
Dark Matter and ISM
in the THINGS galaxies

Erwin de Blok

Green Bank, 1 April 2012

ASTRON, Netherlands



THINGS

• The HI Nearby Galaxy Survey - Walter et al (2008)

• VLA B,C,D array of 34 nearby Sa-Irr galaxies

• distance 3-15 Mpc

• ~6” spatial (100-500 pc), 2-5 km/s velocity resolution

• overlap with SINGS (Spitzer) and GALEX NGS (UV)

• In progress: HERACLES CO observations (Leroy)
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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
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The THINGS Curves
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• Model galaxy with concentric rings with 
center (x,y) and systemic velocity Vsys each 
with their own i, PA, and V

V(x,y) = Vsys +VC(R) sin(i)cos(θ)

Tilted Rings
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Examples

de Blok et al 2008

Fig. 42.— ISO and NFW rotation curve fits for NGC 3621. Lines and symbols as in Fig. 25.
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The rotation curves are 
scaled with respect to 
V0.3 at R0.3 where 
d(log V)/d(log R) = 0.3.

The scaled rotation 
curves rise too slowly 
to match the cuspy 
CDM halos. 

Oh et al. (2011)

Rotation curve shape



Mean value: 
α = −0.29 ± 0.07.

Value found for LSB galaxies: 
α = −0.2 ± 0.2, (de Blok et al 2001, 2002)  

Slopes

Oh et al. (2011)
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2 Chemin et al.

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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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.
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to a family of Einasto halos and conclude that these
match the data reasonably well.
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composition of RCs with the Einasto model on an im-
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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
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hereafter D08) and in §2, and compare the quality of
Einasto halo fits with those obtained using the NFW
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the statistical significance of possible improvements of
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numerical simulations to those derived from our sample
(§6). We also describe a range of Einasto indices (con-
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The Einasto Halo

Index n regulates inner slope of density and rotation curve2 Chemin et al.
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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-

Chemin et al 2011



Einasto and CDM
Einasto halo gives good description of CDM halos4 Ludlow et al.

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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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

Chemin et al 2011



6 Chemin et al.

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

Ei
n

a
st

o
 h

a
lo

, K
ro

u
p

a
 IM

F,
 fr

e
e

 n

Chemin et al 2011



6 Chemin et al.

Fig. 4.— Same as Fig. 3 but with a Kroupa initial mass function.
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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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Fig. 11.— Same as Fig. 4 but with a fixed index n = 6.2.

less of the IMF (84% and 89% for the diet-Salpeter and
Kroupa IMFs, respectively). But they also provide sig-
nificantly worse results than the Iso model, regardless of
the IMF (65% and 55% for the diet-Salpeter and Kroupa
IMFs, respectively). Nevertheless the Einasto fits are
better than the NFW model fits, regardless of the IMF
(75% and 80% for the diet-Salpeter and Kroupa IMFs,
respectively).

The parameter space of the characteristic scale densi-
ties and radii still shows a tight correlation. The striking
feature is the large range of the correlation, spanning
some six orders of magnitude in both radius and density.
Besides the fact that extreme halos of low density and
large extent appear unrealistic for galaxies, the agree-
ment with the expected galaxy-size range seen in cosmo-
logical simulations becomes worse and several fit halos

exceed the cluster-sized regime. We therefore conclude
that Einasto halos with a fixed index n ∼ 6 are ruled out
by the analysis of RCs of galaxies.

7. TWO-PARAMETER EINASTO MODELS

In the previous section we have studied two-parameter,
fixed index Einasto halos that were consistent with CDM,
but noted they were hardly consistent with the obser-
vations. In this section, we try to identify other two-
parameter Einasto halos and ask whether there are any
Einasto models that can describe the observed halos bet-
ter than the Iso or NFW halo models. Before answering
these questions, we emphasize that our galaxy sample
does not pretend to be representative of the whole di-
versity of spiral galaxies in the local Universe. Never-
theless, in this section, we aim at finding a family of
generic Einasto halos that reproduce fairly well the RCs
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Fig. 12.— Comparison of reduced χ2 for n = 6.2 Einasto halos
with the NFW and Iso halos (respectively filled and open symbols)
using the Kroupa IMF (left-hand panel). Corresponding parameter
space (right-hand panel). See Tab. 5 for the reduced χ2 and the
parameter space derived with a diet-Salpeter IMF. Results for the
few halos having an extremely large scale radius are not shown for
clarity. Colored symbols correspond to the same cosmological halos
as in Figs. 6 and 7. Additional blue, open triangles correspond to
simulated cluster-sized halos from Navarro et al. (2004).

of THINGS spiral galaxies, at least as good as the usual
core or cosmological cuspy models.

7.1. Cuspy Einasto halos versus the NFW halo

We estimate the critical index value where the NFW
halo becomes better than the Einasto halo for the ma-
jority of the current sample. We find nup ∼ 10 − 11 for
the diet-Salpeter IMF and nup ∼ 11− 12 for the Kroupa
IMF. Those values have been derived by increasing pro-
gressively the (fixed) index in the fits and by identifying
the turnover index where more than half of the NFW
fits from the sample becomes better than the Einasto
fits. Note that those models represent halos which are
less and less dense, and larger as the index increases.
Another advantage of these models with respect to the
NFW model is the better agreement with ΛCDM simu-
lations.

We repeat the same procedure but towards smaller
indices and find nlow ∼ 0.5 (diet-Salpeter IMF) and
nlow ∼ 1 (Kroupa IMF) as the values where the ma-
jority of constrained Einasto fits turn better than NFW
ones. This result is completely expected because small
indices provide core halos, whose halo shape is naturally
better for the sample than any cusp.

We conclude a two-parameter Einasto model at fixed
index 4 < n ≤ 12 is therefore more suited for the model-
ing of any cuspy halos than by a NFW model.

7.2. Core Einasto halos versus the pseudo-isothermal
sphere

In contrast with the cuspy halos, we find the cored
(n < 4) halos at the low end of the Einasto index dis-
tribution. We investigate the goodness of fit of two-
parameter Einasto models performed with a fixed, small
index to find a critical index where the majority of such
constrained Einasto fits become worse than those per-
formed with the Iso model. It turns out a low limit can-
not be obtained for the diet-Salpeter IMF; the Iso model
is always a better fit than the constrained Einasto model
at a level of ∼70%, which is likely explained by the rel-
atively scattered index distribution, as seen in §5.1. In
other words it is almost impossible to find an index that
would satisfy most of all halos at the same time for that

IMF. It is not the case for the Kroupa IMF for which
nlow ∼ 2 indicates the turnover index. Indeed, 65%, 55%
and 45% of all the sample is better fit by the Iso model
than n = 1, n = 2 and n = 3 (respectively) Einasto fits.
Notice this value appears consistent with the mean index
n̄ = 1.4 ± 0.8 of non-cuspy halos fit under the Kroupa
IMF assumption (§5.1).

For larger indices nup ∼ 5 is the limit where most
of constrained Einasto fits become worse than Iso ones.
Past this value, the core nature of the Iso model starts
to dominate the cuspy nature of these Einasto halos.

The index range 2 ≤ n ≤ 4 of constrained Einasto
core models is therefore small compared with that of
constrained Einasto cusps. We conclude this family of
two-parameter core Einasto models may be a good alter-
native to an Iso model in the analysis of cored halos.

8. SUMMARIZING REMARKS

In this work we have shown that the Einasto model
is a good fit to the dark matter contribution to RCs of
galaxies, better than other models like the (cored) Iso
model or the (cuspy) NFW model. The significant im-
provement is caused by the parameter that shapes the
radial behavior of the mass density profile, the Einasto
index. Since there is no unique index describing all ha-
los, it is not possible to scale the density profile from one
galaxy to another with a different mass. In other words,
we find no evidence for a universal dark matter Einasto
halo, at least in the galaxy sample we have analyzed.
This result corroborates the one found in dissipationless
ΛCDM simulations. Noteworthy however is the fact that
the index appears to scale with the halo mass for halos
more massive than M200 ∼ 2 × 1011 h−1 M".

We find that the Einasto index is generally smaller
than the one inferred from cosmological simulations, by
a factor of two pr more. This discrepancy between ob-
served and simulated Einasto indices extends the core-
cusp controversy (Iso versus NFW) to the Einasto for-
malism. A ΛCDM Einasto halo is cuspier than an ob-
served galactic Einasto halo. In our sample, galaxies
with a cuspy (n > 4) Einasto halo are not frequent. It is
interesting to note that our sample consists of both nor-
mal, bright galaxies and of a few dwarf, low surface den-
sity galaxies, while the the cusp-core controversy usually
deals with small and low surface density galaxies only.
A core nature of dark matter halos thus seem to depend
slightly on the baryonic content for halos less massive
than M200 ∼ 2 × 1011 h−1 M".

The RC decomposition has also shown that cuspy
Einasto halos with fixed index 4 < n ≤ 12 give a better
description of RCs than does the NFW model. Con-
versely core Einasto models with fixed indices 2 ≤ n ≤ 4
give better RC fits than the Iso model. Those constrained
Einasto models could be a good alternative to Iso or
NFW models in galactic dynamics.

In future papers from this series, we will investigate
more deeply the correlations between the baryons and
dark matter of THINGS galaxies using Einasto halos,
and model the mass distribution with Einasto halos for
a large sample of low surface density galaxies (low surface
brightness and dwarf galaxies) observed by high resolu-
tion Fabry-Perot interferometry. We will also widen the
allowed stellar mass-to-light ratios in our fits, with free
stellar masses and other fixed stellar mass scalings like
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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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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-
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• 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

• To test: larger range in masses, more M/L* scenarios
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Figure 2.1: Examples of individual line profiles, extracted at di�erent positions in a galaxy, before

(right panel) and after (left panel) shifting. Note the di�erence in velocity of the two example profiles
before the shifting. After the shifting, the profiles are aligned at the same reference velocity.

profile in a data cube after shifting them to a common central velocity. This
is done by removing the line of sight component of the rotation velocity of
the peak of the profile. To illustrate the method, Figure 2.1 (upper panel)
shows examples of individual HI velocity profiles extracted at di�erent po-
sitions from the natural-weighted data cube of NGC 628. One can see that
di�erent profiles have di�erent velocities. Therefore, the profiles cannot be
summed as they are, but need to be shifted in velocity to the same reference
velocity.

We use the task SHUFFLE in the Groningen Image Processing System
(GIPSY) to shift the individual profiles in a data cube to a common ref-
erence velocity. SHUFFLE uses a velocity field to define the amount by
which a profile in the corresponding data cube needs to be shifted in order to
end up at the same reference velocity. The output from SHUFFLE is a data
cube that contains individual profiles aligned at a common central velocity.

When applying this method, we only use profiles whose peak flux exceeds
the 3� rms noise level in the data cubes. We have used Gauss Hermite h3

polynomials velocity fields to construct the shu�ed data cubes. The advan-
tages of using such velocity fields are described by de Blok et al. (2008).
We sum several di�erent subsets of the shu⌅ed profiles (as defined by e.g.
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Fig. 1.— Examples of super profiles for the THINGS galaxies (the rest are shown in the Appendix). The left panels show super profiles
fitted with double Gaussian components whereas the right panels show super profiles fitted with a single Gaussian component. The bottom
panels show the residuals from the fits. The filled circles indicate the data points. The solid black lines represent the results from the single
and double Gaussian fitting. The dashed and the dotted lines represent the narrow and broad components required in the double Gaussian
fitting. The errors on the data points are smaller than the size of the symbols.
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False Super Profiles

• Many ways to get a non-Gaussian super profile

• Inclination effects

• Thick, lagging component

• Asymmetric input profiles

• Inaccurate shuffling

• Bulk motions (galaxy interaction, starburst)

• Tested and under control



Symmetrical Profiles
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Fig. 12.— Location of symmetric and asymmetric profiles for the THINGS galaxies. Blue pixels represent symmetric profiles (SP). Green
and red pixels represent left-handed asymmetric profiles (LHAP) and right-handed asymmetric profiles (RHAP), respectively.

Having identified a Clean Sample with super pro-
files una�ected by interaction or asymmetries, and hav-
ing checked all the relevant systematic e�ects which may
skew the interpretation of our results, we will now ex-
plore the shapes of the super profiles of the Clean Sample
galaxies in detail to probe the properties of their ISM. We
begin by analyzing the shapes of the super profiles de-
rived from the entire disk of galaxies as well as those de-
rived inside and outside the optical radius r25. Then we
expand our analysis by analyzing the shapes of the super
profile within annuli of radius 0<r<0.2 r25, 0.2<r<0.4
r25, etc. In this way, we create what we call radial super
profiles.

6.1. Super profiles of the entire disk of galaxies

Figure 16 shows the distribution of the narrow and
broad components velocity dispersion derived from the
entire disk of the Clean Sample. The narrow component
has a much narrower distribution than the broad
component. The narrow and broad component velocity
dispersions have a mean of 6.6 ± 1.5 km s�1 and 16.8 ±

4.3 km s�1, respectively. By dividing our Clean Sample
galaxies into dwarfs and spirals, we find that dwarf and
spiral galaxies have similar narrow component velocity
dispersion. However, dwarf galaxies have slightly
lower broad component velocity dispersion than spiral
galaxies. For dwarf galaxies, we find a mean narrow
component velocity dispersion of 6.5 ± 1.5 km s�1 and
a mean broad component velocity dispersion of 15.1 ±
3.6 km s�1. For spiral galaxies, we find a mean narrow
component velocity dispersion of 6.7 ± km s�1 and a
mean broad component velocity dispersion of 18.7 ± 4.3
km s�1. Note that here we adopt the definition of spirals
and dwarfs by Leroy et al. (2008). They defined as
dwarf galaxies those with rotation velocities vrot ⇥ 125
km s�1, stellar masses M⇥ ⇥ 1010 M⇤, and absolute
B magnitude MB � -20 mag; and as spiral galaxies
those with vrot � 125 km s�1, M⇥ � 1010 M⇤ and
MB ⇥ -20 mag. We summarize the velocity dispersion
of the narrow and broad components in Table 4. In this
Table, spiral galaxies are marked in bold face; the rest

|vHer3-vIWM| < 5 km s-1 to identify symmetrical profiles 
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Figure 4.5: Examples of super profiles of NGC 2366 using LHAP (top left panel), RHAP (top right

panel) and SP (bottom panel)
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Dispersions
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Fig. 15.— Comparison of the velocity dispersions derived from SP profiles to those derived from the wingless sides of LHAP (top panel) and
RHAP (bottom panel) profiles. Here we use the -2 to 2 km s�1 limit. Solid lines are lines of equality.
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Fig. 16.— Histograms of the velocity dispersion of the Clean
Sample. The solid histogram represents the narrow component.
The gray histogram represents the broad component.

mechanisms that sustain the width of a profile in active
star formation regions. This confirms the conclusion
drawn by Tamburro et al. (2009) who investigated the
most plausible dominant mechanisms that broaden line
widths based on second-moment map analyses of the
THINGS galaxies. Among the various stellar feedback
mechanisms, which include stellar winds, ionizing radi-
ation from young massive stars, expanding HII regions
and Supernova explosions (SNe), the latter are known to
be the most important contributor to the energy budget
of the ISM (Spitzer, 1978; Norman and Ferrara, 1996;
Mac Low and Klessen, 2004; Melioli and de Gouveia
Dal Pino, 2004). All of these various mechanisms are
believed to drive turbulence in the ISM (e.g. Dickey and
Lockman, 1990; Elmegreen and Scalo, 2004). This can
explain the high velocity dispersion values that we see
inside r25.

Following Young & Lo (1996) and de Blok &
Walter (2006), we associate the narrow components
extracted from the super profiles with the CNM and
the broad components with the WNM. With this
consideration, the di�erence in slope that we find for the

6.6 ± 1.5 km s-1

16.8 ± 4.3 km s-1

narrow broad

Clear detection of broad and narrow component

Injamasimanana et al (2012, in prep)



Global trends

dispersion and mass ratios cold 
and warm components 
change with metallicity and 
luminosity

Ultimately link this back with SF?

Injamasimanana et al (2012, in prep)
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Figure 20. Top panel : velocity dispersion ratio as a function of metallicity, (FUV-NUV) colors and H↵ luminosities. Bottom panel:
Flux ratio of the narrow and broad components as a function of metallicity, (FUV-NUV) colors and H↵ luminosities. The square symbols
represent interacting galaxies (those that are tidally interacting with a nearby companion or are being a↵ected by their environment; these
are NGC 3031, NGC 4449, NGC 5194, NGC 5457, NGC 3077). The open circle symbols represent galaxies that are disturbed kinematically
due to the e↵ect of e.g., star formation (NGC 1569, NGC 3521, NGC 3627). The star symbols indicate non-interacting galaxies that have
an anomalously high velocity dispersion (NGC 7331, NGC 2841). The diamond shaped symbols represent non-interacting nor kinematically
disturbed but having velocity dispersion in their approaching and receding halves and/or in their parts above and below their major axes
di↵erent by more than 1.5 km s�1 (NGC 4826 and M81 DwB; see text for the choice of this value). Filled black circle symbols represent
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Fig. 19.— Top panel : Comparison of the derived velocity dispersions inside and outside r25. The left panel is for the narrow component,
whereas the right panel is for the broad component. Bottom panel : Comparison of the mass ratio of the narrow to that of the broad
component inside and outside r25 (left panel). The right panel compares the degree of asymmetry (defined as the o�set between the peak
velocity of the narrow component and the peak velocity of the broad component) of the super profiles inside and outside r25. The solid
lines are lines of equality.

radial profiles of the narrow and broad components can
be explained by the fact that the CNM and WNM have
di�erent densities and therefore have di�erent response
to incoming radiation. (discussion still in progress)

7.2. Does the narrow component trace molecular gas?

( In progress)

8. CONCLUSION
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Fig. 19.— Top panel : Comparison of the derived velocity dispersions inside and outside r25. The left panel is for the narrow component,
whereas the right panel is for the broad component. Bottom panel : Comparison of the mass ratio of the narrow to that of the broad
component inside and outside r25 (left panel). The right panel compares the degree of asymmetry (defined as the o�set between the peak
velocity of the narrow component and the peak velocity of the broad component) of the super profiles inside and outside r25. The solid
lines are lines of equality.

radial profiles of the narrow and broad components can
be explained by the fact that the CNM and WNM have
di�erent densities and therefore have di�erent response
to incoming radiation. (discussion still in progress)

7.2. Does the narrow component trace molecular gas?

( In progress)

8. CONCLUSION

• Do properties change as a function of local environment?

• Create super profiles using masks

• Example: dispersions and mass ratios inside R25 (high star 
forming) and outside R25 (no or very low star formation)
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Star formation rates
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Figure 5.5: Histograms of the velocity dispersion of the narrow (solid histograms) and broad (gray

histograms) components derived in low, medium and high SFR regions. The velocity dispersions tend to
be higher in high SFR regions.

medium and low SFR regions. Moreover, the first three panels of Figure 5.6
show that super profiles in the high SFR regions tend to be more asymmetric
than those in the medium and low SFR regions. Finally, as can be seen from
the last three panels of Figure 5.6, the mass ratio of the narrow component
to that of the broad component is higher in the high SFR regions than in the
medium and low SFR regions. Thus, there seems to be a correlation between
the shapes of the super profiles and the star formation activity of galaxies.

The Star Formation Efficiency in Nearby Galaxies 67

Fig. F.— Atlas of data and calculations for NGC 5055.

Define SFR masks using Leroy et al (2008) 
THINGS star formation rate maps (24μm 
Spitzer and GALEX FUX)

10-4 < SFR < 10-3 M⊙ yr-1 kpc-2

10-3 < SFR < 10-2 M⊙ yr-1 kpc-2

SFR > 10-2 M⊙ yr-1 kpc-2

Injamasimanana et al (2012, in prep)



Super Profiles

• Can the cold HI be used as a proxy for molecular gas 
observations?

• Is there a H2/cold HI factor?

• Input for numerical models



Summary

• Current high-resolution, multi-wavelength data sets are 
a goldmine for galaxy astro-physics

• Halos well fit by Einasto model with low n

• HI profiles show narrow and broad components

• Broad/narrow ratios seem related to SF 


