
A&A 605, A55 (2017)
DOI: 10.1051/0004-6361/201730402
c� ESO 2017

Astronomy

&
Astrophysics

Testing baryon-induced core formation in ⇤CDM: A comparison

of the DC14 and coreNFW dark matter halo models

on galaxy rotation curves

F. Allaert1, G. Gentile2, and M. Baes1

1 Sterrenkundig Observatorium, Universiteit Gent, Krijgslaan 281, 9000 Gent, Belgium
e-mail: Flor.Allaert@UGent.be

2 Department of Physics and Astrophysics, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium

Received 6 January 2017 / Accepted 15 June 2017

ABSTRACT

Recent cosmological hydrodynamical simulations suggest that baryonic processes, and in particular supernova feedback following
bursts of star formation, can alter the structure of dark matter haloes and transform primordial cusps into shallower cores. To assess
whether this mechanism o↵ers a solution to the long-standing cusp-core controversy, simulated haloes must be compared to real
dark matter haloes inferred from galaxy rotation curves. For this purpose, two new dark matter density profiles were recently derived
from simulations of galaxies in complementary mass ranges: the DC14 halo (1010 < Mhalo/M� < 8 ⇥ 1011) and the coreNFW halo
(107 < Mhalo/M� < 109). Both models have individually been found to give good fits to observed rotation curves. For the DC14
model, however, the agreement of the predicted halo properties with cosmological scaling relations was confirmed by one study, but
strongly refuted by another. A next important question is whether, despite their di↵erent approaches, the two models converge to
the same solution in the mass range where both should be appropriate. To investigate this, we tested the DC14 and coreNFW halo
models on the rotation curves of a selection of galaxies with halo masses in the range 4 ⇥ 109 M� – 7 ⇥ 1010 M� and compared their
predictions. We further applied the DC14 model to a set of rotation curves at higher halo masses, up to 9 ⇥ 1011 M�, to verify the
agreement with the cosmological scaling relations. Both models are generally able to reproduce the observed rotation curves, in line
with earlier results, and the predicted dark matter haloes are consistent with the cosmological c � Mhalo and M⇤ � Mhalo relations.
We find that the DC14 and coreNFW models are also in fairly good agreement with each other, even though DC14 tends to predict
slightly less extended cores and somewhat more concentrated haloes than coreNFW. While the quality of the fits is generally similar
for both halo models, DC14 does perform significantly better than coreNFW for three galaxies. In each of these cases, the problem
for coreNFW is related to connection of the core size to the stellar half-mass radius, although we argue that it is justifiable to relax
this connection for NGC 3741. A larger core radius brings the coreNFW model for this galaxy in good agreement with the data and
the DC14 model.
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1. Introduction

For several decades the dark matter problem has been one of
the main topics in astronomical research. The idea of missing
or invisible mass was already proposed in the early 1930s by Jan
Oort (Oort 1932) and Fritz Zwicky (Zwicky 1933) based on their
observations of the motions of stars in the Milky Way disk and
galaxies in the Coma cluster. Despite this early notion, the first
sound evidence of the presence of dark matter only came in the
1970s, from the analysis of galaxy rotation curves by Freeman
(1970), Roberts (1975), and Rubin et al. (1978). These authors
found that the rotation curves of massive galaxies remain flat
even at large galactocentric distances and well beyond the stel-
lar disks. This could not be explained by the Newtonian gravity
of the visible matter alone, but instead implied an additional ex-
tended halo of invisible matter. Furthermore it was found that the
rotation curves of low mass and low surface brightness (LSB)
galaxies show a slow, almost linear rise in the centre after sub-
traction of the baryonic contributions. To match this observed
behaviour, empirical models of the dark matter distribution in
galaxies typically have a central constant-density core. These

models, such as the pseudo-isothermal sphere, can explain a
wide variety of observed rotation curves (e.g. van Albada et al.
1985; Broeils 1992; de Blok et al. 2001), although they have no
physical basis.

On the other hand, dark matter only simulations of the
structure formation in the Universe consistently find dark
matter haloes with a central cusp (e.g. Navarro et al. 1996b;
Moore et al. 1999; Klypin et al. 2001; Diemand et al. 2005;
Stadel et al. 2009). The dark matter density profiles derived from
these simulations, however, give poor fits to the rotation curves
of dwarf galaxies (e.g. de Blok et al. 2001; de Blok & Bosma
2002; Weldrake et al. 2003; Gentile et al. 2005, 2007). This
cusp-core controversy has been one of the major problems of
⇤ cold dark matter (⇤CDM) for the past two decades. In the
early years rotation curves were often derived in an overly sim-
plistic way from poorly sampled velocity fields or even one-
dimensional long-slit observations. Because both physical ef-
fects, such as non-circular motions and pressure support, and
observational biases, such as beam smearing, often a↵ect the
observed kinematics in the central parts of galaxies, there has
long been a discussion regarding whether the observed rotation
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curves are actually reliable and truly trace the gravitational po-
tential of a galaxy (e.g. Swaters et al. 2003; Rhee et al. 2004;
Spekkens et al. 2005; Valenzuela et al. 2007). Since the 1990s,
however, both the quality of the observations and the analysis
techniques have vastly improved and although the discussion
still persists today (Pineda et al. 2017), there is growing consen-
sus that modern rotation curves accurately trace the total gravita-
tional potential in a galaxy, at least for properly selected systems.
Despite these improvements and the substantially higher resolu-
tion of present-day dark matter only simulations, the discrepancy
still persists.

An alternative solution to the cusp-core problem is that bary-
onic processes associated with galaxy formation and evolution
also a↵ect the dark matter halo. Various processes have been pro-
posed in this context with di↵erent results. On the one hand, con-
densation of cooling gas towards the centre of a galaxy causes
a further contraction of the dark matter halo and a stronger
cusp (e.g. Jesseit et al. 2002; Gnedin et al. 2004). On the other
hand, infalling gas clumps can transfer angular momentum to
the dark matter via dynamical friction, ultimately resulting in a
shallower central profile (El-Zant et al. 2001; Tonini et al. 2006;
Romano-Díaz et al. 2008), but the e�ciency of this mechanism
is still under debate (e.g. de Blok 2010). Finally, feedback from
supernovae (and AGN activity in high mass galaxies) can in-
duce massive gas outflows that also cause the dark matter halo
to expand. Navarro et al. (1996a) already investigated this sce-
nario using a highly simplified outflow model and concluded
that supernova feedback could have flattened the dark matter
cusps in dwarf irregular galaxies, but is unlikely to be e↵ective in
more massive systems. In a more detailed study Read & Gilmore
(2005) found that repeated bursts of star formation alternated
by epochs of gas (re-)accretion can indeed gradually trans-
form dark matter cusps into cores in simulated dwarf galax-
ies. This result was later confirmed and extended to somewhat
higher mass galaxies by numerous studies (e.g. Governato et al.
2010; Macciò et al. 2012; Teyssier et al. 2013; Di Cintio et al.
2014b; Oñorbe et al. 2015), although the details of the con-
clusions sometimes di↵er. For example, while Governato et al.
(2012) found that supernova feedback can only expand dark mat-
ter haloes in galaxies with M⇤ & 107 M�, Read et al. (2016a)
concluded that cores also form in lower mass systems if star for-
mation proceeds for long enough.

Hydrodynamical simulations therefore seem to suggest that
stellar feedback e↵ects can solve the cusp-core controversy. To
really confirm this claim, however, the simulated haloes must
be compared to real observed rotation curves. For this purpose,
two new analytic dark matter density profiles were recently pro-
posed. The DC14 profile was derived by Di Cintio et al. (2014a)
from their simulated galaxies in the mass range 9.94 ⇥ 109 <
Mhalo/M� < 7.8 ⇥ 1011 and was recently tested on samples of
observed rotation curves by Katz et al. (2017) and Pace (2016).
Both studies concluded that the DC14 profile can indeed re-
produce the observed rotation curves. Katz et al. (2017) also
found that the derived dark matter halo parameters are in ex-
cellent agreement with the cosmological stellar mass-halo mass
and halo mass-concentration relations. Pace (2016), on the other
hand, concluded the opposite. He found halo masses signifi-
cantly below the cosmological prediction for galaxies with stel-
lar masses M⇤ . 109 M�, and a huge scatter of almost two orders
of magnitude in the derived halo concentrations. The coreNFW
model was derived by Read et al. (2016a) from simulations of
tiny dwarf galaxies in the mass range Mhalo ⇠ 107�109 M�.
Read et al. (2017) also recently tested this profile on a set
of dwarf galaxies extracted from the Little THINGS sample

(Hunter et al. 2012; Iorio et al. 2017) with halo masses ranging
from a few 108 M� to about 2 ⇥ 1010 M�. These authors also
found good fits to the observed rotation curves and good agree-
ment with the stellar mass-halo mass relation.

Although the physical mechanism that drives core formation
is essentially the same for both halo models, they follow a some-
what di↵erent approach. In the DC14 model the stellar mass is
used as a measure for the amount of supernova feedback energy
that has become available and the shape of the dark matter halo
is fully determined by M⇤/Mhalo. In the coreNFW model, on the
other hand, the core strength is regulated by the total time that
the galaxy has been forming stars, while the radial extent of the
core is linked to the radial distribution of the stars.

The coreNFW and DC14 models also probe di↵erent mass
ranges and are in this sense complementary. While it is probably
not meaningful to apply the DC14 model to the rotation curves of
tiny dwarf galaxies or to extrapolate coreNFW to Milky Way-
size systems, the two models should both be appropriate for halo
masses of the order 5 ⇥ 109 M� . Mhalo . 5 ⇥ 1010 M�. There-
fore, if DC14 and coreNFW both correctly describe dark matter
core formation, their predictions should agree in this overlapping
mass range.

In this work we apply the coreNFW and DC14 models to
a selection of 13 galaxy rotation curves with halo masses of
4 ⇥ 109 M� to 7 ⇥ 1010 M�, and compare their predictions. The
DC14 halo is further applied to an additional 7 rotation curves
with halo masses up to 9⇥ 1011 M� to investigate the agreement
with the cosmological scaling relations. This paper is organized
as follows: in Sect. 2 we describe the selection of our sample of
rotation curves. The principle of mass modelling and the details
of the two dark matter halo models are explained in Sect. 3. Our
modelling strategy is described in Sect. 4 and the results are pre-
sented in Sect. 5. Finally we list our main conclusions in Sect. 6.

2. Sample selection

Our sample of rotation curves was compiled mainly from the
Little THINGS (Hunter et al. 2012; Iorio et al. 2017), THINGS
(Walter et al. 2008; de Blok et al. 2008), and SPARC (Lelli et al.
2016) datasets. For Little THINGS we used the publicly avail-
able rotation curve data from Iorio et al. (2017) and took the sur-
face density and surface brightness profiles of the atomic gas
and the stars from Oh et al. (2015). The latter were kindly pro-
vided to us by S.H. Oh and D. Hunter. The THINGS data, both
the rotation curves and the baryonic profiles, were kindly made
available by E. de Blok. Finally the SPARC data are publicly
available and can be downloaded from the SPARC website1. For
all three datasets the stellar surface brightness profiles are based
on observations at 3.6 µm.

For Little THINGS we selected only the galaxies that are
marked as “clean dIrrs” by Read et al. (2017) and further elimi-
nated NGC 6822 and DDO 210. For the former no rotation curve
is presented by Iorio et al. (2017), while the rotation curve of
the latter is highly uncertain and completely dominated by the
asymmetric drift correction. This leaves 9 galaxies from the
Little THINGS sample. de Blok et al. (2008) present rotation
curves of 19 THINGS galaxies, from which we eliminated 10
because of poor sampling of the rising part of the rotation curve
or strong non-circular motions. The gap in mass between the
Little THINGS and THINGS galaxies is bridged with a set of
low mass systems from the SPARC dataset. These are selected
according to the following criteria: a total 3.6 µm luminosity

1
http://astroweb.cwru.edu/SPARC/
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L3.6 . 109 L�, a rotation curve with quality label 1, a reliable
distance estimate, an inclination between 40� and 80�, and lit-
tle beam smearing. These criteria lead to an additional 5 galax-
ies. Finally we also included the rotation curve of M33 (taken
from Corbelli et al. 2014), which is a galaxy previously claimed
to have a strongly cusped dark matter halo (Corbelli et al. 2014;
Hague & Wilkinson 2015). For this galaxy Corbelli et al. (2014)
have not reported the stellar surface brightness profile, but have
immediately derived the surface density profile of the stars from
a pixel by pixel population synthesis analysis.

Our total sample thus comprises 24 rotation curves. For
three of the THINGS galaxies in this sample, however, the ro-
tation curves might actually be unreliable owing to a substan-
tial bar (NGC 925), poorly constrained distance (NGC 3521),
or uncertain inclination in the outer half (NGC 7793). Since
Hague & Wilkinson (2014) have included these rotation curves
in their analysis, we also kept them in our sample, but marked
them as problematic and only showed their fits without in-
cluding them in the further analysis. UGC 8490, from the
SPARC dataset, was similarly marked problematic because
McQuinn et al. (2015) have discovered a strong increase in
its star formation rate over the past 100 Myr. This indicates
that UGC 8490 might be experiencing a starburst, which may
severely bias its kinematics.

Finally, Iorio et al. (2017) have remarked that their rotation
curves of UGC 8508 and DDO 126 are unreliable up to a ra-
dius of 0.5 and 1.43 kpc, respectively, while Gentile et al. (2007)
noted that elliptical streaming motions could be a↵ecting the
innermost data points of their rotation curve of NGC 3741, up
to a radius of 1.2 kpc. Blais-Ouellette et al. (2001) additionally
found that the inner seven data points of the rotation curve of
NGC 3109 could be slightly underestimated because of weak
beam smearing. These same data points also have suspiciously
small error bars. Since only the inner parts of the rotation curves
are a↵ected, we still included these galaxies in our “good” sam-
ple, but excluded the a↵ected data points from the fits. The ro-
tation curves are still sampled well enough by the remaining
points.

An overview of our complete sample is given in Table 1.
For the galaxies from the THINGS and SPARC datasets we used
distances from the Cosmicflows-2 catalogue (Tully et al. 2013).
For M33 we took over the distance from Corbelli et al. (2014)
and for the Little THINGS galaxies we used the distances from
Iorio et al. (2017).

3. Rotation curve decomposition and halo models

In a disk galaxy the inward gravitational force that pulls a par-
ticle towards the centre is balanced by the outward centripetal
acceleration from its rotation. The total gravitational potential
acting on this particle is the sum of the potentials from the indi-
vidual components: gas, stars, and dark matter. We can therefore
write

acpt = agrav = agas + a⇤ + adm. (1)

Since the centripetal acceleration is proportional to the square of
the circular velocity, this can be re-written as

v2c = v
2
gas + v

2
⇤ + v

2
dm, (2)

where vgas, v⇤, and vdm are the circular velocities needed to bal-
ance the gravitational force exerted by the gas, stars, and dark
matter, respectively. These are of course related to the mass dis-
tributions of the individual components. For the stars, however,

the conversion between the observed luminosity and the mass
is uncertain. The mass-to-light ratio ⌥ is therefore isolated as an
unknown parameter in Eq. (2). In addition, the distribution of the
gas often shows a hole in the centre. Inside this hole the gravi-
tational pull from the gas is directed outward, giving a negative
contribution to the total circular velocity. A better formulation of
Eq. (2) is therefore

v2c = vgas |vgas| + ⌥⇤v2⇤ + v2dm, (3)

or

v2c = vgas |vgas| + ⌥⇤,B v2⇤,B + ⌥⇤,D v2⇤,D + v2dm (4)

if the stellar distribution is decomposed in bulge and disk com-
ponents. The value v⇤ is now the circular velocity from the stars
for a mass-to-light ratio of 1.

Equations (3) and (4) form the basis for the mass modelling
performed in this work. The total circular velocity vc is measured
by the rotation curve (although, see Sect. 3.3), while the gas and
stellar circular velocities vgas and v⇤ are derived from their ob-
served surface brightness profiles. For this purpose a thin disk
geometry is generally assumed for the gas. The stellar distri-
bution is usually modelled as a thick disk with an exponential
or sech2 profile in the vertical direction. This leaves the stel-
lar mass-to-light ratio(s) and dark matter contribution v2dm as the
only unknowns. For the latter we use two di↵erent parameter-
izations: the coreNFW halo and DC14 halo. We express both
these parameterizations in terms of the virial radius and virial
mass. The former is defined as the radius inside which the aver-
age density of the dark matter halo is equal to � times the critical
density of the Universe ⇢crit, where � and ⇢crit depend on the as-
sumed cosmology. The virial mass is simply the enclosed mass
at the virial radius,

Mvir =
4
3
⇡ r3

vir � ⇢crit. (5)

For consistency with Di Cintio et al. (2014a) we use a
WMAP3 cosmology (Spergel et al. 2007) with �= 93.6,
H0 = 73.0 km s�1 Mpc�1 and ⇢crit = 147.896 M� kpc�3.

3.1. DC14

The DC14 profile is formulated by Di Cintio et al. (2014a) as a
special case of the general and very flexible (↵, �, �) profile (Ja↵e
1983; Hernquist 1990; Zhao 1996)

⇢(r) =
⇢s

⇣
r
rs

⌘�h
1 +

⇣
r
rs

⌘↵i(���)/↵ · (6)

At small and large radii this profile follows a power law with
slopes � and �, respectively, and the sharpness of the transition
between these two regimes is governed by ↵. This profile reduces
to a simple Navarro-Frenk-White (NFW) profile for (↵, �, �) =
(1, 3, 1) and the frequently used pseudo-isothermal halo is re-
covered when (↵, �, �) = (2, 2, 0). Hague & Wilkinson (2014,
2015) have recently used this profile in its most general form to
model the dark matter haloes of M33 and a sample of THINGS
galaxies.

Starting from an NFW profile, but in the general formulation
of Eq. (6), Di Cintio et al. (2014a) allow the modification of the
inner slope by stellar feedback by expressing the shape param-
eters ↵, �, and � as a function of the integrated star formation
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Table 1. Sample overview.

Galaxy D Incl log10 (LD
3.6) log10 (LB

3.6) R1/2 Comment Reference
(Mpc) (�) (L�) (L�) (kpc)

UGC 8508 2.6 68 6.954 0.623 1, 2
CVnIdwA 3.6 49 7.199 1.784 1, 2
NGC 3741 3.23 70 7.453 0.341 3
WLM 1.0 74 7.522 1.334 1, 2
DDO 154 3.7 68 7.628 3.511 1, 2
DDO 126 4.9 62 7.880 1.771 1, 2
DDO 87 7.4 43 8.121 3.363 1, 2
UGCA 442 4.37 64 8.150 1.906 3
DDO 168 4.3 47 8.168 1.562 1, 2
DDO 52 10.3 55 8.300 2.278 1, 2
NGC 3109 1.37 70 8.314 2.700 3
NGC 2366 3.4 65 8.548 2.899 1, 2
UGC 7603 6.85 78 8.902 1.239 3

DC14 only
IC 2574 3.89 51 9.352 4.352 4
NGC 2976 3.63 54 9.516 1.505 4
M33 0.84 55 9.690* 3.325 5
NGC 2403 3.18 55 10.074 8.846 2.215 4
NGC 3621 6.73 62 10.536 4.471 4
NGC 3198 13.37 72 10.520 9.569 5.209 4
NGC 5055 9.04 51 11.096 10.182 4.100 4

Problematic galaxies
UGC 8490 4.76 50 9.028 1.167 a 3
NGC 7793 3.58 43 9.874 1.836 b 4
NGC 925 8.91 50 10.168 11.407 c 4
NGC 3521 14.2 69 11.472 4.514 d 4

Notes. Columns 1–3 represent the galaxy name and distance and an indicative inclination. Columns 4–5 give the integrated 3.6 µm luminosity of
the disk and bulge (if present). Column 6 gives the stellar half-light radius. Comments on the quality and data references are given in Cols. 7, 8.
References. (1) Little THINGS (Iorio et al. 2017); (2) Little THINGS (Oh et al. 2015); (3) SPARC (Lelli et al. 2016); (4) THINGS (de Blok et al.
2008); (5) Corbelli et al. (2014). Comments: (a) potential starburst; (b) uncertain inclination for outer disk; (c) extended bar; and (d) poorly
constrained distance. * For M33 Col. 4 gives the stellar mass from Corbelli et al. (2014) (in M�) instead of the 3.6 µm luminosity.

e�ciency M⇤/Mhalo as follows:

↵ = 2.94 � log10

⇣
10X+2.33

⌘�1.08
+

⇣
10X+2.33

⌘2.29
�

� = 4.23 + 1.34X + 0.26X2

� = �0.06 + log10

⇣
10X+2.56

⌘�0.68
+

⇣
10X+2.56

⌘�
,

(7)

with X = log10 (M⇤/Mhalo). These expressions are only valid for
�4.1 < X < �1.3, which is the range probed by the simulations
of Di Cintio et al. (2014a). At lower values of X, too few stars
form to modify the dark matter halo. On the other hand, at X >
�1.3 (corresponding to halo masses &1012 M�) processes not
included in the simulations, such as AGN feedback, can start to
play a role as well.

The variation of ↵, �, and � as a function of X is shown in
Fig. 1. The inner log slope � first decreases with increasing X,
since a higher stellar-to-halo mass ratio implies more energy in-
put from supernova feedback. However, it reaches a minimum at
X ⇠ �2.6 and goes back up at higher values of X. The reason for
this turnover is the increasing gravitational potential of the stars,
which at a certain point starts to dominate the feedback and pulls
the dark matter back towards the centre. In the DC14 formalism
more star formation therefore does not monotonically result in
ever stronger cores.

Fig. 1. Variation of the shape parameters ↵, �, and � of the DC14 halo
as a function of the integrated star formation e�ciency.

For an NFW halo the concentration is defined as c = rvir/rs,
where the scale radius rs is equal to r�2, the radius at which the
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slope of the density profile becomes –2. For the (↵, �, �) profile,
the meaning of rs depends on the values of ↵, �, and �, with

r�2 =

 
2 � �
� � 2

!1/↵

rs. (8)

Di Cintio et al. (2014a) therefore define the concentration of
their dark matter haloes as

cvir =
rvir

r�2
· (9)

The concentration of the original, unmodified NFW halo can be
recovered from this as

cNFW =
cvir

1.0 + 0.00003e3.4(X+4.5) , (10)

with again X = log10 (M⇤/Mhalo). It is this concentration that
should be used to compare the DC14 halo from a fit to a rota-
tion curve to, for example the mass-concentration relation.

3.2. coreNFW

A coreNFW (Read et al. 2016a) halo is essentially a NFW halo
with the inner part modified by a spherically symmetric function
f n that models the e↵ects of supernova feedback. Practically this
modification is expressed at the level of the enclosed mass. For
an ordinary NFW halo profile (Navarro et al. 1996b)

⇢NFW(r) =
⇢s

⇣
r
rs

⌘⇣
1 + r

rs

⌘2 (11)

with concentration
c = rvir/rs (12)
the enclosed mass at a radius r is given by

MNFW(<r) = Mvir
ln (1 + r/rs) � (r/rs)/(1 + r/rs)

ln (1 + c) � c/(1 + c)

= Mvir gc

"
ln

✓
1 +

r
rs

◆
�

✓ r
rs

◆ ✓
1 +

r
rs

◆�1#
· (13)

The coreNFW profile is then defined as
McNFW(<r) = MNFW(<r) f n(r), (14)
with

f (r) =
"
tanh

 
r
rc

!#
· (15)

The radial extent of the core is determined by the core radius
rc, which Read et al. (2016a) relate to the stellar half-mass ra-
dius as rc = ⌘ r1/2, with an optimal value of 1.75 for the fitting
parameter ⌘ .

The strength of the core is governed by the parameter n,
which ranges between 0 < n  1 and is defined as

n = tanh
 


tSF

tdyn

!
· (16)

Here  is again a fitting parameter and the star formation time
tSF is the total time that the galaxy has been forming stars. The
dynamical time tdyn is the duration of 1 circular orbit at the scale
radius in the unmodified NFW halo

tdyn =
2⇡ rs

vNFW(rs)
= 2⇡

s
r3

s

GMNFW(<rs)
· (17)

The longer stars have been forming, the larger n and stronger the
core. On the other hand, the bigger the original dark matter halo,
the smaller n and more di�cult it is to form a core. Following
Read et al. (2016a), we set  = 0.04 and choose tSF = 14 Gyr.

3.3. Asymmetric drift correction

The gravitational attraction from the gas, stars, and dark matter
is in fact not balanced solely by circular motion, but also for
a small part by the internal pressure of the gas. The observed
rotation velocity vrot is therefore not exactly equal to the circular
velocity vc from Eq. (3). Instead it is given by

v2rot = v
2
c +

"
R
⇢

@(⇢�2
R)

@R
+ �2

R � �2
� + R

@(vRvz)
@z

#
(18)

(Eqs. (4)–(227) of Binney & Tremaine 2008), where ⇢ and � are
the density and velocity dispersion of the gas. The asymmet-
ric drift correction (term inside the square brackets) is usually
simplified under the assumptions that the velocity dispersion is
isotropic (�R = ��), the velocity ellipsoid is aligned with the
cylindrical coordinate system (vRvz = 0), and the vertical scale
height does not change much with radius. This leads to

v2c = v
2
rot �

R
⌃

@(⌃�2)
@R

, (19)

where ⌃ is the surface density of the gas. The observationally
derived radial ⌃�2 profile is typically rather rugged, leading
to sometimes strong and unphysical fluctuations in its deriva-
tive. To avoid this, a smooth function is fitted to the profile and
the derivative is determined analytically. The simplifications in-
volved in deriving Eq. (19) limit its accuracy. As a consequence,
Eq. (19) only provides an order of magnitude estimate of the
correction.

For the rotation curves taken from the Little THINGS and
SPARC datasets the asymmetric drift correction is already taken
into account by the authors. On the other hand, de Blok et al.
(2008) and Corbelli et al. (2014) did not consider asymmetric
drift for their THINGS and M33 rotation curves. We therefore
evaluated this correction based on Eq. (19). Depending on the
shape of the ⌃�2 profile, we used one of the following analytic
functions:

⌃�2(R) = I0
R0 + 1

R0 + e↵R (20)

for a profile with a central core (Oh et al. 2011), and

⌃�2(R) = I0

 
1 +

R
R0

!↵
e�

R
R0 (21)

for a profile showing a hole in the centre (Read et al. 2016b). In
the inner halves of the rotation curves the derived corrections are
consistently much smaller than the error bars and generally only
of the order of 1 km s�1 or less. For four galaxies the correc-
tions become more substantial (of order 5�10 km s�1) near the
outer edge of the rotation curve. However, because these larger
corrections occur far from the centre, we found that they have
only little e↵ect on our fits and do not change any of our conclu-
sions. In addition, the agreement between the ⌃�2 profile and the
analytic function is often not very good in these regions, mak-
ing the corrections uncertain. This is illustrated for NGC 3621 in
Fig. 2. Because of this uncertainty and the very limited e↵ect the
corrections have on our results, we decided to use the original,
uncorrected rotation curves in our analysis.

4. Markov Chain Monte Carlo fitting

4.1. emcee

The dynamical models were fitted to the rotation curves with
emcee

2 (Foreman-Mackey et al. 2013), which is an open-source
2
http://dan.iel.fm/emcee/current/
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Fig. 2. Asymmetric drift correction for NGC 3621. Top: observed ⌃�2

profile (black circles) and analytic fit (red line) are shown. Bottom: orig-
inal (black circles and error bars) and corrected (red circles) rotation
curves are shown.

python implementation of the a�ne invariant MCMC ensemble
sampler from Goodman & Weare (2010). Markov Chain Monte
Carlo or MCMC (e.g. Metropolis et al. 1953; Hastings 1970;
Press et al. 2007) is a sampling technique that has been applied
to the decomposition of rotation curves for several years (e.g.
Puglielli et al. 2010; Hague & Wilkinson 2013). It is more e�-
cient in sampling the parameter space than the fitting techniques
used in earlier works and has the big advantage that it returns
the full multidimensional probability distribution of all the pa-
rameters instead of only the best-fit model. In addition MCMC
allows us to include physical knowledge about the parameters in
the fits via so-called priors that are combined with the likelihood
function.

The emcee algorithm explores the N-dimensional parame-
ter space with di↵erent, randomly initialized walkers that each
make their own MCMC chain. An initial burn-in phase is used
to allow the walkers to move to the relevant high-likelihood ar-
eas of the parameter space. After this the walkers are reinitial-
ized at their current positions and the actual MCMC chains are
made. As a last step the chains of all the walkers are combined
to form the final MCMC chain. For every fit we used 100 walk-
ers, each taking 2000 steps of which the first 1000 were used
as burn-in. These numbers are in line with the emcee recom-
mendations (Foreman-Mackey et al. 2013) and the values typi-
cally used in other works (e.g. Kirichenko et al. 2015; Katz et al.
2017; Read et al. 2017), and ensured good convergence of our
fits (see below). Our likelihood function is

L = e��
2/2. (22)

For a multi-modal posterior distribution, part of the walkers can
get stuck in isolated low probability modes if they are initialized
randomly over the full range of the parameter space (within the

imposed boundaries). This generates numerous irrelevant peaks
in the retrieved posterior distribution. We therefore performed
each fit in two iterations. First the walkers were initialized ran-
domly over the full relevant range of parameter space. The dif-
ferent peaks in the posterior distribution were then investigated
to find the mode with the highest likelihood. Next, as a second
iteration, we redid the fit with the walkers now initialized in a
small Gaussian ball centred on this mode and with � equal to
1 percent of the allowed range for each parameter. The param-
eter values that are used in the figures below and reported in
Table 2 correspond to the maximum likelihood model for each
fit.

For good performance, an MCMC sampler should be run for
at least a few (about 10) autocorrelation times and should have an
acceptance fraction between 0.2 and 0.5 (Foreman-Mackey et al.
2013). With 1000 steps taken by each walker, the first condition
was well met for all the fits. Appropriately setting the emcee pro-
posal scale parameter to a value of 2 or 3 ensured that the second
condition was also met. Finally we checked the convergence of
the MCMC chains by performing each fit three times and evalu-
ating the Gelman-Rubin eigenvalues with the GetDist3 python
package. These values were well below 1 for all the fits, indicat-
ing good convergence.

4.2. Priors and parameter ranges

The coreNFW halo fits were performed with log10 Mvir, c,
and ⌥ (or ⌥d and ⌥b) as free parameters. We use the log of Mvir
instead of Mvir itself as a parameter in the fits because of the
large dynamical range involved. Flat priors were assumed for all
free parameters. Log10 Mvir and c were loosely constrained in-
side 8 < log10 (Mvir/M�) < 14 and 1 < c < 100. The 3.6 µm
mass-to-light ratio was confined to the range 0.3 < ⌥3.6 < 0.8,
as motivated by the constraints from Meidt et al. (2014) and
McGaugh & Schombert (2014). For M33 we allow the initial
stellar mass to vary by a factor 0.758 < ⌥ < 1.319 based on the
uncertainty that is mentioned in Sect. 6 of Corbelli et al. (2014).
Following Read et al. (2017), ⌘, , and tSF were kept fixed at
1.75, 0.04, and 14 Gyr, respectively.

For the fits with the DC14 halo, we let Vvir, cvir, and ⌥
(or ⌥d and ⌥b) free and again used a flat prior for each of
these. Following Katz et al. (2017) we used wide ranges of 10 <
Vvir/(km s�1) < 500 and 1 < cvir < 100 for the first two param-
eters and the same range as before for the mass-to-light ratio:
0.3 < ⌥3.6 < 0.8 (and 0.758 < ⌥ < 1.319 for M33).

Since our goal is to find models that fit the rotation curves
well and yield physically acceptable dark matter haloes at the
same time, we further imposed the cosmological halo mass-
concentration and stellar mass-halo mass relations as log-normal
priors in the fits. For the DC14 halo the shape parameters ↵,
�, and � are expressed as a function of log10 (M⇤/Mhalo), where
Mhalo = Mvir. Hence, ↵, �, and � depend on the definition of the
virial mass, which depends on the assumed cosmology. Since
Di Cintio et al. (2014a) have assumed a WMAP3 cosmology, we
did the same in our fits and we used the Mhalo � c relation from
Macciò et al. (2008) that was derived under this cosmology. The
M⇤ � Mhalo relation from Moster et al. (2010) has also used the
WMAP3 values. However, this relation was derived from abun-
dance matching using the SDSS DR3 stellar mass function for
halo masses down to ⇠3 ⇥ 1010 M� and is an extrapolation at
lower masses. As pointed out by Read et al. (2017), this ex-
trapolation is not consistent with the newer and deeper SDSS

3
https://pypi.python.org/pypi/GetDist/
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Fig. 3. Halo mass and concentration of the best-fit DC14 model of
UGC 7603. The projected 68% confidence region, shown as the blue
shaded area, is significantly smaller than the area suggested by the two
error bars. Also shown in the plot is the theoretical Mhalo � c relation
from (Macciò et al. 2008, red line) and its 1� and 2� scatter (dark and
light grey bands).

data, which means that the Moster et al. (2010) relation is actu-
ally not reliable for halo masses below ⇠3 ⇥ 1010 M�. Indeed
the stellar mass-halo mass relation from Behroozi et al. (2013),
which is based on the newer SDSS data and the cosmological
parameters used in the Bolshoi simulations (compatible with
WMAP5 and WMAP7; Klypin et al. 2011), is much shallower
and diverges significantly from the Moster et al. (2010) relation
at low halo masses. Since a number of the galaxies in our sam-
ple fall in this low mass regime we opted to use the relation from
Behroozi et al. (2013) rather than that from Moster et al. (2010)
as a prior in our fits. For coreNFW the parameterization is in-
dependent of the assumed cosmology and depends only on the
global original NFW profile (i.e. before alteration by stellar feed-
back) and on the stellar half-mass radius and total star formation
time.

4.3. Uncertainties

Using the GetDist package, the uncertainties for the di↵erent pa-
rameters were determined from the multidimensional 68% con-
fidence region of the full posterior distribution, as the extremal
values of the projection of that region onto each parameter axis.
As such the error bars give a good indication of how tight the
constraints are for a certain parameter, but they should not be
over-interpreted as the absolute range of good models. Indeed,
if the fit quality of the best-fit model is very high, many models
outside of the N-dimensional 68% confidence region often still
provide an acceptable fit to the data. On the other hand, if we
plot, for example, the halo mass versus its concentration, the area
suggested by the two (orthogonal) error bars is often larger than
the actual area to which the models from the MCMC chain are
confined (i.e. the projection of the multidimensional confidence
region onto the Mhalo � c plane). This is illustrated in Fig. 3 for
the best-fit DC14 model of UGC 7603.

4.4. �2
red and fit quality

In the discussion of our results we express the quality of the fits
to the rotation curves in terms of the reduced chi-squared statistic
(�2

red). In the ideal case where the uncertainties on all the rotation

curves are Gaussian and derived in a uniform way, and where all
the points of a rotation curve have equal importance, this would
be a good measure to compare the fit qualities for all the galax-
ies in our sample. In reality, however, our rotation curves are
compiled from the literature with di↵ering data quality and tech-
niques used to estimate the error bars. In addition some rota-
tion curves keep rising up to the last point, whereas others, for
the more massive galaxies, include a large flat part. The latter is
generally easier to reproduce and can have a large impact on the
�2

red value of a fit, but is at the same time much less important in
the analysis of core formation. For these reasons the �2

red values
of our fits are only meaningful to compare the quality of di↵er-
ent fits for the same galaxy and not to compare fits for di↵erent
galaxies.

5. Results

Following the procedure outlined in Sect. 4 we have fitted DC14
halo models to each of the rotation curves in our sample and
coreNFW models to the rotation curves of the Little THINGS
and SPARC galaxies. The best-fit parameters and �2

red values of
these fits are listed in Table 2. The results of the fits are discussed
in the sections below.

5.1. DC14

Figure 4 shows the individual DC14 models for the galaxies in
our “good” sample. As can be seen, the DC14 halo generally pro-
vides excellent fits to the rotation curves, confirming the recent
results from both Katz et al. (2017) and Pace (2016). The only
clear exception to this is the rotation curve of DDO 168, where
the model overestimates the data in the inner part. However, the
inner three points of the rotation curve are in fact already well ac-
counted for by the gravitational potential of the gas alone, so any
model with a non-zero contribution of the dark matter at these
radii will overestimate the data. Similar arguments also hold for
the very inner regions of NGC 2366 and NGC 3198.

In Fig. 5 we compare the best-fit parameter values from our
models with the cosmological halo mass-concentration and stel-
lar mass-halo mass relations. These relations were derived from
dark matter-only simulations (in combination with abundance
matching). To account for this in the comparison, we scale our
inferred halo masses as Mvir/(1 � fb), where fb is the Universal
baryon fraction (0.176 according to WMAP3; McCarthy et al.
2007). The fits show excellent agreement with both scaling re-
lations, although, somewhat surprisingly, our models seem to
favour the Mhalo � c relation from Dutton & Macciò (2014) that
is based on the Planck cosmology over the Macciò et al. (2008)
relation that was used as prior in the fits. The only galaxy that
falls significantly outside the 2� scatter of the Dutton & Macciò
(2014) relation is NGC 3198, but models with the concentration
forced inside this scatter actually still provide a good fit to the
data.

Although the sample size is limited, our analysis thus seems
to confirm the recent conclusion by Katz et al. (2017) that the
DC14 halo is in good agreement with ⇤CDM and can recover
the predicted mass-concentration and stellar mass-halo mass re-
lations in a sample of observed rotation curves. The latter might
seem obvious since we use priors that “push” our fits towards
these relations. The key point here, however, is that DC14 can
produce dark matter haloes that simultaneously provide good fits
to the rotation curves and agree with the scaling relations; this
is something that, for example the NFW halo, cannot do. The
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Table 2. Parameters and fit quality of the maximum likelihood DC14 and coreNFW models for the good galaxies in our sample.

DC14 cNFW
Galaxy log10 (Mvir) c log10 (M⇤) �2

red log10 (Mvir) c log10 (M⇤) rc �2
red

(M�) (M�) (M�) (M�) (kpc)

UGC 8508 9.83+0.22
�0.30 30.84+6.60

�5.49 6.86+0.00
�0.42 0.42 9.85+0.26

�0.24 25.43+9.23
�6.61 6.86+0.00

�0.27 1.09 0.61

CVnIdwA 9.57+0.44
�0.24 16.84+3.21

�2.97 6.68+0.42
�0.00 0.34 9.84+0.21

�0.29 13.39+6.97
�4.02 7.04+0.06

�0.37 3.12 0.41

NGC 3741 10.43+0.12
�0.10 15.52+2.02

�1.91 7.35+0.00
�0.16 0.18 10.55+0.18

�0.16 9.88+1.92
�1.66 7.35+0.00

�0.14 0.60 1.23

NGC 3741⇤ 10.35+0.20
�0.18 16.75+9.59

�5.22 7.35+0.00
�0.24 4.06+1.75

�1.48 0.19

WLM 10.07+0.32
�0.21 20.94+4.09

�5.21 7.00+0.26
�0.00 0.73 10.39+0.24

�0.26 13.07+5.23
�2.93 7.43+0.00

�0.17 2.33 0.62

DDO 154 10.30+0.06
�0.06 20.29+1.36

�1.65 7.53+0.00
�0.33 0.61 10.14+0.06

�0.06 46.23+8.30
�6.39 7.53+0.00

�0.37 6.14 0.86

DDO 126 10.04+0.29
�0.17 19.50+3.59

�3.69 7.36+0.42
�0.00 0.17 10.33+0.21

�0.29 11.91+7.54
�2.63 7.78+0.00

�0.42 3.1 0.40

DDO 87 10.30+0.14
�0.12 21.74+2.78

�3.23 7.71+0.31
�0.12 0.24 10.74+0.19

�0.26 13.96+9.13
�3.58 8.02+0.00

�0.23 5.88 1.24

UGCA 442 10.53+0.07
�0.06 18.99+2.06

�1.61 8.05+0.00
�0.39 0.65 10.59+0.17

�0.18 14.00+5.77
�3.17 8.05+0.00

�0.36 3.34 0.63

DDO 168 10.66+0.18
�0.18 18.89+2.32

�1.89 8.03+0.04
�0.31 1.61 10.51+0.22

�0.19 16.51+5.25
�4.23 7.81+0.26

�0.17 2.73 2.2

DDO 52 10.32+0.25
�0.14 20.07+2.41

�5.11 7.78+0.42
�0.00 0.20 10.64+0.21

�0.26 11.42+6.35
�2.69 8.20+0.00

�0.42 3.99 0.30

NGC 3109 10.86+0.13
�0.13 16.96+1.86

�1.50 8.22+0.00
�0.22 0.13 10.83+0.16

�0.17 14.57+4.95
�2.98 8.22+0.00

�0.27 4.73 0.23

NGC 2366 10.57+0.16
�0.12 17.00+1.62

�2.50 8.02+0.33
�0.00 0.93 10.57+0.22

�0.16 16.03+6.12
�4.98 8.03+0.32

�0.00 5.07 1.25

UGC 7603 10.60+0.32
�0.12 19.48+4.16

�6.68 8.50+0.31
�0.12 0.43 10.81+0.22

�0.25 13.06+5.93
�3.37 8.53+0.19

�0.15 2.17 0.58

IC 2574 11.15+0.14
�0.09 9.63+0.29

�1.13 8.83+0.17
�0.00 0.20

NGC 2976 11.11+0.16
�0.11 23.69+1.99

�3.97 8.99+0.08
�0.00 0.43

M33 11.48+0.03
�0.03 9.53+0.50

�0.24 9.81+0.00
�0.02 1.47

NGC 2403 11.61+0.04
�0.04 12.57+1.41

�0.93 9.83+0.04
�0.05 0.56

NGC 3621 11.85+0.06
�0.06 6.66+0.69

�0.50 10.23+0.03
�0.04 0.56

NGC 3198 11.88+0.03
�0.07 4.00+1.31

�0.14 10.44+0.00
�0.08 1.04

NGC 5055 11.96+0.05
�0.02 9.59+0.58

�2.06 10.63+0.05
�0.00 0.68

Notes.

(⇤)
coreNFW fit with the core radius rc as a free parameter. Column 1 gives the galaxy name. Columns 2–5 represent the halo mass, halo

concentration, stellar mass, and reduced chi-squared of the best-fit DC14 model. Columns 6–10 give the halo mass, halo concentration, stellar
mass, dark matter core radius, and reduced chi-squared of the best-fit coreNFW model.

priors do not “make” physical solutions according to the scaling
relations, but merely act as a filter to retain only the most phys-
ical solutions if they exist. The fact that our models prefer the
Dutton & Macciò (2014) relation over the Macciò et al. (2008)
relation that was used as prior is a good illustration of this.

Our analysis contradicts the results from Pace (2016). We
did not recover the huge range of halo concentrations that he
found and we found no evidence for his claim that galaxies with
M⇤ . 109 M� often reside in less massive haloes than pre-
dicted. It should be noted here that the modelling strategy from
Pace (2016) is somewhat di↵erent to our approach and that used
by Katz et al. (2017). Pace (2016) used multi-nested sampling
(e.g. Feroz & Hobson 2008) to fit his models and did not as-
sume any physical priors between the parameters. The lack of
priors results in posterior distributions that often contain mul-
tiple modes (or peaks). The mode with the lowest halo mass
was selected as the final mode and galaxies for which the modes
were too wide or not well separated were discarded. To inves-
tigate the e↵ects of these di↵erences, we performed a second

set of fits without physical priors and used the criteria from
Pace (2016) to select the final models. The results are shown in
Fig. 6. CVnIdwA, UGC 8508, NGC 3741, NGC 3109, IC 2571,
and NGC 2976 were discarded because their posterior distribu-
tions showed multiple blended modes; this was not the case
in the original fits because the priors suppressed the additional
modes. The best-fit model for WLM has shifted significantly. It
is still consistent with the mass-concentration relation but now
lies considerably below the stellar mass-halo mass relation. For
the remaining galaxies the new models are essentially similar to
the previous models or consistent within the uncertainties. The
agreement with the scaling relations is still remarkably good, and
although the number of galaxies is limited we find no evidence
for the strong deviations that were reported by Pace (2016).

5.2. CoreNFW

For the coreNFW halo we limited the sample to the lower mass
galaxies with Mhalo . 7⇥1010 M�. The individual coreNFW fits
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Fig. 4. Decomposition of the good rotation curves in our sample according to the maximum likelihood DC14 models. The black points show the
observed rotation curves and the cyan curves represent the models. The contributions from the individual components are given by the blue (gas),
yellow and red (stars), and green (dark matter) curves. The vertical dashed lines indicate the central ranges that were, in some cases, excluded
from the fit.
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Fig. 4. continued.

for these galaxies are shown in Fig. 7. The models again provide
a decent description of the data with no clearly bad fits except for
DDO 168. The fit results are compared to the cosmological scal-
ing relations in Fig. 8. The agreement is very good and our mod-
els again seem to prefer the mass-concentration relation from
Dutton & Macciò (2014) over that from Macciò et al. (2008).

The coreNFW halo was also fitted to the same rotation
curves by Read et al. (2017). Their results for the individual
galaxies sometimes di↵er significantly from what is found in
this work: Read et al. (2017) have generally found somewhat
lower halo and stellar masses, higher concentrations, and a
better fit quality (lower �2

red). These di↵erences are, however,

not unexpected. Indeed, while we derived the stellar and gas
contributions from the measured surface density profiles from
Oh et al. (2015), Read et al. (2017) used smooth exponential
profiles based on Zhang et al. (2012) and Oh et al. (2015). In ad-
dition, Read et al. (2017) used the M200 formalism while we used
the virial mass Mvir, so the halo parameters given in their Table 2
should not be compared directly to our values in Table 2. For
an identical dark matter halo, our virial mass and concentration
should be somewhat higher than the M200 and c200 values from
Read et al. (2017). The fact that we generally find lower concen-
trations probably comes from the fact that Read et al. (2017) did
not use a mass-concentration prior, but instead set the boundaries
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Fig. 5. Comparison of the parameters of the best-fit DC14 models to the cosmological halo mass-concentration relation from Dutton & Macciò
(2014; left) and the stellar mass-halo mass relation from Behroozi et al. (2013; right). The error bars correspond to the extremal values of the
multidimensional 68% confidence region for each fit. The theoretical relations are shown as red lines and their 1� and 2� scatter are represented
by the dark and light grey bands, respectively. The mass-concentration relation from Macciò et al. (2008) and the stellar mass-halo mass relation
from Behroozi et al. (2013) are also shown as the black dashed lines.

Fig. 6. Comparison of the parameters of the DC14 fits performed according to the strategy from Pace (2016) to the cosmological halo mass-
concentration relation from Dutton & Macciò (2014; left) and the stellar mass-halo mass relation from Behroozi et al. (2013; right). Colours are
as in Fig. 5.

for the concentration range based on the Mvir � c relation from
Macciò et al. (2007) and the extremities of their M200 range.
The rotation curve of NGC 2366 that was reported by Iorio et al.
(2017) also seems somewhat di↵erent from the curve that was
used by (or at least shown in Fig. A2 of) Read et al. (2017).

Despite these individual di↵erences, the main conclusions
remain the same. Both works generally find acceptable fits to

the data and a good agreement with the stellar mass-halo mass
relation.

5.3. coreNFW versus DC14

The coreNFW halo model determines the strength of the dark
matter core from the total time that the galaxy has been forming
stars, while the radial extent of the core is related to the spatial
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Fig. 7. Decomposition of the good rotation curves in our sample according to the maximum likelihood coreNFW models. Colours and symbols
are as in Fig. 4.

distribution of the stars via the stellar half-mass radius. The stel-
lar mass of the galaxy is not used. This is an important di↵erence

with the DC14 profile. On the one hand, DC14 uses M⇤ instead
of tSF as a measure of the amount of supernova feedback energy
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Fig. 7. continued.

that has become available to form a core. On the other hand, this
model also uses the additional gravitational potential due to M⇤
as a mechanism to counteract core formation. In addition, the
coreNFW profile is essentially a pure NFW profile with its in-
ner part flattened by feedback, while for DC14 the entire shape
of the profile (i.e. �, ↵, and �) changes as a function of the stellar-
to-halo mass ratio.

Given these rather di↵erent approaches, it is interesting to in-
vestigate how the dark matter haloes inferred by the coreNFW
and DC14 halo models compare across our sample. Since the
physical mechanism that drives core formation is essentially the
same for both models (supernova feedback after bursts of star
formation), they should in principle give similar results in the
overlapping halo mass range where they are both appropriate.

5.3.1. Fit quality

From Table 2 we see that the DC14 and coreNFW models gen-
erally give a similar fit quality. The DC14 model typically has
a slightly lower �2

red, with only WLM and UGCA 442 breaking
this trend, but in most cases both models represent the data well
enough and it is not meaningful to classify one as better than the
other. The latter also holds for DDO 168, which is poorly fitted
by both models. As discussed in Sect. 5.1 this is probably caused
by a problem with the data.

The only cases in which DC14 performs better than
coreNFW are NGC 3741, DDO 87, and DDO 154. For
NGC 3741 and DDO 87 the rotation curves are fitted signifi-
cantly better by the DC14 model than by the coreNFW model,
although the latter is also still acceptable. For DDO 154 the fit
quality is good in both cases, but the coreNFW halo needs
an unphysically high concentration to achieve this. coreNFW
models with a lower concentration do not fit the data well. In
each of these cases the problem seems to be related to the con-
nection between the coreNFW core radius and the stellar half-
mass radius. For NGC 3741 the rotation curve suggests an ex-
tended dark matter core, while the coreNFW model has a cuspy
NFW shape in all but the most central region because of the tiny
half-mass radius of the stars. For the other two galaxies the rota-
tion curves require a smaller core and a less “linear” dark matter
contribution than derived from R1/2.

These issues can be resolved by making ⌘ a free parameter
in the coreNFW fits, but this would break with the prescription
of Read et al. (2016a) and in a way make the comparison with

the DC14 model unfair. For NGC 3741 this might be justifiable.
Indeed, while the stellar distribution of NGC 3741 is unusually
compact, the DC14 model finds su�cient stellar mass (i.e. su-
pernova feedback energy) to form a substantial core that is in
agreement with the data. Furthermore, the distribution of the gas
is much more extended than that of the stars. Since the gravity
of the outflowing gas after a supernova explosion drives the for-
mation of a dark matter core, we could interpret the extended
gas distribution in NGC 3741 as a sign that the dark matter core
radius is actually larger than that inferred from the half-mass ra-
dius of the stars. Therefore we performed a second coreNFW
fit for NGC 3741 with ⌘ as an additional free parameter (using a
flat prior such that 0 < rc(kpc) < 7). The decomposed rotation
curve is given in Fig. 9. With a larger core radius of 4.06 kpc
(⌘ = 11.2) the coreNFW model is now in excellent agreement
with the data and with the DC14 model. This value of ⌘ is sig-
nificantly above the upper limit ⌘ = 2.75 derived by Read et al.
(2017). However, this upper limit was derived under the assump-
tion that R1/2 ⇠ 0.015r200, which is also significantly larger than
the value R1/2 = 0.341 kpc that is measured from the stellar dis-
tribution.

For DDO 154 and DDO 87 the stellar distribution does not
seem particularly unusual, although the inferred stellar half-mass
radii are significantly larger by a factor of 3.9 and 1.8, respec-
tively than those reported by Read et al. (2017). Nevertheless,
this is also the case to some degree for CVnIdwA and DDO 52
(factors of 1.6 and 1.4), for which DC14 and coreNFW give
similarly good fits. It is beyond the scope of this work to inves-
tigate whether this points to a problem with the Oh et al. (2015)
data, and we limit ourselves to the conclusion that, based on
the surface brightness profiles from Oh et al. (2015), the DC14
model performs better than the coreNFW model for the rotation
curves of DDO 154 and DDO 87.

5.3.2. Best-fit parameters

In Fig. 10 we compare the main parameters of the best-fit DC14
and coreNFW models for the galaxies in our sample with
Mhalo . 7 ⇥ 1010 M�. With the exception of the unphysically
high concentration of the coreNFW model of DDO 154, we find
a fairly good agreement between the best-fit parameter values
from both models. The stellar and virial masses follow the iden-
tity line, albeit with some scatter and the two models are gener-
ally consistent within the error bars. The DC14 model typically
finds somewhat less extended cores (as can be seen by com-
paring the individual rotation curve decompositions) and more
concentrated haloes, although except for DDO 154 the concen-
trations are consistent within the errors. For the galaxies where
the concentration di↵erence is the highest, the DC14 model typ-
ically also finds somewhat lower stellar and halo masses than
the coreNFW model, which is consistent with the cosmologi-
cal scaling relations. The bottom right panel in Fig. 10 shows the
log slope of the dark matter density profiles measured at the in-
nermost point of each rotation curve. This parameter strongly de-
pends on the local shape of the density profile and should not be
over-interpreted for the comparison between the two haloes. The
main conclusion to be drawn is that both models find relatively
cored dark matter haloes for all the galaxies with inner log slopes
that are generally not too far apart and often consistent within
the uncertainties. Unlike what is claimed by Read et al. (2017),
we therefore find that the DC14 model can still show significant
cusp-core transformations for galaxies with Mhalo . 1010 M�.
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Fig. 8. Comparison of the parameters of the best-fit coreNFW models to the cosmological halo mass-concentration relation from
Dutton & Macciò (2014; left) and the stellar mass-halo mass relation from Behroozi et al. (2013; right). Colours are as in Fig. 5. The triangle
represents the best-fit model for NGC 3741 from a fit with the core radius as a free parameter (see Sect. 5.3). The black dashed lines show the
mass-concentration relation from Macciò et al. (2008) and the stellar mass-halo mass relation from Moster et al. (2010).

Fig. 9. Decomposition of the rotation curve of NGC 3741 according to
the best-fit coreNFW model from a fit with the core radius as a free
parameter. Colours and symbols are as in Fig. 4.

5.4. Problematic galaxies

For completeness we show the individual fits to the problem-
atic rotation curves in Appendix A. Using the flexible (↵, �, �)
profile, Hague & Wilkinson (2014) find good fits to the rotation
curves of NGC 925 and NGC 7793 and also report tight con-
straints on the inner log slope of NGC 3521 despite the poor fit
of their model to the rising part of the rotation curve. In contrast,
we find that the two physically motivated halo models investi-
gated here cannot reproduce any of these rotation curves. For
NGC 3521 we even perform additional fits at the much smaller
distance of 7.7 Mpc reported by SPARC, but with the same
result. Finally the cuspy rotation curve of UGC 8490 is well re-
produced by the DC14 model, but coreNFW strongly underes-
timates the rising part. However, for both these models the pa-
rameters lie well outside the cosmological scaling relations.

6. Conclusions

For a compact sample of 13 galaxies, spanning the mass range
Mhalo ⇠ 4 ⇥ 109�7 ⇥ 1010 M�, we have used MCMC to con-
struct dynamical models of the rotation curves based on two
recently proposed dark matter density profiles: the DC14 halo
and coreNFW halo. We further applied the DC14 halo to an
additional set of higher mass galaxies with Mhalo ⇠ 1011�9 ⇥
1011 M�. The coreNFW and DC14 halo models both use su-
pernova feedback after bursts of star formation to transform
primordial dark matter cusps into flatter cores. Although they
were derived from simulations in complementary mass ranges
(Mhalo ⇠ 107 � 109 M� for coreNFW versus 1010 � 8⇥ 1011 M�
for DC14), both models should be valid for halo masses of
5 ⇥ 109 M� . Mhalo . 5 ⇥ 1010 M�. With this analysis we inves-
tigated whether the coreNFW and DC14 halo models converge
to the same solutions in this overlapping mass range and whether
their predictions agree with cosmological scaling relations.

We found that both models are generally able to reproduce
the rotation curves in our sample and find dark matter haloes
that are in good agreement with the cosmological Mhalo � c and
M⇤ � Mhalo relations, alleviating the cusp-core controversy. This
confirms the results from Read et al. (2017) for coreNFW and
from Katz et al. (2017) for DC14. On the other hand, we find no
evidence of the huge scatter in concentrations or the disagree-
ment of the DC14 predictions with the M⇤ � Mhalo relation that
were recently claimed by Pace (2016), even if a similar mod-
elling strategy is used.

The two models generally give similarly good fits to the
rotation curves, although the DC14 model does perform better
in three cases. For NGC 3741 and DDO 87 the rotation curves
are fitted significantly better by the DC14 model than by the
coreNFW model, although the latter is also still acceptable. For
DDO 154 the fit quality is good in both cases, but the coreNFW
halo needs an unphysically high concentration to achieve this.
In each of these cases the problem for coreNFW is related to
the connection between the core size and the stellar half-mass
radius.
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Fig. 10. Comparison of the main parameters of the best-fit DC14 and coreNFW models: stellar mass (top left), halo mass (top right), halo
concentration (bottom left), and log slope of the dark matter density at the innermost point of the rotation curve (bottom right). The inner log
slopes in the latter plot were measured at the innermost point of each rotation curve and not in the actual centres of the galaxies. Therefore they
are an upper limit to the real central slopes of the dark matter haloes. Colours and symbols are as in Figs. 5 and 8.

For NGC 3741, a galaxy with a very compact stellar distribu-
tion but a remarkably extended atomic gas disk, we argue that it
is justifiable to relax this connection and use ⌘ as a free parame-
ter in the coreNFW fit. With a larger core radius the coreNFW
model is in excellent agreement with the data.

The DC14 and coreNFW haloes generally converge to (ap-
proximately) the same solution, as they should. Both models find
cored dark matter haloes, and while DC14 tends to predict some-
what less extended cores and more concentrated haloes, the stel-
lar masses, halo masses, and concentrations from both models
are generally comparable and agree within the errors.
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Appendix A: Fits to the problematic rotation curves

Fig. A.1. Decomposition of the problematic rotation curves in our sample according to the best-fit DC14 models. Colours and symbols are as in
Fig. 4.

Fig. A.2. Decomposition of the problematic rotation curves in our sample according to the best-fit coreNFW models. Colours and symbols are as
in Fig. 4.

A55, page 17 of 17

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730402&pdf_id=11
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730402&pdf_id=12

	Introduction
	Sample selection
	Rotation curve decomposition and halo models
	DC14
	coreNFW
	Asymmetric drift correction

	Markov Chain Monte Carlo fitting
	emcee
	Priors and parameter ranges
	Uncertainties
	2red and fit quality

	Results
	DC14
	CoreNFW
	coreNFW versus DC14
	Fit quality
	Best-fit parameters

	Problematic galaxies

	Conclusions
	References
	Fits to the problematic rotation curves

