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Prediction & detection of HI

! HI - neutral hydrogen hyperfine line - was predicted by van de Hulst (1944) 
! Detected at 21 cm by Ewen & Purcell in 1951, and shortly thereafter by Oort 

& Muller (at Kootwijk, NL)
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HI in galaxies
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NGC 5055 NGC 6946

Battaglia, Fraternali, Oosterloo and Sancisi
2006 A&A, 447, 49

Boomsma, Oosterloo, Sancisi and van 
der Hulst, 2008 A&A, 490, 555
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HI in Groups
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Messier 81  
Optical Neutral Hydrogen



George Heald / BDT lecture 4 / 10-10-2013

Galaxies in HI: Velocity information
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NGC 2841 THINGS  
natural weighted  data cube
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Moments

! How to characterise the kinematics of a galaxy?  
 

! Can use full 3D modelling, but expensive and many 
free parameters 
 

! Use velocity profile moments 
! mom0 : flux 
! mom1 : velocity 
! mom2 : dispersion

100



Fig. 3.— Left: Observed profile of the H i emission in NGC 2403 at position (α, δ)(2000.0) =
07h37m36.7s, 65◦36′46.3′′ (thick line). We adopt the notation given in Fig. 1. The five vertical lines in-
dicate the derived typical velocities using, from top to bottom, the Her (V = 186.9 kms−1), the Gau
(V = 183.2 km s−1), the Mom1 (V = 186.2 km s−1), the Bulk (V = 186.1 km s−1) and the T(peak) velocity
fields (V = 185.4 km s−1). The curve shows the Hermite fit. Right: Observed profile of the H i emission in
IC 2574 at position (α, δ)(2000.0) = 10h28m51.4s, 68◦28′13.0′′ (thick line). The five vertical lines indicate
the derived typical velocities using, from top to bottom, the Her (V = 64.2 km s−1), the Gau (V = 66.3.2
km s−1), the Mom1 (V = 68.1.2 kms−1), the Bulk (V = 80.8 km s−1) and the T(peak) velocity field
(V = 63.8 km s−1).
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major axis position velocity diagram of NGC 2403
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Moment 0
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Moment 1
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Moment 2
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Velocity field

! Map of first-moment values is the “velocity field” 
! Used for modelling kinematics

105

1st moment
+ masking
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From 3D to 2D

! Not all profiles symmetrical 

! Need to define a “typical” velocity 

! Choice has impact on velocity field  

! Consider: 

! first-moment 

! single gaussian 

! double gaussian 

! peak velocity 

! third-order hermite polynomial

106

Fig. 3.— Left: Observed profile of the H i emission in NGC 2403 at position (α, δ)(2000.0) =
07h37m36.7s, 65◦36′46.3′′ (thick line). We adopt the notation given in Fig. 1. The five vertical lines in-
dicate the derived typical velocities using, from top to bottom, the Her (V = 186.9 kms−1), the Gau
(V = 183.2 km s−1), the Mom1 (V = 186.2 km s−1), the Bulk (V = 186.1 km s−1) and the T(peak) velocity
fields (V = 185.4 km s−1). The curve shows the Hermite fit. Right: Observed profile of the H i emission in
IC 2574 at position (α, δ)(2000.0) = 10h28m51.4s, 68◦28′13.0′′ (thick line). The five vertical lines indicate
the derived typical velocities using, from top to bottom, the Her (V = 64.2 km s−1), the Gau (V = 66.3.2
km s−1), the Mom1 (V = 68.1.2 kms−1), the Bulk (V = 80.8 km s−1) and the T(peak) velocity field
(V = 63.8 km s−1).
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Making velocity fields I
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Making velocity fields II
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cleaned
line map
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cut-off
1ı
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cut-off
2ı
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cut-off
4ı



ISAPP 2014 113

cleaned
line map
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smoothed
line map
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mask from
smoothed
map
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0th moment
+ masking
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1st moment
+ masking
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Rotating disks
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Moments

119

But the moment analysis is restrictive.

- It does not describe complex profiles 
(asymmetries, double profiles)

- it does not always define mean velocities well 
(especially when S/N ratio is low,
when beam-smearing is important,
and in case of edge-on galaxies)

Alternatives: 

- multiple Gauss fitting, fitting of Hermitian functions 
- special visualisation and treatment of the 3D data

examples: derotation,  position – velocity            
diagrams along well chosen directions
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pV diagrams
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Use of position -velocity diagrams
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pV diagrams
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position - velocity diagram
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Velocity fields….
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Velocity Field:

velocities in inner
region are all
higher than in
the outer parts 
along a single 
line of sight

line of sight
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NGC 6946

To inspect the data:

make a position 
velocity slice along 
the green arrow 
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Result: rotating gas disk plus gas at anomalous velocities

Foreground HI
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The big question

!

!

!Now that we are all experts in radio 
telescopes and neutral hydrogen in 
galaxies: 
!

!What can we say about dark matter in 
galaxies?

125





Stars, gas, galaxy evolution

• Galaxies are more than 
dark matter alone 

• Gas cools, forms stars, stars 
live and die 

• “Feedback” and 
“accretion” affect the ISM 
and possibly DM distribution 

• Galaxies more than the 
sum of their parts 

• Understanding interplay is 
the next challenge

Governato et al. http://www-
hpcc.astro.washington.edu/



The HI Nearby Galaxy Survey
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• Large NRAO VLA program  
 (2003-2006)  

• ~500 hours: B, C and D arrays 

• 34 galaxies: Sa - Irr, 3-10 Mpc 

• Resolution ~ 6” (100-300 pc) 
!

• Velocity Resolution ~ 5 km s-1  

• Sensitivity ~ 5 x 1019 cm-2 
!

• total: 1 Tbyte 
!

• Targets overlap SINGS Spitzer Legacy 
Survey and GALEX  Nearby Galaxy Survey

www.mpia.de/THINGS
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Data: Walter et al 2008

Milky Way HI map: Oort et al (1958)


Milky Way art: NASA/JPL, R. Hurt (SSC)
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Spiral Galaxies in THINGS      The HI Nearby Galaxy Survey
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Dwarf Galaxies in THINGS -- The HI Nearby Galaxy Survey
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Galaxy Dynamics in THINGS      The HI Nearby Galaxy Survey

NGC 2403        Gas and Stars

NGC 2403        Rotation
Color coding:
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Neutral Hydrogen (blue) observed with the WSRT, in the spiral galaxy NGC 6946. 
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• Rotation curves classic 
evidence for dark matter

va
n A

lba
d

a
 et a

l 1985
Rotation curves: Why?



• Efficient way of describing dynamics 
of galaxies 

• In combination with baryonic 
distribution give information on 
presence and distribution of dark 
matter

Rotation curves: Why?



• Rotation curves classic 
evidence for dark matter 

• Flat rotation curves and 
inner solid-body rise led to 
pseudo-isothermal halo 
model 

• Constant density core 
and isothermal density 
fall-off

va
n A

lba
d

a
 et a

l 1985

Position

D
e
ns
ity

Cores
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The NFW c and V200 parameters are not independent and
are set by the cosmology. McGaugh et al. (2007) presents the
relation between c and V200 for two recent and representative
ΛCDM models. The first one is the “vanilla CDM” model from
Tegmark et al. (2004); the second one is based on WMAP
results (Spergel et al. 2007). Both models predict a nearly flat
distribution of c as a function of V200. Simulations suggest
a scatter in log(c) of ∼0.18 (Bullock et al. 2001). The main
difference between the two models is a different normalization,
resulting in lower concentration values for the Spergel et al.
(2007) model. If we consider the union of both models and
take their respective 1σ scatters into account, we expect to find
values c ≃ 8+5

−3 for V200 = 50 km s−1, to values c ≃ 6+4
−2 for

V200 = 200 km s−1. Since we are considering the union of two
models with different normalizations, this represents a generous
allowable range of c values, comparable to a 2σ scatter for any
of the two models separately. Anticipating our results, we note
that the c parameter indicates the amount of collapse a halo has
undergone. Larger values of c indicate a larger collapse factor.
A value c = 1 indicates no collapse; a value c < 1 makes no
sense within the CDM context, and we will refer to these as
unphysical values in subsequent modeling.

5.3.2. ISO Halo

The spherical pseudo-ISO halo has a density profile

ρISO(R) = ρ0

[
1 +

( R

RC

)2]−1
, (8)

where ρ0 is the central density of the halo, and RC is the core
radius of the halo. The corresponding dark matter rotation curve
is given by

V (R) =

√

4πGρ0R
2
C

[
1 − RC

R
arctan

( R

RC

)]
. (9)

The asymptotic velocity of the halo, V∞, is given by

V∞ =
√

4πGρ0R
2
C. (10)

As the inner mass–density distribution is dominated by an
(almost) constant-density core, it can be approximated by a
power-law description ρ ∼ rα with α = 0.

5.4. Constructing the Mass Models

We use the observed rotation curve, the derived gas rotation
curve and the rotation curve(s) of the stellar component(s) as
input for the mass modeling with the GIPSY task rotmas. This
task subtracts the (squared) rotation curves of the baryonic
components (after appropriate scaling with ϒ3.6

⋆ ) from the
(squared) observed rotation curve, and fits the desired dark
matter halo model to the residuals. We use inverse-squared
weighting of the rotation curve uncertainties in making the fits.
For each combination of galaxy and dark matter halo model we
derive two sets of fits. Firstly, we fix the ϒ3.6

⋆ values of the stellar
components to the values predicted by our empirical color–ϒ3.6

⋆
relations for both the diet Salpeter and the Kroupa IMFs and
determine the best-fitting NFW and ISO halo parameters. We
will refer to these fits as the “fixed ϒ3.6

⋆ ” models. Secondly,
we derive a set of fits where ϒ3.6

⋆ is left as a free parameter.
That is, we ignore any prior knowledge derived from population
synthesis models, and let the fitting program choose its best
value. These will be referred to as the “free ϒ3.6

⋆ ” models.

6. RESULTS FOR INDIVIDUAL GALAXIES

Below we describe the mass models for each galaxy along
with a motivation for specific choices made for individual
galaxies. The results for IC 2574 and NGC 2366 are described
in Oh et al. (2008). The ϒ3.6

⋆ values and halo model parameters
(including those for IC 2574 and NGC 2366) are given in Table 3
for the fixed ϒ3.6

⋆ models with a diet Salpeter IMF, in Table 4
for a fixed ϒ3.6

⋆ with a Kroupa IMF, in Table 5 for the free
ϒ3.6

⋆ ISO models, and in Table 6 for the free ϒ3.6
⋆ NFW models.

The free ϒ3.6
⋆ models do not depend on the IMF. The 3.6 µm

surface brightness and ϒ3.6
⋆ profiles, as well as the fixed and

free ϒ3.6
⋆ models assuming NFW and ISO models are shown in

Figures 22–56. The relations of ϒ3.6
⋆ with (J − K) shown in

these Figures are valid for a diet Salpeter IMF. Values for ϒ3.6
⋆

assuming a Kroupa IMF can be obtained by shifting the relations
down by 0.15 dex. In the interests of space, we show only
the diet Salpeter mass models, as they are generally similar to
those derived assuming a Kroupa IMF. Noteworthy exceptions
are discussed below in the sections for individual galaxies.
Readers more interested in the outcomes for the sample as a
whole can at this point skip to Section 7. In the following
discussion all ϒ3.6

⋆ values assume a diet Salpeter IMF unless
noted otherwise.

6.1. NGC 925

The surface brightness profiles of NGC 925 are shown in
Figure 22. The 2MASS J, H, and K profiles can be traced
out to ∼250′′; the 3.6 µm profile can be traced over the
entire extent of the H i disk. NGC 925 shows no evidence for
a bright central component. There is also no evidence for a
strong color gradient, and we assume a constant ϒ3.6

⋆ = 0.65
for the disk.

The rotation curves are shown in Figure 23. The predicted
ϒ3.6

⋆ value make NGC 925 slightly exceed maximum disk.
The ISO model can to some degree accommodate this, but
the NFW model can do so to a lesser extent. This does not
change when adopting the Kroupa ϒ3.6

⋆ values. Fits with ϒ3.6
⋆

free prefer lower values for ϒ3.6
⋆ . For the NFW case a neg-

ative ϒ3.6
⋆ is preferred; we have assumed a fixed ϒ3.6

⋆ = 0
in this case. For both fixed and free ϒ3.6

⋆ the NFW model
yields parameters that are inconsistent with the CDM expecta-
tions (see Section 5.3.1), resulting in V200 values many times
larger than the maximum rotation of the galaxy and c val-
ues approaching zero. This is a general symptom of an NFW
halo trying to fit a linearly rising rotation curve (McGaugh &
de Blok 1998). The ISO models in general fit the data better
than the NFW models.

6.2. NGC 2403

Figure 24 shows the surface brightness profiles derived from
the 3.6 µm data, as well as the 2MASS J, H, and K profiles. The
3.6 µm profile can be reliably traced to ∼430′′ galactocentric
radius, and the 2MASS profiles out to ∼380′′. The (J − K)
color shows a clear trend, from ∼0.9 in the inner parts to ∼0.6
at the outermost measured radii. This translates into a trend of
ϒ3.6

⋆ ≃ 0.6 in the center to an outer ϒ3.6
⋆ ≃ 0.3. Beyond the

radius where (J − K) (and therefore ϒ3.6
⋆ ) could be reliably

determined we assume a constant value ϒ3.6
⋆ = 0.3. The surface

brightness profile shows evidence for a second component in
the inner parts. Based on its rather modest appearance, it is not
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• universal mass 
density profile 
from CDM 
simulations 

• dominated by 
central steep 
density cusp  

• cusp causes 
steep inner 
rotation curve

ρ ~ R-1 for 
small R 
ρ ~ R-3 for 

large R
NFW96,97

Cold Dark Matter on Small Scales

No. 6, 2008 THINGS ROTATION CURVES AND MASS MODELS 2665

Figure 21. Comparison between the stellar disk masses derived using our method (horizontal axis) and the method described in Leroy et al. (2008; vertical axis). The
filled circles indicate our diet Salpeter IMF masses and the open circles indicate the Kroupa IMF masses. The drawn line is the line of equality and the dotted line is a
least-squares fit to the diet Salpeter IMF masses with a slope of 0.94 and an offset of 0.44. The scatter is 0.12 dex. The dashed line shows the fit to the Kroupa IMF
masses with a slope of 0.95, an offset of 0.39, and a scatter of 0.13 dex.

a full set of rigorously computed population synthesis models,
this should be regarded as a satisfactory agreement.

5.3. Dark Matter Halos

Here we describe the two well-known models for the dark
matter distribution that we will use in our analysis. The
first model is the Navarro-Frenk-White (NFW) halo (Navarro
et al. 1996, 1997), which was derived from CDM simula-
tions and is dominated by a central-density cusp. Second,
we discuss the venerable, observationally motivated pseudo-
isothermal (ISO) halo, dominated by a central constant-density
core.

5.3.1. NFW Halo

The NFW mass density distribution takes the form

ρNFW(R) = ρi

(R/Rs) (1 + R/Rs)2 (6)

where Rs is the characteristic radius of the halo and ρi is related
to the density of the universe at the time of collapse of the dark
matter halo. This mass distribution gives rise to a halo rotation

curve

V (R) = V200

[
ln(1 + cx) − cx/(1 + cx)
x[ln(1 + c) − c/(1 + c)]

]1/2

, (7)

where x = R/R200. It is characterized by a concentration
parameter c = R200/Rs and a velocity V200. These are directly
related to Rs and ρi and used to parameterize the rotation curve.
The radius R200 is the radius where the density contrast with
respect to the critical density of the universe exceeds 200,
roughly the virial radius (Navarro et al. 1996). The characteristic
velocity V200 is the velocity at this radius.

We can describe the steepness of the inner slope of the mass
density profile with a power law ρ ∼ rα . The NFW models
then imply a value of α = −1, the so-called “cusp.” Note that
many different parameterizations of CDM halos exist in the
literature (e.g., Navarro et al. 1996, 1997; Moore et al. 1999b;
Navarro et al. 2004; Diemand et al. 2005). These all agree on the
presence of a density cusp, but the steepness of the inner density
profile depends slightly on the simulation used, with many
models producing slopes that are steeper than the original NFW
α = −1 value. From an observational point of view, however,
these models all give similar results, and we therefore use the
conservative (in terms of inner slope) NFW parameterization.



• observations indicate 
that the DM halos of 
late-type galaxies have 
a ~constant-density 
core (pseudo-
isothermal or ISO) 

• “there are no density 
cusps in the centres of 
disk galaxies”

Dark Matter on Small Scales

CDM prediction 

(NFW)

D
en

sit
y

Observations 

(ISO)

Radius



Dark Matter on Small Scales

dB et al 2001



• observations indicate 
that the DM halos of 
late-type galaxies have 
a ~constant-density 
core (pseudo-
isothermal or ISO) 

• “there are no density 
cusps in the centres of 
disk galaxies” 

• systematic effects? 
offsets? non-circular 
motions?

Dark Matter on Small Scales

McGaugh et al 2008

SDSS

NFW

ISO

log V vs log R

Required non-circular motions to make NFW work

R (kpc)

V (km/s)



• Derive dynamical models 
without using external 
information on inclination etc. 

• These can be derived for i > 40 
degrees 

• 19 galaxies in rotation curve 
sample

What to do…
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• Standard technique 

• Rotation curve:  V = V(R) 

• Derived from velocity field 
using tilted rings 

• V(x,y) = Vsys + VC(R) sin(i) cos(θ) 

• Velocity field V(x,y) derived 
from data cube I(x,y,v)

1D

3D

2D

Derivation stepsStandard method



• Model galaxy with concentric rings with 
center (xpos, ypos) and systemic velocity Vsys 
each with their own i, PA, and V 
 
V(x,y) = Vsys +VC(R) sin(i)cos(θ).

Tilted rings



Tilted rings example: NGC 3198

V

PA
i

xpos

Vsys

ypos

radius



NGC 3198



NGC 2403



DDO 154

and 16 more...



All together...

Fig. 57.— All THINGS rotation curves plotted in linear units in the left panel and in logarithmic units in
the right panel. The origin of the rotation curves has been shifted according to their absolute luminosity as
indicated on the horizontal axis. The bar in the respective panels indicates the radial scale.
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Mass Models: Stars and gas

Mtot              =       Mgas       +      Mdisk     +          Mhalo 

!

V2tot              =       V2gas      +      V2disk    +          V2halo 

= + + ?

1.4MHI Υ*

total 

gas stars halo 



Mass Models: Stars and gas

Mtot              =       Mgas       +      Mdisk     +          Mhalo 

!

V2tot              =       V2gas      +      V2disk    +          V2halo 

= + + ?

1.4MHI Υ*

total 

gas stars halo 
free or fixed

IMF



Dark Matter Halo Models

• Universal Mass Density profile 

• Most prominently parametrized 
by NFW  

• Dominated by steep, central 
density “cusp”:  ρ~R-1 

• “Universal’’ cusp gives 
“universal’’ rotation curve 

• Steep slope confirmed by many, 
many simulations

lo
g 
ρ

log R

-1

• Most observed rotation curves 
show inner linear rise and outer 
flattening 

• Best described by central 
constant-density core: ρ~R0 

• Pseudo-isothermal halo 

• Observationally motivated, best 
description of data 

• No cosmological motivation 

lo
g 
ρ

log R

0

Empirical (ISO)Cold Dark Matter (NFW)



Mass models example: NGC 3621

For every galaxy 
produce models with 
Υ*  fixed to predicted 
value and with Υ*  free

Fig. 42.— ISO and NFW rotation curve fits for NGC 3621. Lines and symbols as in Fig. 25.

81

Υ* = 0.56 

χ2 = 0.62 

Υ* = 0.60 

χ2 = 0.61 

Υ* = 0.47 

χ2 = 0.52 

Υ* = 0.56 

χ2 = 0.81



Mass models example: NGC 7793 

For every galaxy 
produce models with 
Υ*  fixed to predicted 
value and with Υ*  free

Υ* = 0.31 

χ2 = 2.26 

Υ* = 0.42 

χ2 = 1.01 

Υ* = 0.10 

χ2 = 1.30 

Υ* = 0.31 

χ2 = 3.67

&cetera



Does it fit?

• For MB < -19 ISO and NFW fit ~equally well 
• But dominated by stars 
• For MB > -19 large differences; ISO best 
• Dominated by dark matter 
• Looking only at good fits: clear break at MB~-18.5 
• Non-circular motions?
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Figure 64. Left: Distribution of χ2
r as a function of luminosity with ϒ3.6

⋆ as a free parameter. Filled circles are ISO fits. Open circles are NFW fits. Right: difference in
ISO and NFW χ2 values. Stars represent good fits with χ2

R(ISO) < 2 and χ2
R(NFW) < 2. Filled squares represent fits with χ2

R(ISO) > 2 or χ2
R(NFW) > 2.

Table 7
Uncertainties in Model Parameters

ISO Halo NFW Halo

Name Type ∆ RC ρ0 χ2
r c V200 χ2

r

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC 2403 total 4.64 ± 1.09 2.14 ± 0.05 77.9 ± 3.3 0.79 9.8 ± 0.2 110.2 ± 1.0 0.56
disp 4.22 ± 1.21 2.16 ± 0.05 77.1 ± 3.3 0.94 9.9 ± 0.2 109.5 ± 0.9 0.70
fit 0.21 ± 0.15 2.07 ± 0.05 80.2 ± 3.0 399.24 10.5 ± 0.2 105.2 ± 1.2 403.93

DDO 154 total 2.40 ± 0.91 1.34 ± 0.06 27.6 ± 1.6 0.44 4.4 ± 0.4 58.7 ± 4.3 0.82
disp 2.25 ± 0.90 1.31 ± 0.05 28.4 ± 1.7 0.51 4.4 ± 0.4 59.0 ± 4.2 0.87
fit 0.13 ± 0.07 1.44 ± 0.06 24.7 ± 1.5 141.15 5.6 ± 0.3 49.5 ± 2.0 168.37

Notes. (1) Name of galaxy; (2) definition of uncertainties; total is the definition adopted in this paper; disp is the dispersion in velocities
along tilted rings; fit is the formal fit error in rotation velocity; (3) average value and dispersion of uncertainties; (4)–(9) halo fit
parameters, definitions as in Tables 3–6.

In determining the halo parameters and the corresponding
uncertainties, the GIPSY rotmas software uses a simple least-
squares procedure. The uncertainties in the rotation velocity
should therefore be reflected in the uncertainties in the halo
parameters, and our definition of the rotation velocity uncer-
tainties could thus potentially have an impact on the values
we derive. We evaluated the effect of adopting a different def-
inition for the uncertainties (as discussed in Section 3.6) on
the fit parameters, and found the resulting differences to be
small, and certainly negligible when compared with the dif-
ferences introduced by small variations in ϒ3.6

⋆ . We illustrate
this for two typical galaxies in Table 7, where we list the fit-
ted parameters for the ISO and NFW halos, assuming fixed
ϒ3.6

⋆ values, and adopting respectively, (1) our original def-
inition for the uncertainties, (2) the dispersion of velocities
along the rings, and (3) the formal fit error in the rotation
velocity.

The extreme values for χ2
r as found when adopting the formal

fit error from rotcur immediately show that these severely
underestimate the true uncertainties, as already discussed in
Section 3.6. It is clear that for the other two definitions of
the errors, small differences in the resulting halo parameters
exist, but it is also clear that different (reasonable) definitions of
the uncertainties do not dominate the error budget: the largest
uncertainty is introduced by the stellar mass-to-light-ratio ϒ⋆

(compare the results in Table 7 with those in Tables 3–6). In
summary, our definition and treatment of the uncertainties in
the rotation velocities does not dominate the final uncertainties
in the halo parameters.

7.4.2. Halo Parameters

We now consider the decompositions with ϒ3.6
⋆ as a free

parameter (Tables 5 and 6). The corresponding χ2
r values are

compared in Figure 64. The left panel compares the values
of χ2

r for both models, plotted against absolute luminosity.
Three galaxies (χ2

r > 2) are obviously not well described
with either model. Concentrating on the other galaxies, we
see a systematic difference between high- and low-luminosity
galaxies. The luminous galaxies show comparable χ2

r values
for either model; the low-luminosity galaxies with MB ! −19
are clearly better described using the ISO model. This is shown
more clearly in the right-hand panel of Figure 64, where we
show the difference between the χ2

r values for both models as a
function of luminosity.

NFW and ISO models thus fit equally well for high-
luminosity galaxies, with reasonable ϒ3.6

⋆ values. The extent
to which this is determined by subtle trade-offs between, e.g.,
dynamical contributions of bulge, disk, and halo still needs to be
determined, but such an analysis is likely limited by the accu-
racy with which stellar mass-to-light ratios can be determined
from photometric data and models. Alternative methods (via,
e.g., dispersion measurements) will be needed to constrain the
importance of the disk further.

Regarding the low-luminosity galaxies, Trachternach et al.
(2008) show, from harmonic decompositions of the velocity
fields, that noncircular motions are lowest in these galaxies.
The increasing incompatibility of the NFW model toward lower
luminosities is, therefore, difficult to explain purely in terms
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traces that of the dark matter halo. The disagreement
between an observed, apparently finite, central density
and the expectation of a steeper density profile from
the ΛCDM cosmological simulations remains an unsolved
problem in galactic dynamics (but see Governato et al.
2010). In fact, this cusp-core controversy has often been
invoked as a major weakness of the current standard
cosmological model of hierarchical growth of structures
starting from a nearly homogeneous Universe, seeded
with density fluctuations arising from a ΛCDM power
spectrum. However, the impressive agreement between
ΛCDM predictions and observations of the angular fluc-
tuation spectrum of the Cosmic Microwave Background
suggests that other explanations for the controversy must
be sought, either in the dissipative and feedback physics
of the baryons or in a more detailed analysis of halo den-
sity profiles from ΛCDM cosmological simulations.

Recently, Navarro et al. (2004) have proposed another
model that fits the density profiles of halos in ΛCDM sim-
ulations even better than the NFW model. It was later
realized (Merritt et al. 2006) that the model advocated
by Navarro et al. (2004) had been previously introduced
for the distribution of stellar light and mass in galaxies
(Einasto 1965, 1968, 1969), with density profile

ρE(r) = ρ−2 exp

{

−2n

[

(

r

r−2

)1/n

− 1

]}

, (3)

where, again, r−2 is the radius where the density profile
has a slope of −2 and ρ−2 is the local density at that ra-
dius. While both the NFW and Iso models are described
by two parameters, a characteristic scale and a charac-
teristic density at that radius, the Einasto model involves
a third parameter, n, the Einasto index, which describes
the shape of the density profile. The Einasto model is the
three-dimensional equivalent of the Sérsic model (Sérsic
1968) that provides an excellent fit to the surface bright-
ness profiles of elliptical galaxies (e.g. Kormendy et al.
2009).5

The mass profile of the Einasto halo (Cardone, Piedi-
palumbo & Tortora 2005; Mamon & "Lokas 2005) is writ-
ten as

ME(r) = 4πnr3
−2ρ−2 e2n (2n)−3nγ

(

3n,
r

r−2

)

, (4)

where γ(3n, x) =
∫ x
0 e−tt3n−1dt is the incomplete gamma

function.
As illustrated in Fig. 1 (top panel), the net effect of

increasing the halo shape index n at fixed characteristic
density and radius is to increase and steepen the density
profile ρ(r) in the central part of the halo. This then
leads to increase the inner slope and amplitude of the
RC (bottom panel of Fig. 1).

Because the inner RCs are expected to probe deeply
inside the halos down to scales of 1/300th of the virial
radius, where Navarro and co-workers have found small
but significant departures between the density profiles of
ΛCDM halos and the NFW model, it has been suggested
(e.g. Stoehr 2006) that the shallower inner slope of the
Einasto model should reconcile the observed RCs with

5 Both the NFW model (!Lokas & Mamon 2001) and halos in
ΛCDM simulations (Merritt et al. 2005) are well-fit by an n = 3
Sérsic model.

Fig. 1.— Density profile (top) and rotation curve (bottom) for
Einasto models of different indices. The characteristic radius r−2 =
20 kpc and density ρ−2 = 1.5 × 10−3 M⊙ pc−3 are the same for
all models. Only the Einasto index n changes as indicated by
values and lines of various colour and style. The dotted black lines
correspond to models with n = 0.005 (bottom curve) and n = 0.1
(upper curve).

ΛCDM models. However, no extensive mass decomposi-
tions of galactic RCs using Einasto halos have yet been
carried out. Only the RC of the Andromeda galaxy has
been modeled with the Einasto formula (Chemin et al.
2009), though with no real improvement with respect to
the usual core and NFW halos as caused by the pecu-
liar shape of the M31 RC. Note also that Graham et al.
(2006) compare the central dark matter densities of a
sample of low surface brightness galaxies (de Blok 2004)
to a family of Einasto halos and conclude that these
match the data reasonably well.

The present article aims to provide the first mass de-
composition of RCs with the Einasto model on an im-
portant sample of spiral galaxies. The questions we wish
to address are the following. Is the Einasto halo a good
fit to the RCs of galaxies? Is it a better description of
observations than the usual NFW and Iso halos? What
does a typical galactic Einasto halo look like?

We use a subsample from The HI Nearby Galaxy Sur-
vey (THINGS), as described in de Blok et al. (2008,
hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
halo and pseudo-isothermal sphere (§3). We investigate
the statistical significance of possible improvements of
the Einasto model (§4), determine the parameter space
of Einasto halos for the THINGS sample (§5) and com-
pare the properties of galaxy-sized halos generated in
numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
strained two-parameter models) that provide better fits
to RCs than the Iso and NFW models (§7). This ar-

Einasto mass profile (Cardone et al 2005; Mamon and Łokas 2005)

r-2 = radius where d(log ρ)/d(log r) = -2; ρ-2 = ρ(r-2)
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traces that of the dark matter halo. The disagreement
between an observed, apparently finite, central density
and the expectation of a steeper density profile from
the ΛCDM cosmological simulations remains an unsolved
problem in galactic dynamics (but see Governato et al.
2010). In fact, this cusp-core controversy has often been
invoked as a major weakness of the current standard
cosmological model of hierarchical growth of structures
starting from a nearly homogeneous Universe, seeded
with density fluctuations arising from a ΛCDM power
spectrum. However, the impressive agreement between
ΛCDM predictions and observations of the angular fluc-
tuation spectrum of the Cosmic Microwave Background
suggests that other explanations for the controversy must
be sought, either in the dissipative and feedback physics
of the baryons or in a more detailed analysis of halo den-
sity profiles from ΛCDM cosmological simulations.

Recently, Navarro et al. (2004) have proposed another
model that fits the density profiles of halos in ΛCDM sim-
ulations even better than the NFW model. It was later
realized (Merritt et al. 2006) that the model advocated
by Navarro et al. (2004) had been previously introduced
for the distribution of stellar light and mass in galaxies
(Einasto 1965, 1968, 1969), with density profile

ρE(r) = ρ−2 exp

{
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− 1

]}

, (3)

where, again, r−2 is the radius where the density profile
has a slope of −2 and ρ−2 is the local density at that ra-
dius. While both the NFW and Iso models are described
by two parameters, a characteristic scale and a charac-
teristic density at that radius, the Einasto model involves
a third parameter, n, the Einasto index, which describes
the shape of the density profile. The Einasto model is the
three-dimensional equivalent of the Sérsic model (Sérsic
1968) that provides an excellent fit to the surface bright-
ness profiles of elliptical galaxies (e.g. Kormendy et al.
2009).5

The mass profile of the Einasto halo (Cardone, Piedi-
palumbo & Tortora 2005; Mamon & "Lokas 2005) is writ-
ten as

ME(r) = 4πnr3
−2ρ−2 e2n (2n)−3nγ

(

3n,
r

r−2

)

, (4)

where γ(3n, x) =
∫ x
0 e−tt3n−1dt is the incomplete gamma

function.
As illustrated in Fig. 1 (top panel), the net effect of

increasing the halo shape index n at fixed characteristic
density and radius is to increase and steepen the density
profile ρ(r) in the central part of the halo. This then
leads to increase the inner slope and amplitude of the
RC (bottom panel of Fig. 1).

Because the inner RCs are expected to probe deeply
inside the halos down to scales of 1/300th of the virial
radius, where Navarro and co-workers have found small
but significant departures between the density profiles of
ΛCDM halos and the NFW model, it has been suggested
(e.g. Stoehr 2006) that the shallower inner slope of the
Einasto model should reconcile the observed RCs with

5 Both the NFW model (!Lokas & Mamon 2001) and halos in
ΛCDM simulations (Merritt et al. 2005) are well-fit by an n = 3
Sérsic model.

Fig. 1.— Density profile (top) and rotation curve (bottom) for
Einasto models of different indices. The characteristic radius r−2 =
20 kpc and density ρ−2 = 1.5 × 10−3 M⊙ pc−3 are the same for
all models. Only the Einasto index n changes as indicated by
values and lines of various colour and style. The dotted black lines
correspond to models with n = 0.005 (bottom curve) and n = 0.1
(upper curve).

ΛCDM models. However, no extensive mass decomposi-
tions of galactic RCs using Einasto halos have yet been
carried out. Only the RC of the Andromeda galaxy has
been modeled with the Einasto formula (Chemin et al.
2009), though with no real improvement with respect to
the usual core and NFW halos as caused by the pecu-
liar shape of the M31 RC. Note also that Graham et al.
(2006) compare the central dark matter densities of a
sample of low surface brightness galaxies (de Blok 2004)
to a family of Einasto halos and conclude that these
match the data reasonably well.

The present article aims to provide the first mass de-
composition of RCs with the Einasto model on an im-
portant sample of spiral galaxies. The questions we wish
to address are the following. Is the Einasto halo a good
fit to the RCs of galaxies? Is it a better description of
observations than the usual NFW and Iso halos? What
does a typical galactic Einasto halo look like?

We use a subsample from The HI Nearby Galaxy Sur-
vey (THINGS), as described in de Blok et al. (2008,
hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
halo and pseudo-isothermal sphere (§3). We investigate
the statistical significance of possible improvements of
the Einasto model (§4), determine the parameter space
of Einasto halos for the THINGS sample (§5) and com-
pare the properties of galaxy-sized halos generated in
numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
strained two-parameter models) that provide better fits
to RCs than the Iso and NFW models (§7). This ar-
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traces that of the dark matter halo. The disagreement
between an observed, apparently finite, central density
and the expectation of a steeper density profile from
the ΛCDM cosmological simulations remains an unsolved
problem in galactic dynamics (but see Governato et al.
2010). In fact, this cusp-core controversy has often been
invoked as a major weakness of the current standard
cosmological model of hierarchical growth of structures
starting from a nearly homogeneous Universe, seeded
with density fluctuations arising from a ΛCDM power
spectrum. However, the impressive agreement between
ΛCDM predictions and observations of the angular fluc-
tuation spectrum of the Cosmic Microwave Background
suggests that other explanations for the controversy must
be sought, either in the dissipative and feedback physics
of the baryons or in a more detailed analysis of halo den-
sity profiles from ΛCDM cosmological simulations.

Recently, Navarro et al. (2004) have proposed another
model that fits the density profiles of halos in ΛCDM sim-
ulations even better than the NFW model. It was later
realized (Merritt et al. 2006) that the model advocated
by Navarro et al. (2004) had been previously introduced
for the distribution of stellar light and mass in galaxies
(Einasto 1965, 1968, 1969), with density profile
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where, again, r−2 is the radius where the density profile
has a slope of −2 and ρ−2 is the local density at that ra-
dius. While both the NFW and Iso models are described
by two parameters, a characteristic scale and a charac-
teristic density at that radius, the Einasto model involves
a third parameter, n, the Einasto index, which describes
the shape of the density profile. The Einasto model is the
three-dimensional equivalent of the Sérsic model (Sérsic
1968) that provides an excellent fit to the surface bright-
ness profiles of elliptical galaxies (e.g. Kormendy et al.
2009).5

The mass profile of the Einasto halo (Cardone, Piedi-
palumbo & Tortora 2005; Mamon & "Lokas 2005) is writ-
ten as

ME(r) = 4πnr3
−2ρ−2 e2n (2n)−3nγ

(

3n,
r

r−2

)

, (4)

where γ(3n, x) =
∫ x
0 e−tt3n−1dt is the incomplete gamma

function.
As illustrated in Fig. 1 (top panel), the net effect of

increasing the halo shape index n at fixed characteristic
density and radius is to increase and steepen the density
profile ρ(r) in the central part of the halo. This then
leads to increase the inner slope and amplitude of the
RC (bottom panel of Fig. 1).

Because the inner RCs are expected to probe deeply
inside the halos down to scales of 1/300th of the virial
radius, where Navarro and co-workers have found small
but significant departures between the density profiles of
ΛCDM halos and the NFW model, it has been suggested
(e.g. Stoehr 2006) that the shallower inner slope of the
Einasto model should reconcile the observed RCs with

5 Both the NFW model (!Lokas & Mamon 2001) and halos in
ΛCDM simulations (Merritt et al. 2005) are well-fit by an n = 3
Sérsic model.

Fig. 1.— Density profile (top) and rotation curve (bottom) for
Einasto models of different indices. The characteristic radius r−2 =
20 kpc and density ρ−2 = 1.5 × 10−3 M⊙ pc−3 are the same for
all models. Only the Einasto index n changes as indicated by
values and lines of various colour and style. The dotted black lines
correspond to models with n = 0.005 (bottom curve) and n = 0.1
(upper curve).

ΛCDM models. However, no extensive mass decomposi-
tions of galactic RCs using Einasto halos have yet been
carried out. Only the RC of the Andromeda galaxy has
been modeled with the Einasto formula (Chemin et al.
2009), though with no real improvement with respect to
the usual core and NFW halos as caused by the pecu-
liar shape of the M31 RC. Note also that Graham et al.
(2006) compare the central dark matter densities of a
sample of low surface brightness galaxies (de Blok 2004)
to a family of Einasto halos and conclude that these
match the data reasonably well.

The present article aims to provide the first mass de-
composition of RCs with the Einasto model on an im-
portant sample of spiral galaxies. The questions we wish
to address are the following. Is the Einasto halo a good
fit to the RCs of galaxies? Is it a better description of
observations than the usual NFW and Iso halos? What
does a typical galactic Einasto halo look like?

We use a subsample from The HI Nearby Galaxy Sur-
vey (THINGS), as described in de Blok et al. (2008,
hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
halo and pseudo-isothermal sphere (§3). We investigate
the statistical significance of possible improvements of
the Einasto model (§4), determine the parameter space
of Einasto halos for the THINGS sample (§5) and com-
pare the properties of galaxy-sized halos generated in
numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
strained two-parameter models) that provide better fits
to RCs than the Iso and NFW models (§7). This ar-

The Einasto Halo

Proposed as superior model for CDM simulated halos (Navarro et al 
2004, Merritt et al 2006) 
!
Previously used for surface photometry of galaxies by Einasto (1965, 
1968, 1969) [cf. Sersic profile]

Einasto mass profile (Cardone et al 2005; Mamon and Łokas 2005)

r-2 = radius where d(log ρ)/d(log r) = -2; ρ-2 = ρ(r-2)
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traces that of the dark matter halo. The disagreement
between an observed, apparently finite, central density
and the expectation of a steeper density profile from
the ΛCDM cosmological simulations remains an unsolved
problem in galactic dynamics (but see Governato et al.
2010). In fact, this cusp-core controversy has often been
invoked as a major weakness of the current standard
cosmological model of hierarchical growth of structures
starting from a nearly homogeneous Universe, seeded
with density fluctuations arising from a ΛCDM power
spectrum. However, the impressive agreement between
ΛCDM predictions and observations of the angular fluc-
tuation spectrum of the Cosmic Microwave Background
suggests that other explanations for the controversy must
be sought, either in the dissipative and feedback physics
of the baryons or in a more detailed analysis of halo den-
sity profiles from ΛCDM cosmological simulations.

Recently, Navarro et al. (2004) have proposed another
model that fits the density profiles of halos in ΛCDM sim-
ulations even better than the NFW model. It was later
realized (Merritt et al. 2006) that the model advocated
by Navarro et al. (2004) had been previously introduced
for the distribution of stellar light and mass in galaxies
(Einasto 1965, 1968, 1969), with density profile
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has a slope of −2 and ρ−2 is the local density at that ra-
dius. While both the NFW and Iso models are described
by two parameters, a characteristic scale and a charac-
teristic density at that radius, the Einasto model involves
a third parameter, n, the Einasto index, which describes
the shape of the density profile. The Einasto model is the
three-dimensional equivalent of the Sérsic model (Sérsic
1968) that provides an excellent fit to the surface bright-
ness profiles of elliptical galaxies (e.g. Kormendy et al.
2009).5
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As illustrated in Fig. 1 (top panel), the net effect of

increasing the halo shape index n at fixed characteristic
density and radius is to increase and steepen the density
profile ρ(r) in the central part of the halo. This then
leads to increase the inner slope and amplitude of the
RC (bottom panel of Fig. 1).

Because the inner RCs are expected to probe deeply
inside the halos down to scales of 1/300th of the virial
radius, where Navarro and co-workers have found small
but significant departures between the density profiles of
ΛCDM halos and the NFW model, it has been suggested
(e.g. Stoehr 2006) that the shallower inner slope of the
Einasto model should reconcile the observed RCs with

5 Both the NFW model (!Lokas & Mamon 2001) and halos in
ΛCDM simulations (Merritt et al. 2005) are well-fit by an n = 3
Sérsic model.

Fig. 1.— Density profile (top) and rotation curve (bottom) for
Einasto models of different indices. The characteristic radius r−2 =
20 kpc and density ρ−2 = 1.5 × 10−3 M⊙ pc−3 are the same for
all models. Only the Einasto index n changes as indicated by
values and lines of various colour and style. The dotted black lines
correspond to models with n = 0.005 (bottom curve) and n = 0.1
(upper curve).

ΛCDM models. However, no extensive mass decomposi-
tions of galactic RCs using Einasto halos have yet been
carried out. Only the RC of the Andromeda galaxy has
been modeled with the Einasto formula (Chemin et al.
2009), though with no real improvement with respect to
the usual core and NFW halos as caused by the pecu-
liar shape of the M31 RC. Note also that Graham et al.
(2006) compare the central dark matter densities of a
sample of low surface brightness galaxies (de Blok 2004)
to a family of Einasto halos and conclude that these
match the data reasonably well.

The present article aims to provide the first mass de-
composition of RCs with the Einasto model on an im-
portant sample of spiral galaxies. The questions we wish
to address are the following. Is the Einasto halo a good
fit to the RCs of galaxies? Is it a better description of
observations than the usual NFW and Iso halos? What
does a typical galactic Einasto halo look like?

We use a subsample from The HI Nearby Galaxy Sur-
vey (THINGS), as described in de Blok et al. (2008,
hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
halo and pseudo-isothermal sphere (§3). We investigate
the statistical significance of possible improvements of
the Einasto model (§4), determine the parameter space
of Einasto halos for the THINGS sample (§5) and com-
pare the properties of galaxy-sized halos generated in
numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
strained two-parameter models) that provide better fits
to RCs than the Iso and NFW models (§7). This ar-
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2010). In fact, this cusp-core controversy has often been
invoked as a major weakness of the current standard
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starting from a nearly homogeneous Universe, seeded
with density fluctuations arising from a ΛCDM power
spectrum. However, the impressive agreement between
ΛCDM predictions and observations of the angular fluc-
tuation spectrum of the Cosmic Microwave Background
suggests that other explanations for the controversy must
be sought, either in the dissipative and feedback physics
of the baryons or in a more detailed analysis of halo den-
sity profiles from ΛCDM cosmological simulations.

Recently, Navarro et al. (2004) have proposed another
model that fits the density profiles of halos in ΛCDM sim-
ulations even better than the NFW model. It was later
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the shape of the density profile. The Einasto model is the
three-dimensional equivalent of the Sérsic model (Sérsic
1968) that provides an excellent fit to the surface bright-
ness profiles of elliptical galaxies (e.g. Kormendy et al.
2009).5

The mass profile of the Einasto halo (Cardone, Piedi-
palumbo & Tortora 2005; Mamon & "Lokas 2005) is writ-
ten as

ME(r) = 4πnr3
−2ρ−2 e2n (2n)−3nγ

(

3n,
r

r−2

)

, (4)

where γ(3n, x) =
∫ x
0 e−tt3n−1dt is the incomplete gamma

function.
As illustrated in Fig. 1 (top panel), the net effect of

increasing the halo shape index n at fixed characteristic
density and radius is to increase and steepen the density
profile ρ(r) in the central part of the halo. This then
leads to increase the inner slope and amplitude of the
RC (bottom panel of Fig. 1).

Because the inner RCs are expected to probe deeply
inside the halos down to scales of 1/300th of the virial
radius, where Navarro and co-workers have found small
but significant departures between the density profiles of
ΛCDM halos and the NFW model, it has been suggested
(e.g. Stoehr 2006) that the shallower inner slope of the
Einasto model should reconcile the observed RCs with

5 Both the NFW model (!Lokas & Mamon 2001) and halos in
ΛCDM simulations (Merritt et al. 2005) are well-fit by an n = 3
Sérsic model.

Fig. 1.— Density profile (top) and rotation curve (bottom) for
Einasto models of different indices. The characteristic radius r−2 =
20 kpc and density ρ−2 = 1.5 × 10−3 M⊙ pc−3 are the same for
all models. Only the Einasto index n changes as indicated by
values and lines of various colour and style. The dotted black lines
correspond to models with n = 0.005 (bottom curve) and n = 0.1
(upper curve).

ΛCDM models. However, no extensive mass decomposi-
tions of galactic RCs using Einasto halos have yet been
carried out. Only the RC of the Andromeda galaxy has
been modeled with the Einasto formula (Chemin et al.
2009), though with no real improvement with respect to
the usual core and NFW halos as caused by the pecu-
liar shape of the M31 RC. Note also that Graham et al.
(2006) compare the central dark matter densities of a
sample of low surface brightness galaxies (de Blok 2004)
to a family of Einasto halos and conclude that these
match the data reasonably well.

The present article aims to provide the first mass de-
composition of RCs with the Einasto model on an im-
portant sample of spiral galaxies. The questions we wish
to address are the following. Is the Einasto halo a good
fit to the RCs of galaxies? Is it a better description of
observations than the usual NFW and Iso halos? What
does a typical galactic Einasto halo look like?

We use a subsample from The HI Nearby Galaxy Sur-
vey (THINGS), as described in de Blok et al. (2008,
hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
halo and pseudo-isothermal sphere (§3). We investigate
the statistical significance of possible improvements of
the Einasto model (§4), determine the parameter space
of Einasto halos for the THINGS sample (§5) and com-
pare the properties of galaxy-sized halos generated in
numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
strained two-parameter models) that provide better fits
to RCs than the Iso and NFW models (§7). This ar-



Einasto and CDM
Einasto halo gives good description of CDM halos 
!
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Figure 1. Spherically-averaged density profiles of all halos in our sample. All profiles are plotted over the radial range rconv < r < r200.
Radii have been scaled by r−2; densities by ρ−2 ≡ ρ(r−2). Density estimates have been multiplied by r2 in order to increase the dynamic
range of the plot so as to highlight differences between halos. The full sample of halos has been divided into three subsamples according to
the best-fit value of the Einasto parameter α: red curves (left panels) correspond to halos with α ! 0.161; green curves (middle panels) to
halos with 0.161 < α ! 0.195 and blue curves (right panels) to halos with α > 0.195. There are equal numbers of halos in each subsample.
To illustrate the role of the shape parameter, α, Einasto profiles with α = 0.132 (dashed), 0.178 (solid) and 0.230 (dot-dashed) are shown
in the top panels. The middle panels are residuals from the best-fit Einasto profile with adjustable α; bottom panels are the residuals
from the best-fit power-law Qr “critical” model (see Sec. 3.4). In all cases fits are carried out over the radial range rconv < r < 3 r−2.

the exponent χ must vary from halo to halo. We show this
explicitly in the bottom panels of Figure 2, where we plot
the residuals from the best-fit power-law when the exponent
χ is allowed to vary. The small residuals over the fitted ra-
dial range rconv < r < 3 r−2) indicate that a power-law with
adjustable χ provides a remarkably accurate description of
the inner Qr profiles of CDM halos.

Do Einasto profiles provide a better description of the
spherically averaged structure of CDM halos than power-law
Qr profiles, or vice versa? Because of different dimensional-
ity, we cannot compare directly the goodness of fits to the
ρ and Qr profiles shown in Figs. 1 and 2. One way to make
progress is to compute the PPSD profiles corresponding to
Einasto halos, or, alternatively, to compute the density pro-
files of power-law PPSD models and compare them with the
simulations. This may be accomplished by assuming dynam-
ical equilibrium and solving Jeans’ equations to link the ρ
and Qr profiles, a procedure that, however, requires an as-
sumption regarding the radial dependence of the velocity
anisotropy, β(r). We turn our attention to that issue next.

3.3 Velocity anisotropy

Velocity anisotropy profiles for all halos in our sample are
shown in Figure 3, after rescaling all radii to r−2. Halos
have been grouped according to the value of the best-fit α

parameter, as in Figure 1. Solid lines with error bars show
the median β(r) profile of each group and the associated
one-sigma scatter. The velocity anisotropy profiles exhibit
a characteristic shape: they are isotropic near the center,
become increasingly radial with increasing distance, before
leveling off or becoming less anisotropic in the outskirts.

Figure 4 shows the logarithmic slope-velocity anisotropy
(γ vs β) relation for the median profiles of each halo sub-
sample using the same colour coding as previous plots.
The dotted line shows the linear β(γ) relation proposed by
Hansen & Moore (2006), which reproduces our simulation
data well within the halo scale radius r−2 (i.e., for γ > −2).

The data in Fig. 4 also suggests that the β(γ) relation
deviates from the Hansen & Moore fit in the outer regions
(where β tends to a constant rather than the steadily in-
creasing radial anisotropy predicted by Hansen & Moore).
This dependence is captured well by the function

β(γ) =
β∞

2

(

1 + erf(ln[(Aγ)2])
)

, (5)

as shown by the dot-dashed curves in Figure 4. The values
of β∞ and A depend weakly but systematically on α, and
are listed in Table 1. The radial β profiles corresponding
to eq. (5) are also shown with dot-dashed curves in each
panel of Figure 3, assuming that γ(r) is given by the average
Einasto profile of each grouping.

Ludlow et al 2011

n=1/α

CDM halos yield fairly narrow range in n.  
Navarro et al (2004):  n = 6.2 ± 1.2. 
Generally one finds 5 ≲ n ≲ 10 
!
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Fig. 4.— Same as Fig. 3 but with a Kroupa initial mass function.

Fig. 5.— Comparison of reduced χ2 for the Einasto halo with the
NFW and Iso halos (respectively filled and open symbols), using
the diet-Salpeter (left) and Kroupa (right) IMFs.

et al. 2004; Merritt et al. 2006; Graham et al. 2006;

Navarro et al. 2010). A second family of galaxies has well-
constrained parameters with low index values (n ≤ 4).
It contains the majority of the galaxies. A third halo
family has very low indices (n ≤ 0.1). Most of those fits
occur with the diet-Salpeter IMF. Finally a fourth fam-
ily of halos has unrealistic, extremely large scale radii,
with large associated uncertainties (the rising part of the
RC of NGC 7793, NGC 7331, NGC 2976). Those fits
are extremely degenerate, which is very likely caused by
an almost complete dominance of the baryonic material
over the dark component, at least for NGC 2976 and
NGC 7331.

There is a clear relation linking the characteristic den-
sity to the radius. Small halos are denser than large
ones. A power-law fit to the observed relationship gives
ρ−2 ∝ r−1.6±0.1

−2 for both IMFs. This implies that the
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an almost complete dominance of the baryonic material
over the dark component, at least for NGC 2976 and
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−2 for both IMFs. This implies that the
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ily of halos has unrealistic, extremely large scale radii,
with large associated uncertainties (the rising part of the
RC of NGC 7793, NGC 7331, NGC 2976). Those fits
are extremely degenerate, which is very likely caused by
an almost complete dominance of the baryonic material
over the dark component, at least for NGC 2976 and
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sity to the radius. Small halos are denser than large
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Comparison with ISO and NFW
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Einasto halos provide better fits, also to observed rotation curves
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Fig. 7.— Same as Figure 6 but for a Kroupa initial mass function. The dashed line is a power law fit log(ρ−2) = (−1.56±0.06) log(r−2)−
(0.76 ± 0.06).

large radius. Other dashed colored curves correspond to
Einasto halos with parameters derived from cosmological
simulations (see §6 for details).

It is seen that on the whole the dark matter densi-
ties of the galaxies in the THINGS sample decrease very
smoothly in the innermost regions. Further out, the pro-
files become very steep and the densities very low past
the scale radius r−2. It can also be seen that most of the
halos derived from the observations are less dense in their
inner parts than any of the simulated galaxy-sized halos.
All of this is explained by the fact that THINGS galaxies
generally have small Einasto indices whereas simulated
halos have large index values due to their cuspy nature
(see §6 for a complete discussion).

The bottom panel of Fig. 9 shows that on the one hand,
the logarithmic slope of the inner part of the density pro-
file is more reminiscent of that of a core halo than that
of a cosmological Einasto or NFW cusp for the majority
of the sample. On the other hand, the slope is closer to
that of a simulated halo beyond r−2 than to the outer
slope of a (ρ ∝ r−2) Iso model. The density and den-
sity slope profiles of an observed Einasto halo therefore
represent an intermediate case between a core halo and
cosmological cusps.

Fig. 8.— Distribution of Einasto indices. Results for the diet-
Salpeter and Kroupa IMFs are shown by blue and red histograms,
respectively. The range of Einasto indices from ΛCDM simulations
with and without the physics of baryons (5 ! n ! 10) is displayed
by dashed lines.

TABLE 1
Logarithmic slope α of the dark matter density

profile derived at log(r/r−2) = −1.5.

Galaxy α (diet-Salpeter IMF) α (Kroupa IMF)

NGC925 ! 0 ! 0
NGC2366 −0.1 −0.1
NGC2403 −0.9 −1.1
NGC2841 −1.4 −1.5
NGC2903 −1.3 −1.4
NGC3031 ! 0 ! 0
NGC3198 −0.2 −0.4
IC2574 −0.1 −0.1
NGC3521 ! 0 −0.1
NGC3621 −0.5 −1.2
NGC4736 ! 0 −0.3
DDO154 −0.4 −0.4
NGC5055 ! 0 ! 0
NGC6946 ! 0 −0.5
NGC7793 ! 0 −0.1

We report the inner slopes of the dark matter den-
sity profiles in Tab. 1. For sake of uniformity with cos-
mological simulations whose inner slopes are derived at
a fraction of the Einasto radius r−2 (basically −2 <
log(r/r−2) < −1, Navarro et al. 2010), we have derived
the inner slopes of the THINGS sample at log(r/r−2) =
−1.5 (or r = 0.03r−2), discarding all fits of the fourth
halo family. The mean logarithmic slope of the density
profiles is ᾱ = −0.3 ± 0.1 for the diet-Salpeter IMF and
ᾱ = −0.5± 0.1 for the Kroupa IMF. Those numbers be-
come ᾱ = −0.1 ± 0.1 and ᾱ = −0.2 ± 0.1 (respectively)
when the cuspiest halos of the sample (n > 4) are re-
moved from the distribution. Note that the mean inner
density slope is −1.3 ± 0.2 for those cuspiest halos only.
As a comparison, the inner slope of simulated galaxy-
sized Einasto cusps of Navarro et al. (2010) is −0.9±0.1,
which is shallower than the cuspiest of our halos.

As a reminder, an almost constant dark matter den-
sity has been found for a large sample of dark mat-
ter dominated galaxies (e.g. de Blok & Bosma 2002).
These authors have found a mean inner density slope
d ln(ρ)/d ln(r) ∼ −0.2, as measured “directly” from opti-
cal spectroscopy by inverting the RCs into volume densi-
ties and extracting the slope at the innermost data point
of the observations. We do not know yet the average
slope that would be fit with the Einasto profile for similar
low surface brightness objects. This will be investigated
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Einasto Halo Parameters
Kroupa IM

F

dwarf-sized halos (Navarro et al 2004)
galaxy-sized halos (Navarro et al 2004)
galaxy-sized halos with  
baryons (Tissera et al 2010)

degenerate fits not shown

No single index or simple relation can 
describe observations 
!
Observed indices smaller than simulations 
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Einasto resultsEinasto Results

• Einasto fits better than ISO or NFW 

• However, no unique n-value, no scaling between 
masses 

• No universal Einasto halo in THINGS galaxies 

• Typically smaller n-value than CDM halos. n>4 is rare



LVHIS: 
all HIPASS detected  
D<10Mpc galaxies 

PI: B. Koribalski

VLA-ANGST: 
35 nearby local 

volume galaxies 
PI : J. Ott 

LITTLE THINGS 
41 gas-rich dwarf galaxies 

PI: D. Hunter



LITTLE THINGS 
Local Irregulars That Trace Luminosity Extremes 

The HI Nearby Galaxy Survey 
Hunter et al. (2012)

• “THINGS-like” (~6”; < 5.2 km/s) high-resolution VLA HI 21cm survey (B+C
+D; 376 hours) for 41 nearby (< 10 Mpc) dwarf (dIm, BCD) galaxies!
!

• Commensality with Spitzer (+ Herschel) optical, GALEX uv, CO data etc.)!
!

• VLA observations ended in 2009!
!

• Data available at:                                                                                 
https://science.nrao.edu/science/surveys/littlethings!
!

• Further observations with EVLA, CARMA, APEX, Herschel etc.



LITTLE THINGS 
Main Science Drivers

• What regulates star formation is dwarf galaxies?!
• What is the relative importance of sequential triggering for star 
formation in dwarf galaxies?!
• How (dark) matter is distributed in dwarf galaxies?!
• What is the relative importance of triggering by random turbulence 
compression in dwarf galaxies?!
• What is happening in the far outer parts of dwarf galaxies?!
• What happens to the star formation process at breaks in the exponential 
light profile?!
• What happens in Blue Compact Dwarf (BCD) galaxies?



Oh et al. in prep. 

Little THINGS
LITTLE THINGS galaxies

!"#
• 27 galaxies with i > 40 degrees











THINGS

Data: Walter et al 2008

Milky Way HI map: Oort et al (1958)


Milky Way art: NASA/JPL, R. Hurt (SSC)

10 kpc

The HI 
Nearby 

Galaxy Survey 



I. Data (e.g., DDO 133)



II. Rotation curves & 
Asymmetric drift correction!
!
: Fit 2D tilted-ring models to 
velocity fields (Rogstad et al. 
1974; “rotcur” task in GIPSY)!
!
: Gas drift correction (Bureau 
& Carignan 2002)



III. Disk-halo decomposition &!
Dark matter density profile!
!
: derive mass models of gas 
and stellar components using 
gas intensity map (corrected 
for He+metals) and Spitzer 
3.6 micron images!
!
: M/L based on stellar 
population synthesis models!
!
: Fit two halo models (ISO & 
NFW)!
!
: Matter density profiles (DM
+baryons; DM-only) derived 
assuming a spherical halo 
potential!
!
: Measure the inner density 
slope, α



• Governato et al. (2010, 2012) 

• N-body+SPH tree-code GASOLINE 

• Flat Λ-dominated cosmology                                            

• Baryonic processes are included such as,                                               
- gas cooling                                                                                       
- cosmic UV field heating                                                                                  
- star formation                                                                                  
- SNe-driven gas heating 

• There are ~3.3 million particles within the virial radius at z = 0. 

• DM particle mass is 1.6×104 M⦿, and gas particle mass is 3.3×103 M⦿. 

• The force resolution (gravitational softening) is 86 pc. 

SPH Simulations of Dwarfs



SPH Simulations of Dwarfs



B R Spitzer 3.6µmGas (HI + H2)

i = 90°

i = 60°

i = 0°

i = 45°

20 kpc



DG1 observed

B 3.6µ

pV

pV

gas: 15:21+1 dex

DG1 observed



DG1 observed

Oh et al. (2011).



Rotation curve shape

Comparison with THINGS + Simulations

Density profile

Radius Radius

Oh et al (2011).

R0.3 → d log V / d log R = 0.3



Rotation curve shape Density profile

Comparison with LITTLE THINGS + Simulations

• Scaled rotation curves too shallow compared with CDM!
• Slope based on 19 galaxies:  α = -0.3 ± 0.1 !
• Consistent 7 dwarfs from THINGS (Oh et al. 2011)!
• Agrees well with simulated dwarfs from Governato et al (2011)
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Density slope vs. Stellar mass

• Simulations:!
Gas outflows become less 
efficient in smaller galaxies so 
primordial DM distribution 
less affected!
!

• Observations:!
DM distribution in low mass 
dwarf galaxies would be a key 
for the central DM problem

Oh et al. in prep.
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Density slope vs. Stellar mass

• Simulations:!
Gas outflows become less 
efficient in smaller galaxies so 
primordial DM distribution 
less affected!
!

• Observations:!
DM distribution in low mass 
dwarf galaxies would be a key 
for the central DM problem

Oh et al. in prep.
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Conclusions
• Radio observations show disk and 

dwarf galaxies show a cored dark 
matter distribution.  

• Feedback must be invoked to 
explain this  

• Observations of ultra-low mass 
dwarfs will provide a crucial test 

www.mpia.de/THINGS


