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ÅFirst recognized in 1994 that dwarf 

galaxy rotation curves are too shallow

The Cusp/Core Problem

Flores & Primack (1994) Moore 

(1994)



The Cusp/Core Problem

ÅNavarro, Frenk, & White (1996)

ƪ(r) ~
1

(r/ rs)(1 + r/ rs)
2

cusp/ core



ÅThis is important because:

ðMeasurements of the mass distribution within 

galaxies could provide clues to DM physics

ðDM annihilation signals go as ƪ2

The Cusp/Core Problem

Kuhlen et al. (2008)



The Cusp/Core Problem

ÅFour primary regimes in which dark 

matter density profiles can be 

measured

ðLocal Group dwarf spheroidals

ðLow-mass spiral/irregular galaxies

ðMassive galaxy lenses

ðGalaxy clusters



Dwarf Spheroidalsas DM 

Probes
ÅClosest and most dark matter -

dominated galaxies known

ðluminosities from 10 3 to 107 L
¼

ðsizes from 30 to 1000 pc

ðmasses of ~109 M
¼



Dwarf Spheroidal Density Profiles

ÅCleanest systems in principle

ðBaryons of little importance

ðLess interpretation of observations necessary

ÅBut: radial velocities provide only one 

component of the 3D motion of each star



movie courtesy of TJ Cox

Dwarf Spheroidalsas DM 

Probes



Dwarf Spheroidal Density Profiles

ÅCleanest systems in principle

ðBaryons of little importance

ðLess interpretation of observations necessary

ÅJeans equation:

d(r*sr
2) 

dr 
r = ñr* r 

GM(r)
ñ2b(r)r*sr

2

observed
unknown

M(r) and b(r) are degenerate!



Strigari et al. (2007)

ÅAssume r(r) ´r-g

ðWant to distinguish g~ 0 (CDM is wrong)

from g~ 1 (DM is cold)
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Dwarf Spheroidal Density Profiles



How Many Stars Does It Take?

dg< 0.25 requires 5000 stars

dg< 0.20 requires 9000 stars

Strigari et al. (2007)

current 
studies

Requirement 
to usefully 
constrain g



Published RV Samples

ÅFornax: 2483

ÅSculptor: 1365

ÅCarina: 774

ÅSextans: 441

ÅDraco: 210

ÅUrsa Minor: 182

ÅLeo I: 827

Walker et al. (2009)

Muñoz et al. (2005)

Kirby et al. (2010)



dSphDensity Profile Results

ÅFornax
ð (Walker & Penarrubia 2011)

ð core (Jardel & Gebhardt 2012)

ð core or cusp (Breddels & Helmi 2013)

ÅSculptor
ð core or cusp (Battaglia et al. 2008)

ð (Walker & Penarrubia 2011)

ð core (Amorisco & Evans 2012)

ðg= 0 ± 1.2 (Breddels et al. 2013 )

ð core or cusp (Breddels & Helmi 2013)

ðg= 0 or 1.2 (Richardson & Fairbairn 2014)



ÅInstead of using radial velocities alone, 

add proper motions 

ðDirectly determines the velocity anisotropy

ð5 km s-1 ~ 11 mas yr-1

Dwarf Spheroidal Density Profiles

RVs plus proper motions

Strigari et al. (2007)



Future Outlook

ÅCurrently little agreement in derived 

density profile slopes

ÅRadial velocity sample sizes are still 

being increased

ÅPossibility of measuring proper motions 

with HST, Gaia, JWST, or ELTs



Late-Type Dwarf Galaxies

movie courtesy of Lucio Mayer



Measuring Density Profiles

ÅGalaxy rotation curve is determined by a 

harmonic fit: Vobs = Vsys+ Vrotcosƒ+Vradsinƒ

f



Disk Galaxy Rotation Curves

ÅInterpretation complicated by:

ðNon-circular motions

ðBars

ðUnknown stellar M/L

ðDisk geometry (warps, etc.)

ðAdiabatic contraction
Simon et al. (2003, 2005)

Kuzio de Naray et al. (2006, 2008)
Oh et al. (2011)



Stellar + Gas Velocity Fields 

of 7 Dwarfs

Adams et al. (2014)

NGC 5949

UGC 11707NGC 959 UGC 2259 NGC 2552

NGC 5204NGC 2976



Stars vs. Gas

ÅInitial suggestions of disagreement 

between stars and gas, now resolved

Adams et al. (2014)

g s
ta

r

Ñ*,R

Adams et al. (2012) - stars

Simon et al. (2003) - gas



Stars vs. Gas

Åƞstar = 0.68  

standard error on the mean: 0.06

standard deviation 0.10

Åƞgas = 0.67

standard error on the mean: 0.04

standard deviation 0.24

ÅWhat does the difference in standard 

deviations mean? 


