of ISM may affect interpretation (Valenzuela, Klypin et al. 07)
- non-spherical potentials may affect interpretation (Hayashi et al. 04)

* note: self-consistent non-spherical halo simulations of disk galaxies don’t easily fix 
the problem (R. Kuzio de Naray & T. Kaufmann 08 - private communication)
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WDM  Phenomenology:

Free Streaming: Suppresses P(k) on small scales

Low Phase Space Density: prevents sharp spatial density cusps? 

Effects must be considered separately!

• Free-streaming does not produce cores in halos

• Low primordial phase-space density will make cores

• Free-streaming does reduce # of subhalos 

• Low primordial phase-space density can also reduce # small subhalos
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Free Streaming:

Lya forest:
mn > 750 eV Narayanan et al. 00
mn > 550 eV Viel et al. 06
!      Seljak et al. 06

IMPORTANT:
Free streaming does not make cores in halos.  
It only reduces # and densities of small scales.



 What can make cores?
Phase Space Constraints



Tremaine & Gunn 79
Dalcanton & Hogan 00

ARZ & JSB 03, Kaplinghat 05

• For thermal fermionic dark matter, the primordial phase-
space density freezes out as a Fermi-Dirac f(q), with a 
maximum value:

• Louivilles Theorem: For a collisionless particle, this 
maximum is never exceeded, no matter how gravity 
distorts the phase space sheets. See HWR lectures.

• Result: the course-grained phase space density must 
always be smaller than fmax.

fmax = 0.5h−3
pl



• Useful: Define a phase space variable

• Phase space constraint implies that any collapsed 
distribution of dark matter must obey:

Q ≡ ρ

σ3

Q < m4
dm

fmax

Qmax ! 5.2× 10−4
(mdm

keV

)4 M"/pc−3

(km s−1)3

Tremaine & Gunn 79
Dalcanton & Hogan 00

ARZ & JSB 03, Kaplinghat 05

For the case of thermal WDM, Q is related to the mass in a 1-to-1 way:
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Qmax ! 5.2× 10−4
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In order to have any observable effect on the density profiles of  dark 
matter halos, the primordial Qdm needs to approach the maximum Q that 
is inferred by stars in dSph’s.  

The Story of Q

Qobs(300pc) <
M(300pc)/(300pc)3

4πσ2
los

! 10−4 M"pc−3

(kms−1)3

Note: Q of the DM in dSph’s cannot be measured directly because σdm cannot 
be measure direct -- Why? - we can’t measure Vmax and we need Vmax to 
determine σdm.  Here I have used σdm < σlos.

Q ≡ ρ

σ3



Taylor & Navarro
Dehnnen 05, 

Navarro et al. 08 

“Phase space” profile of CDM  Halos

Log Q(r)

Q rises as a 
power law.

Q ≡ ρ

σ3



Phase space profile of WDM halos: must break @ small r
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ρ→ const.

small r expect: 

Central Core 
Density Profile

Martinez, JSB,
Kaplinghat, Strigari, Simon, 

in prep



Phase space profile of WDM halos: must break @ small r
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Note: self-
consistent Q(r) 
profiles that have a 
maximum cannot 
be a power-law at 
large r.  The figure 
to the left is just 
descriptive.

Martinez, JSB,
Kaplinghat, Strigari, Simon, 

in prep

Qmax

lower particle mass



They say “Core”:  a ~0.5kpc core and that this is consistent with WDM



 Thermal WDM of this type is strongly ruled out by Lya forest.

Strigari et al. 06

mn > 600 eV => Q > 2e10-5 

~0.5kpc core in Fornax requires an extremely 
low phase-space maximum Q~1.e-6.



If ~0.5 kpc core 
is real  need DM 
candidate with 
low Q and small 
free-streaming 
length...

Strigari et al. 06

Can we have such a DM particle?

~0.5kpc core in Fornax requires an extremely 
low phase-space maximum Q~1.e-6.

YES. WE. CAN!
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Dark matter from 
decays (non-thermal)

e.g. SuperWIMPS

Q = ρ/σ3 
Phase Space Densities:

Strigari, Kaplinghat, JSB 07
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Phase space ceiling most important in 
the smallest galaxies.

Lo
g 

Q
(r

) Qmax
Q =

ρ

σ3
∼M−1

halo



Dehnen 05:
There exists a function:
the “excess mass function” that 
always decreases as a result of 
coarse graining.

Generalizes Tremaine-Gunn bound for arbitrary (non-thermal) 
primordial phase space distribution

1

0

2

Kaplinghat 05

highest density
DM halo allowed

primordial
DDM

Large r Small r
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CDM

Dark Matter and Galaxy Central Densities

core

WIMPs:
LSP neutrlino

cusp

WDM  SuperWIMPs:  
LSP gravitino

High phase-space density Low phase-space density
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Looking for DM Cores...

Dwarf galaxies are potentially excellent laboratories:

1. High Phase Space Densities
2. Stellar Dynamics => Probe DM distribution
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Gilmore et al. 07:
Density profiles of dSph Galaxies - isotropic Jeans modeling

β ≡ 1− σ2
θ

σ2
r

= 0 Cored profiles are better fits.IF



Without assumptions, Dark Matter Halo Slope is
hard to measure even with radial velocities of ~1000s of stars
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Strigari, JSB, MK 07σ2
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2
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∫ ∞
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SIM PlanetQuest

Proper motions break the degeneracy
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Without assumptions, Dark Matter Halo Slope is
hard to measure even with radial velocities of ~1000s of stars

~5 km/s
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Add Proper Motions (200 Stars from SIM)

~5 km/s
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Strigari, JSB, Kaplinghat 07
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Coma
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Dwarf Satellites and DM indirect detection

Strigari et al. 2007, 2008; Martinez et al. 2008

Particle Physics Astrophysics

Stadel et al. 08Nelson et al. 93
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Gamma-ray predictions Strigari
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Gamma-ray flux from Segue1 

Likelihoods use SuperBayes MCMC code [Ruiz de Austri, Trotta, Roszkowski 2005]. 
Kinematics of dwarfs are now coupled with DarkSUSY [Gondolo et al.] 

              G. Martinez et al. 

G. Martinez et al.
Constrained MSSM + Kinematic marginalization

Particle Physics + Astrophysics now both fully marginalized
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Walsh et al. 08

Milky Way Satellites
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Belokurov et al. 06

Eϒ>1 GeV Flux (optimistic particle model) 

Tollerud
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Belokurov et al. 06

Eϒ>1 GeV Flux (optimistic particle model) 

MW halo: Klypin et al. 01

Tollerud

LMC: vd Marel et al. 02
SMC: Stanimirovic 04
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EGRET Background

Tollerud

Bergstrom et al. 98 fit
+ EGRET3 point sources

(scaled to 1GeV)
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Significance Map ~ Nϒ / (Nϒ + Nbg)1/2

Tollerud

point sources
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Significance Map ~ Nϒ / (Nϒ + Nbg)1/2

Tollerud

point sources

Ursa 
Major I  

2005

Coma Br
2006

Segue I 
2006
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Significance Map ~ Nϒ / (Nϒ + Nbg)1/2

Tollerud

point sources

Ursa 
Major I  

2005

Coma Br
2006

Segue I 
2006 MW, LMC, SMC:

Large uncertainties in mass models!



 J. Bullock, UC Irvine

point sources

GLAST may discover some sources without corresponding galaxies
they may even be brighter (see Kuhlen et al. 08 vs Springel et al. 08)
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GLAST may discover some sources without corresponding galaxies
they may even be brighter (see Kuhlen et al. 08 vs Springel et al. 08)

point sources

How do we know that this is a dark subhalo and 
not just some background source?  The energy 

spectrum may help (Baltz et al. 2006).
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Air Cerenkov Telescopes (ACTs) like VERITAS/HESS/MAGIC and future instruments will 
need to know where to point. 

point sources



The substructure boost

∝ m−0.9 c(m)2.2 dm



Unfortunately, the boost factor depends sensitively on the density structure of the 
smallest subhalos.  if c(M) maintains a power-law, then we could have boosts ~100.
This seems unlikely -- most likely c(M) will roll off and give boost~5 at most.
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Bullock et al. 01
c(M) toy model
-this model is steeper at
small masses than other proposed
scalings Eke et al. 01, Neto et al. 08

c(M) ~ M-0.1

c(M) ~ M-0.1

Bullock et al. 01
c(M) toy model

The substructure boost

Greg Martinez et al. 2008



Boost integral is teetering on the edge of 
divergence at small scales....

∝ m−0.9 c(m)2.2 dm

Need to know concentrations of ~1 Msun halos 

AND 

Radial profile n(r) for ~ 1 Msun halos (see discussion in 
Springel et al. 08)



End Lecture 5




