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Local Group dSphs 
Why study Local Group 
dSphs? 

“Dynamical” questions 

DM dominated  

Lowest mass products of galaxy formation 

Large public data sets 

Individual stars resolved 

What is the shape of the density profile? 

What  is the nature and degree of velocity 

anisotropy? 

Are the dSphs consistent with the DM 

halos found in ΛCDM simulations? 
Strigari+ (2008) 

ESO/Digitized Sky Survey 2 

Fornax 



Why Schwarzschild Models? 

Uses additional information in the 

LOSVDs to constrain anisotropy 

and break mass-anisotropy 

degeneracy 

van der Marel & Franx (1993) 

JJ & Gebhardt (2012) 

Our models must match the 

LOSVDs at each velocity bin 



Schwarzschild Modeling 

(courtesy J. Kormendy) 

1.  Guess potential Φ 

 guess 𝜌(𝑟) and solve for Φ 

 

2.  Build orbit library 

 launch orbits in Φ 

 

3.  Weight orbits to match projected kinematics & 

luminosity profile 

 → 𝜒2 + max entropy constraint 

 

4.  Rinse, repeat 

 choose new Φ (or 𝜌(𝑟)) and repeat 

How we choose 𝜌(𝑟) 

is the only major 

difference! 



Non-parametric Schwarzschild Models 

Traditional Schwarzschild modeling: 

𝜌 𝑟 = 𝜌∗ 𝑟 + 𝜌𝐷𝑀(𝑟) 

NFW: c, 𝑟𝑠 free parameters 

 

Logarithmic potential: 𝑉𝑐 , rc free parameters 

𝜌
 

r 

Then remove 𝜌∗ = 𝜈 ∗
𝑀∗

𝐿𝑣
 through some 

other constraint on 
𝑀∗

𝐿𝑉
 

Non-parametric Schwarzschild modeling: 



Draco: A test case 

 158 (from literature) + 12 (new) radial velocities 

 8 LOSVDs binned in annuli from 8 pc to 500 pc 

Kleyna+ (2002) 

JJ+ in prep 

New observations 

JJ+ in prep 

New VIRUS-W IFU observations (55” x 105”) 

Data from literature 



Modeling Results 
𝜒2curves constrain total 𝜌 

Remove stellar 

density by 

determining 
𝑀∗

𝐿
 

Non-parametric DM profile 

slope 𝛼 = −0.7 ± 0.1  

for 𝑟 > 30 pc 



And now for some wild speculation… 

Draco 

THINGS: HI survey of late-type field dwarfs 

 

Simulations: Governato+ (2012) N-

body/hydro cosmological simulations of 

THINGS-like dwarfs 

 

 

Governato+ (2012) with Draco added 



How does Draco compare to ΛCDM 

simulations? 

Boylan-Kolchin, Bullock, & Kaplinghat (2012) 

Estimate 𝑉𝑐(𝑟 = 𝑟1/2) via 

𝑀1/2 mass estimator for each 

dSph  (black points) 

 

Compare to 𝑉𝑐(𝑟) curves of 

subhalos from Aquarius 

simulation (lines) 
JJ+ in prep 

𝑀1/2 predicts about half as 

much mass as our model 



Velocity anisotropy 

Orbits are more radially biased at large radii. 

Consistent with tidal stirring scenarios (Łokas+, Kazantzidas+) 

Fornax (parameterized model) Draco 

JJ & Gebhardt (2012) 



Draco summary 

DM profile shape: 

• NPSM constrains 𝜌𝐷𝑀(𝑟) for 30 < 𝑟 < 700 pc 

• well-fit by power law with 𝛼 = −0.7 ± 0.1 over this range 

Halo Mass: 

• 𝑀 𝑟ℎ ∼ 1.7 × 𝑀1/2 estimator 

• 𝑉𝑐 𝑟  profile indicates a more massive halo alleviating “massive failures” 

problem (at least for Draco) 

Things that aren’t so great: 

1. Binned velocities 

2. “Non-Magorrian” treatment of best-fitting DF 

3. Only 170 RVs in 8 LOSVDs 
 



Extra Slides 



Computing LOSVDs from histograms 

KDE 

smoothing 

Fornax 

 

R=404” 

𝜃 = 30∘ 

JJ & Gebhardt (2012) 



Draco photometry 

𝑑 ln 𝜈

𝑑 ln 𝑟
∼ −0.4 for 𝑟 ≤ 50 pc 

Projected number density profile (dashed) 

from Ségall+ (2007)  

 

Deprojected via Abel inversion for 𝑖 = 90∘ 

(solid) 

JJ+ in prep 



Draco’s mass 

Green point is  

 

𝑀1/2 = 4𝐺−1 𝜎𝐿𝑂𝑆
2 𝑅𝑒            

𝑀1/2 = 2.11 ± 0.3 × 107𝑀⊙ 

 
Our model has: 

 

𝑀 𝑟ℎ = 3.6−0.28
+0.92 × 107𝑀⊙ 

 



Orbit sampling 
 Orbits in axisymmetric potentials respect 3 isolating integrals of motion 

(E,𝐿𝑧 , 𝐼3) 

 For each (E,𝐿𝑧): 

 𝑣𝑚𝑎𝑥 ≡ 𝑣𝑟,𝑖 = 2 𝐸 − Φ 𝑟𝑙 −
𝐿𝑧

2

𝑟𝑙
2  (touches ZVC,𝑣𝜃 = 0) 

 Stepwise decrease 𝑣𝑟,𝑖 and increase 𝑣𝜃,𝑖 = 2 𝐸 − Φ 𝑟𝑙 −
𝐿𝑧

2

𝑟𝑙
2 − 𝑣𝑟,𝑖

2  

Each invariant curve represents an 

orbit.  All orbits have same (E,𝐿𝑧) 

and varying 𝐼3in this SOS.   

(2004 MNRAS 353 391) 



Maximum Entropy Regularization 

Typical models have >10,000 orbits and only 20 LOSVDS with 15 velocity bins (300 

observables) 

 

  

𝛼𝑆 = 0.02 𝛼𝑆 = 6.73 

Thomas et al. (2005) 

Instead, maximize 𝑆 = 𝑆 − 𝛼 𝜒2 
 

 

S: entropy 

𝛼𝑆: smoothing parameter 

 



How does Draco compare to ΛCDM 

simulations? 

Boylan-Kolchin, Bullock, & Kaplinghat (2012) 

Estimate 𝑉𝑐(𝑟 = 𝑟1/2) via 

𝑀1/2 mass estimator for each 

dSph  (black points) 

 

Compare to 𝑉𝑐(𝑟) curves of 

subhalos from Aquarius 

simulation (lines) 

Scale 𝑉𝑐(𝑟1/2) to 𝑉𝑚𝑎𝑥 and match 

(extrapolated) luminosity function to 

subhalo mass function from simulations 



Modeled 𝑉𝑐(𝑟) 

Green point is using  

𝑀1/2 = 4𝐺−1 𝜎𝐿𝑂𝑆
2 𝑅𝑒   

 

Our models have ~2x more mass than 𝑀1/2 predicts 

Could explain abundance 

matching discrepancy 



Models 



Stellar density subtraction 

SSP models with t = 12.5 Gyr and 

[Fe/H] = -1.4 give 
𝑀∗

𝐿𝑉
= 2.9 ± 0.6 

JJ+ in prep 



Fit to the non-parametric profile 

𝛼 = −0.7 ± 0.1 from outer 4 points MC fit with 

simulated 

noise 

Varying number 

of points in fit 



Calculating Phase Space Volumes 

Evaluating the integral 𝑉 ≈ ∆𝐿𝑧∆𝐸  𝑇 𝑅, 𝑣𝑅 𝑑𝑅𝑑𝑣𝑅
𝑆𝑂𝑆

 

Voronoi Tessellation  

 Enclose each point (site) in SOS inside a polygon 

 Area contains all points which lie closer to site in consideration than another 

Thomas et al. (2004) 


