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ABSTRACT

We present the mass distribution of a sample of 121 nearby galaxies with high quality
optical velocity fields and available infra-redWISE 3.4 µm data. Contrary to previous studies,
this sample covers all morphological types and is not biased toward late-type galaxies. These
galaxies are part of the Fabry-Perot kinematical GHASP survey of spirals and irregular nearby
galaxies. Combining the kinematical data to the WISE surface brightness data probing the
emission from the old stellar population, we derive mass models allowing us to compare the
luminous to the dark matter halo mass distribution in the optical regions of those galaxies.
Dark matter (DM) models are constructed using the isothermal core profile and the Navarro-
Frenk-White cuspy profile. We allow the M/L of the baryonic disc to vary or we keep it
fixed, constrained by stellar evolutionary models (WISE W1-W2 color) and we carry out best
fit (BFM) and pseudo-isothermal maximum disc (MDM) models. We found that the MDM
provides M/L values four times higher than the BFM, suggesting that disc components, on
average, tend to be maximal. The main results are: (i) the rotation curves of most galaxies are
better fitted with core rather than cuspy profiles; (ii) the relation between the parameters of the
DM and of the luminous matter components mostly depends on morphological types. More
precisely, the distribution of the DM inside galaxies depends on whether or not the galaxy has
a bulge.

Key words: Galaxies: nearby - galaxies: halos - galaxies: kinematics and dynamics - galaxies:
spiral and irregular - dark matter

1 INTRODUCTION

CurrentΛCDMmodels teach us that baryonicmatter evolvedwithin
large dark matter (DM) halo cocoons. It is known since the begin-
ning of the ’70s (Freeman 1970), and ’80s (Bosma 1981) that,
without the presence of this dark halo, rotation curves of galaxies
should be rapidly decreasing after a peak located around 2.2 disc
scale lengths of the baryonic matter located in an exponential disc.
Except if we consider alternative models like MOND, which postu-
lates that gravity deviates from a pure Newtonian force at very low
acceleration, DM halos are thus mandatory to explain the shape of
the rotation curves of galaxies, which remain usually more or less
flat in the outer regions out to the edge of the Hi disc.

Different predictions are classically used to describe the shape
of the central density profiles. One family of models supposes that
the central core density of the halo is almost constant within the first
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kpc or so. Those models show that the DM halo density distribution
can be described by an isothermal (Carignan & Freeman 1985) or
pseudo-isothermal sphere (van Albada et al. 1985), this last one
being used to avoid a central divergence of the density observed
when a singular isothermal sphere profile is used. The other family
of models, coming fromΛCDM simulations (Navarro et al. 1996b),
supports that DM halos should display cuspy central density distri-
butions. Unfortunately, the sensitivity of the rotation curves to the
exact density profile of the halos is quite low and one must use the
highest sensitivity and the highest resolution possible to arrive at
useful comparisons (Blais-Ouellette et al. 1999).

Understanding the formation and evolution of galaxies requires
a fine knowledge of the nowadays luminous and dark matter distri-
bution within local galaxies. One problem in the debate between the
cuspy or core density profiles is that numerical simulations predict
the shape of the halo density profile at the time of formation while
galaxies are observed after many Gyr of evolution. Internal dynam-
ics and interaction between the DM halo, the luminous disc and the
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environment may have modified the shape of the halo density pro-
file. Despite this debate, studies using the two predictions produced
acceptable results about the distribution of the DM halo of galaxies
(e.g, Blais-Ouellette et al. 2001, Salucci 2001, de Blok & Bosma
2002, Gentile et al. 2004, Spano et al. 2008).

Kormendy & Freeman (2004) suggest that there are clear scal-
ing laws between the DM halos parameters and the optical param-
eters (e.g. MB) of the parent galaxies. For example, as suggested
in previous studies (e.g, Carignan & Freeman 1988), halos in less
luminous galaxies tend to have smaller core radius r0 and higher
central density ρ0.

To disentangle the central mass distribution of the DM halos,
high spatial resolution rotation curves are requested in the inner
disc. Such data are commonly provided by Hα observations. This
has been done by several authors (e.g. Blais-Ouellette et al. 1999;
2001, Spano et al. 2008). In the last few years, two different ap-
proaches have been used to try to discriminate between those two
families of DM halos. The first one by Bottema & Pestaña (2015)
was to limit the study to a small number of very well determined
rotation curves, with very well known distances and spanning an as
broad range of luminosities as possible (∼ 2.5 orders of magnitude).
For their observed high quality and extended rotation curves, four
different schemes, each with two free parameters, were used. For
the “maximum disc fits”, the authors found that the rotation curves
could be well matched, although this required a large scatter in the
M/L values of the individual galaxies in their sample. Interestingly,
they found that the rotation curves of low mass galaxies could not
be reproduced when assuming the Navarro-Frenk-White cuspy pro-
file, implying that one should prefer cores over cusps. They used a
combination of the pseudo-isothermal sphere with a universal M/L
ratio to successfully describe the observed rotation curves, leading
to “sub maximum disc” mass contributions. Similar conclusions
had been reached a year before by Randriamampandry & Carignan
(2014) using 3.6 µm mid-IR photometry instead of R band data.

The second approach of Lelli et al. (2016) was to use a large
sample of 175 nearby galaxies (the SPARC sample) from previous
Hi and Hα kinematical studies, combined with 3.6 µm (Spitzer)
photometry. Using a unique M/L ratio of 0.5 for the whole sam-
ple, their main result is that the disc component is nearly maximal
for high-mass, high-surface-brightness galaxies while it contributes
less to the total mass in low-mass, low-surface-brightness galax-
ies. A mean value of M/L & 0.7 is statistically ruled out because
it implies an over-maximum baryonic contribution in high surface
brightness and high mass galaxies.This study gives a good idea of
what to expect from a sample with well resolved rotation curves in
the inner parts and with stellar mass distribution well traced using
mid-infrared bands. Following the study of Lelli et al. (2016), Katz
et al. (2017) used almost the same SPARC sample to study the in-
ner density profile dependence on the ratio of stellar to DM mass.
They confronted the SPARC data to cosmological N-body simula-
tions (Di Cintio et al. 2014a;b) and found an agreement between
DM halo profiles modified by baryonic processes and the Λ-Cold
Dark Matter cosmology. They also showed that these halo profiles
describe galaxy rotation curves better than halo models which do
not account for baryonic physics.

Bottema & Pestaña (2015) used a sample of 12 galaxies for
which three out of fourHα rotation curves have been computed from
2D Hα velocity fields. Kormendy & Freeman (2004) used a sample
of 55 galaxies taken from the literature, extending results already
published in other conference reviews. Lelli et al. (2016) used a
sample of 175 galaxies for which 15 out of 56 Hα rotation curves
have been computed from 2D Hα velocity fields. The last relatively

large sample (36 galaxies) using 2D kinematics was studied in
Spano et al. (2008). However, most of those studies (e.g, Kormendy
& Freeman 2004, Bottema & Pestaña 2015, Spano et al. 2008) were
focused on late rather than earlymorphological types galaxies. In the
present work, we study mass models for a sample of 121 galaxies
using high resolution Hα rotation curves computed from 2D Hα
velocity fields. The sample covers morphological types ranging
from Sa to Im types and the stellar component is modelled using
mid-infrared photometry.

This paper is organised as follows. In section 2, we present
the sample and the data used to constrain mass models. Section
3 describes the decomposition of the infrared luminosity profiles.
In section 4 the mass models are presented and the results of the
fits are described in section 5. Section 6 presents the discussion
of the DM halo parameters and section 7 gives a summary and
the general conclusions. Appendix A lists the global properties and
mass models parameters for 8 galaxies. The complete catalogue
is available online. In Appendix B, we present the photometry,
the luminosity profiles and the mass models of two galaxies. The
remaining sample is available online. In Appendix C, we compare
themassmodels derived fromHi and optical rotation curves limited
to the solid body rising parts for 2 out of 15 galaxies (taken from
Randriamampandry & Carignan 2014); the remaining mass models
are available online. Throughout this paper, we assume a Hubble
constant H0 = 75 km s−1 Mpc−1.

2 DATA AND SAMPLE SELECTION

We aim at studying a large galaxy sample, spanning a wide range in
mass and morphological types, for which accurate constraints can
be provided on mass models in the inner regions of the galaxies.
We therefore need accurate optical rotation curves and photometry
representative of the bulk of the stellar mass.

2.1 Data

Our parent sample is the GHASP (acronym for Gassendi HAlpha
survey of SPirals) sample, which contains 203 spiral and irregular
galaxies observed with the 1.93m telescope of the Observatoire de
Haute Provence (France). The Hα line was scanned with a Fabry-
Perot (FP) interferometer in photon-counting mode providing both
high spectral and spatial resolution 3-D data cubes over a large
field of view (∼ 6 × 6 arcmin2). The typical spatial resolution
is around 2 arcsec full width at half maximum and the spectral
resolution is around 10000 with a spectral sampling corresponding
to ∼ 15 km s−1. Velocity fields were derived from these data cubes
before extracting ∼ 5 km s−1 accurate rotation curves from the full
2D information for 170 galaxies. Those data have been published in
several papers (Garrido et al. 2002; 2003; 2004; 2005, Epinat et al.
2008a;b). In the present paper, we use the rotation curves published
in Epinat et al. (2008b), who also provide a global view on the
full GHASP sample. Those rotation curves were extracted using the
method detailed in Epinat et al. (2008a).

We use photometry from the Wide-field Infrared Survey Ex-
plorer (WISE). WISE is a NASA-funded Medium-Class Explorer
mission consisting in a 40 cm primary-mirror. This space infrared
telescopemapped the entire sky in the followingmid-infrared bands:
W1 (3.4 µm), W2 (4.6 µm), W3 (12 µm) and W4 (22 µm). The
science instrumentation includes a 1024 × 1024 pixels Si:As and
HgCdTe array and each band covers a field-of-view of 47 × 47
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arcmin2 with an angular resolution of 6 arcsec in the short band-
pass and 12 arcsec in the longest one (Jarrett et al. 2012). In the
present study, we use the W1 band luminosity profiles to describe
the baryonic component in our mass models (cf. section 3.1).

2.2 Sample Selection

We use a sample of 121 spiral and irregular nearby galaxies for
which accurate Hα rotation curves, derived from 2D velocity fields,
and WISE infrared surface photometry were available.

From the whole GHASP sample of 203 galaxies, 147 galaxies
have both available Hα rotation curves and WISE photometric data
in the W1-band (3.4 µm). A quality flag was attributed to each
galaxy to describe the quality of the rotation curve: 1 for very high,
2 for high and 3 for low quality. This flag is reported in column
(14) of Table A1. In order to compute mass models with good
constraints, we restricted our analysis to galaxies with flags 1 or
2, reducing the sample to 121 galaxies. In brief, we excluded 26
galaxies having ill-defined rotation curves due to various reasons:
existence of a strong bar, strong signs of galaxy interaction, too high
inclination (>75o) or another peculiarity (e.g. strong lopsidedness)
and/or very low SNR data.

The final sample of 121 galaxies we defined is not complete in
volume but it samples the main galaxies parameters space. Indeed,
as illustrated by Fig. 1, it samples (i) nearby galaxies (from 5 to 100
Mpc with a median distance of 21.2 Mpc); (ii) MB absolute blue
magnitude ranging from -16 to -23 (with a median value of -20.1);
(iii) morphological types from Sa to Irregular (the median value of
t is 5.0, i.e. Sc galaxies); (iv) maximum rotation velocity from 50
to 400 km s−1 (the median velocity is 173.0 km s−1, a tail in the
distribution is observed toward high mass galaxies), i.e. dynamical
masses ranging from 0.5 to 2.5 1011 M� and finally (v) galaxy sizes,
represented by their optical diameters R25, which corresponds to
the isophotal radius at the limiting surface brightness of 25 mag
arcsec−2, or by their disc scale lengths, ranging from 1 to 10 kpc
(median value of 2.6 kpc). The disc scale lengths are discussed in
section 3.4. The distances and velocities used in this work are taken
from Epinat et al. (2008a).

3 THEWISE SURFACE BRIGHTNESS PHOTOMETRY

3.1 Stellar population in the near/mid infrared

According to observations and stellar population models, the light
coming from discs is usually dominated by Population I stars (blue
and young stars) and bulges by Population II stars (red and old
stars) but the majority of the stellar mass is provided by red stars,
both from the disc (old Pop I) and bulge, better seen in the near and
mid-infrared bands. Those bands map the bulk of stellar masses and
thus provide the most representative stellar mass distribution. We
therefore use mid-infrared bands to model the stellar populations.

Luminosity profiles were extracted from theWISE photometry
(Jarrett et al. 2013). Optimal profile Point Spread Function fitting
has been used to measure the fluxes of stars and the calibration zero-
point magnitude is derived from the measurements of calibration
stars (Jarrett et al. 2013). The adopted 1 σ elliptical isophotal radius
corresponding to the 1 σ isophotal surface brightness is equal to
23.0 mag arcsec−2 (Vega; and 25.7 mag arcsec−2 in AB) for W1
(as shown in Fig. 5) and to 21.8 mag arcsec−2 for W2 (Jarrett et al.
2013). BecauseW1 is the shortest wavelength band ofWISE and the
most sensitive for almost all types of galaxies, yielding the largest

isophotal radius, we use the 3.4 µm luminosity profile to describe
the baryonic component in our mass models. The central surface
brightness of the luminosity profiles are given in Table A1, column
(4).

3.2 Photometric mass-to-light ratio

The WISE photometry can be used to infer the mass-to-light (M/L)
ratio of galaxies in our sample. Indeed, infrared bands are the best
suited to constrain the values of the M/L ratio of the luminous mat-
ter. In addition, population synthesis models show that the relation
between light and mass is more nearly constant in the near/mid-
infrared than in the UV and in the optical (de Denus-Baillargeon
et al. 2013). Indeed, recent star formation mainly visible in the
UV and in the optical produces large amount of light from little
mass during short times, which impacts the M/L ratio of a galaxy.
This is also observed in Tully-Fisher relations for which the scatter
decreases from blue to near infrared bands (e.g., Verheijen 2001).

For each galaxy, the stellar M/L ratio can be calculated as a
function of the mid-infrared color using the following relation from
Cluver et al. (2014):

log(Mstellar/LW1) = −2.54(W1 −W2) − 0.17 (1)

where LW1 is the inband luminosity in the W1 band and where
W1 and W2 correspond to magnitudes in the W1 and W2 bands
respectively. W1-W2 corresponds to the rest-frame color of the
source and ranges between -0.1 and 0.3 in our sample. We will refer
to this M/L ratio as the photometric M/L ratio and we will note it
fixed M/L.

3.3 Radial Profile Decompositions

Since we aim at studying the inner distribution of dark matter halos,
we need to constrain the contribution of stars to the dynamical
potential in the inner parts of galaxies with care.

Among the 121 galaxies included in our final sample, the
median morphological type is Sc-type galaxies, i.e. that 52 galaxies
have a morphological type earlier than Sc, 29 are Sc’s and 40 are of
later types than Sc. Galaxies with a morphological type earlier than
or equal to Sc potentially display a significant bulge in their radial
profiles. Indeed 81 galaxies requested a decomposition intomultiple
components while the remaining 40 did not. Nevertheless we did
not decide from the morphological type if the profile requested or
not a decomposition but instead by visual inspection of each profile
not to be subject to misclassification, which could happen for the
most distant objects.

To transform the radial light profiles into radial mass profiles
we need to disentangle the different components because their distri-
bution, hence their impact on circular velocities, is different. Indeed,
material in a plane (gas and stellar disc) globally follows circular
orbits in the plane of the disc while material in spherical-like struc-
tures (stellar bulge) displays random motions. The geometry of the
mass distribution has an impact on the kinematics which has to be
taken into account in mass models. For instance, for a given mass, at
a given radius, the rotational velocity expected for a flat component
is higher than the one expected for a spherical component of the
same mass. Even if the material (stars or gas) orbiting along bars,
within spiral structures or in rings presents strong deviations from
circular motions, that should be taken into account. To simplify the
model and to minimise the number of free parameters, we only dis-
entangle spherical components (bulges) from planar components

MNRAS 000, 1–23 (2017)
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Figure 1. Properties of our sample. First line; from left to right, we have respectively the distance of the galaxies, the absolute magnitude and the morphological
type. Second line; from left to right, we have respectively the maximum rotational velocity, the disc scale length and the ratio of the isophotal radius R25 to the
disc scale length. The median of each parameter is shown in the middle of each plot.

(disc, bar, spiral arms, rings, etc.) that we call disc in the mass
models.

In principle, the subtraction of the bulge component from the
observed profile should provide a bulge-free profile. In practice, it
only works if the galaxy does not contain any additional structure
such as a bar and/or a ring. If the profile contains a bar or a ring, this
method fails and produces strong residuals in the very center. Thus,
in order to minimise the residuals values in the central regions, we
have to proceed to a full decomposition in modelling all the com-
ponents together to end up with the different components used for
the mass models. It is illustrated by Fig. 2 for the galaxy UGC 8900
where strong residuals are visible when a bulge only is subtracted
(top panel), while residuals within the uncertainties are obtained
when the bar and the bulge have been modelled together. However,
for galaxies with very little or no bulge (specifically late types or
irregular galaxies), the luminosity profiles were not decomposed,
the disc component is then directly the observed surface brightness
profile. Furthermore, we used a parametric profile fitting procedure
to separate the photometric components: bulges, discs, bars, arms
and rings.

The surface brightness profile were decomposed by using the
method described in Barbosa et al. (2015).

The disc is modelled with an exponential profile defined by:

Id(r) = I0 exp (−r/h) (2)

with I0 the central intensity of the disc and h the disc scale length.
The other components like bulges, bars, rings, lenses are determined
by using a Sérsic function given by :

Ib(r) = Ie exp
(
−bn

[
(r/re)1/n − 1

] )
(3)

where re is the effective radius, Ie is the intensity at the effective
radius, n is the Sérsic shape parameter and bn a Sérsic index function
due to the parametrization of the function at the effective radius. The

total apparent magnitude is :

msersic = −2.5 log

(
2πIe r2

e ebn n Γ(2n)
b2n
n

b
a

)
(4)

with Γ(x) the complete gamma function of a variable x.
Examples of parameters of the bulge and disc components are

shown in Table A1. This table represents only a fraction of our
sample. The full table is provided online. The figures showing the
disc and bulge components for the whole sample are also displayed
online (see an example on the right top panel of Fig. 5).

3.4 Disc and Bulge Parameters

In Figs. 3 and 4, we illustrate several correlations between the pho-
tometric parameters displayed in Table A1.

The top panel of Fig. 3 shows, as expected, that the brightest
bulge central surface brightnesses are observed for the brightest
disc central surface brightnesses, which are preferentially early type
spirals while fainter later type galaxies display the weakest central
surface brightnesses. The same trend is seen in the first middle
panel where the strongest bulges (largest effective radius re,b) tend
to display larger discs (larger disc scale lengths h). The y = x
line of this plot emphasises that discs are on average brighter than
bulges. The second middle panel of Fig. 3 shows that there is a
correlation between the disc central surface brightnesses and the
disc scale lengths only for the earliest type (Sa-Sab), for which large
discs correspond to high central surface brightness, or for the latest
type (Sdm-Im), for which small discs exhibit low central surface
brightness, while for the intermediate types (Sb-Sd) there is no
straightforward correlation, the central surface brightness does not
depend on the disc scale length. The bottom panel of Fig. 3 and
the last panel of Fig. 1 show a clear average relation between the
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Figure 2. Example of the structural decomposition of UGC 8900 in the
W1 band without including a bar component (top panel) and including
a bar component (bottom panel). The observed surface brightness profile
in plotted using black cross and the different components bulge, disc, bar
(bottom panel) in red, blue and green dash lines respectively. The lower
subpanel represents the fitting residuals, which are obviously reduced when
a bar is included in the model.

isophotal radius R25 and the disc scale length h. The median value
of R25/h is 3.5.

The two top panels of Fig. 4 show that discs have slightly in-
creasing luminosities from Sa to Sc before decreasing toward later
types while bulges see their luminosity decreasing from early to
late types, which is not surprising since this is one of the important
criteria being used for morphological classification. A wide lumi-
nosity dispersion is noted within each morphological type meaning
that we sample galaxies with different luminosities, sizes and thus
masses. In order to compare and to quantify the light coming from
the disc and the bulge, the third panel shows the ratio of luminosity
between the two components. Most of the galaxies have their disc
brighter than their bulge (log LD/LB > 0) with only 7 galaxies
being bulge-dominated. The dispersion in those three panels also
points out that morphological classification should be taken with
care when comparing only the disc to the bulge components. Later
morphological types might have stronger bulges than earlier types.
For instance, a log LD/LB ∼ 0.5 can be observed from Sa (t=1) to
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Figure 3. Correlations between parameters derived from the W1 profiles.
The top panel shows the bulge central surface brightness versus the disc cen-
tral surface brightness. The two middle panels represent the bulge effective
radius and the disc central surface brightness versus the disc scale length
respectively. The bottom panel shows the isophotal radius R25 versus the
disc scale length.
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Figure 4. From the top to the bottom panel: disc luminosity, bulge luminos-
ity, ratio of disc-to-bulge luminosity and the central disc surface brightness
versus the morphological types.

Sd (t=8) galaxies; some t=6-7 galaxies might have a bulge almost as
luminous as the disc. This justifies the fact that disc/bulge decom-
position has been done independently of the galaxy morphological
type. The bottom panel shows that, while the disc central surface
brightness stay more or less constant for the early-types, it decreases
with from types Sc to Sm.

4 MASS MODELS

Rotation curves of spiral and irregular galaxies need a DM halo
component to be fitted (e.g, Carignan & Freeman 1985, van Albada
et al. 1985) and this is even mandatory to model the mass distribu-
tion in the outskirts of the Hi disc. In the present study, we do not
consider the Hi gas component (densities and velocities), which are
not available for a large part of the galaxies in our sample. This will
be done in a following paper. This nevertheless does not prevent
us from studying the inner mass distribution in spiral and irregu-
lar galaxies. Indeed, even if rotation curves within the optical size
of galaxies are largely dominated by the stellar components (e.g,
Kalnajs 1983a, Kent 1986), it has already been shown in previous
works (e.g, Carignan & Freeman 1985, Blais-Ouellette et al. 2001,
Spano et al. 2008) that a dark halo is nevertheless often also manda-
tory to fit high resolution rotation curves limited to the stellar disc,
meaning that not all discs are maximal.

From the theoretical side, a dark halo component can be nec-
essary to prevent discs having bar instabilities, as can be seen in
analytic calculations and in numerical simulations of stellar discs
with initially exponential mass distribution (e.g, Hohl 1971, Os-
triker & Peebles 1973). Amongst other considerations, it has also
been shown that the presence of a barmight decrease the halo central
density distribution (Weinberg &Katz 2002). In summary, observa-
tional and theoretical reasons justify that we can limit this study to
optical rotation curves. Nevertheless, when rotation curves are not
defined to sufficiently large radii, rotation curves could sometimes
be modelled using disc-only or disc+bulge-only systems, without
the need for DM (Kalnajs 1983b). In such cases, those galaxies
will be taken out of the final sample that will be used to study the
relations between the dark halos’ parameters and optical parameters.

We use two different models of dark matter distributions: the
pseudo-isothermal sphere (ISO) distribution (section 4.1), which is
observationally motivated and that predicts a cored density profile,
and the Navarro-Frenk-White (NFW) one (section 4.2), which is
theoretically motivated (cosmological numerical simulations) and
that features a cuspy halo density profile. These two distributions
assume that the DM distribution is spherically symmetric.

In these models, we include two components for the luminous
matter (disc and bulge, if present) and one for the DMhalo. The final
rotation curve is the quadratic sum of the individual contributions
of these components:

Vcir(r) =
√

V2
disc + V2

bulge + V2
halo (5)

where Vcir is the circular velocity, Vdisc and Vbulge are the velocity
of the disc and bulge components respectively and Vhalo is the DM
halo velocity.

We will end the section by presenting the different strategies
used to fit the different profiles (section 4.3).

4.1 Pseudo-Isothermal density profile (ISO)

This profile features a flat core in the center (Begeman 1987,
Kravtsov et al. 1998, de Blok et al. 2001). The density distribu-

MNRAS 000, 1–23 (2017)



GHASP Mass Models 7

16

18

20

22

24

26

µ
 (

m
a
g
 a

rc
se

c−
2
)

bulge

bar

disc

0 20 40 60 80 100 120 140 160

Radius (arcsec)

0.4
0.2
0.0
0.2
0.4

∆
µ
 

0 5 10 15 20
Radius (kpc)

0

50

100

150

200

250

V
ro

t(
km

s−
1 )

0 20 40 60 80 100
Radius (arcsec)

ISO (BFM)

(M/L)d=0.37; (M/L)b=0.40; r0=5.8; ρ0=10; χ2
r =2.3

0 5 10 15 20
Radius (kpc)

0

50

100

150

200

250

V
ro

t(
km

s−
1 )

0 20 40 60 80 100
Radius (arcsec)

ISO (MDM)

(M/L)d=0.42; (M/L)b=0.45; r0=4.4; ρ0=8; χ2
r =2.8

0 5 10 15 20
Radius (kpc)

0

50

100

150

200

250

V
ro

t(
km

s−
1 )

0 20 40 60 80 100
Radius (arcsec)

ISO (fixed M/L)

(M/L)d=0.42; (M/L)b=0.42; r0=7.1; ρ0=5; χ2
r =2.5

0 5 10 15 20
Radius (kpc)

0

50

100

150

200

250

V
ro

t(
km

s−
1 )

0 20 40 60 80 100
Radius (arcsec)

NFW (BFM)

(M/L)d=0.30; (M/L)b=0.32; c=6.0; V200=126; χ2
r =2.4 UGC 03463

MB=-20.7; Type=SABbc; h=3.5

disc
bulge
halo
model
approaching
receding 0 5 10 15 20

Radius (kpc)

0

50

100

150

200

250

V
ro

t(
km

s−
1 )

0 20 40 60 80 100
Radius (arcsec)

NFW (fixed M/L)

(M/L)d=0.42; (M/L)b=0.42; c=1.4; V200=187; χ2
r =2.8

Figure 5. Example of surface brightness profile decomposition and mass models for the galaxy UGC 3463. First line - (Left panel) WISE surface brightness
image at 3.4 µm. Left side: image showing the field and the galaxy. Right side: image after the stars are removed; the circle represents the 1 σ isophotal ellipse,
used for integrated photometry and the green line shows 1 arcmin in length. (Right panel) Luminosity profile decomposition corresponding to the left image.
Lines 2 and 3 - Mass models. Second line: pseudo-isothermal sphere density profiles (ISO). Third line: Navarro, Frenk & White density profiles (NFW). First
column: Best Fit Model (BFM). Second column: Maximum disc Model (MDM) for line 2 (ISO model). Third column: Mass-to-Light ratio M/L fixed using
WISEW1-W2 color. The name of the galaxy, its B-band absolute magnitude, morphological type and disc scale length have been indicated in the insert located
line 3-column 2. For each model, the fitted parameters and the reduced χ2 have been indicated in each sub-panel.

tion ρiso(r) of this DM halo is given by:

ρiso(r) =
ρ0[

1 +
(
r
r0

)2
] (6)

where ρ0 is the central density of the DM, r0 is the scaling radius.
The corresponding velocity contribution Viso(r) is given by:

Viso(r)2 = 4πGρ0r2
0

[
1 − r0

r
arctan

(
r
r0

)]
(7)

which is an increasing function of r , asymptotically reaching
Vmax = V(r = ∞) =

√
4πGρ0r2

0 .

This model has two parameters to describe its rotation curve,
the central density ρ0 and the scale radius r0.

4.2 ΛCDM density profile (NFW)

The formation of galaxies is a non-linear process and therefore
a direct computation through N-body simulations is required.
Those simulations predict cuspy halo profiles, peaked in the center
(Navarro et al. 1996b, Cole & Lacey 1996, Moore et al. 1998). The
density distribution of the NFW halo is given by:

ρNFW(r) =
ρi(

r
rs

) (
1 + r

rs

)2 (8)

where ρi is the density of the universe at the time of collapse and
rs is a scale radius. The resulting circular velocity is:

V2
NFW(r) = V2

200

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

]
(9)
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where V200 is the velocity at the virial radius R200, c = R200/rs is
the concentration parameter of the halo and x is defined as r/rs .
The relation between V200 (km s−1) and R200 (kpc) is given by:

V200 =
R200 × H0

100
(10)

where H0 is the Hubble constant in km s−1 Mpc−1.
In order to describe the velocity contribution associated to the

NFW profile, we use the two following parameters: the concentra-
tion c and the velocity V200 at the virial radius.

4.3 Fitting strategies

It is usual tomodel the rotation curves of spiral and irregular galaxies
with multi-components mass models consisting of discs (stellar and
gaseous), bulge (if present) and dark halo components. The M/L
ratio of the stellar components (disc and bulge) can be estimated
from the stellar light distributions (see section 3.2). The faint radial
color gradients and low thickness variations observed in galaxies
allow to use a radially constant M/L ratio (de Jong & van der
Kruit 1995) in the red, near-infrared and mid-infrared bands. At the
opposite, color index is an imperfect tool to assign masses in bluer
bands, i.e. to young stellar populations (de Denus-Baillargeon et al.
2013). In this section, we describe the three different strategies used
to deal with M/L: Best Fit Model (BFM), Maximum disc Model
(MDM) and M/L fixed by colors.

The MDM consists in maximising the disc component, and
therefore to use the highest M/L ratio and the shallower dark halo
component, allowing a reasonable fit of the rotation curve. It has
been very successful in reproducing the inner features due to spiral
arms or bars observed along the rotation curves of galaxies (e.g,
Buchhorn 1992, Amram et al. 1996). For optical rotation curves,
the “maximum disc” solution is favoured in several previous studies
(e.g, de Denus-Baillargeon et al. 2013, Spano et al. 2008). The
Tully-Fisher relation obviously indicates that the stellar luminosity
alone seems to determine the rotation velocity of spiral galaxies,
favouring the maximum disc solution. Nevertheless, compared to
the Tully-Fisher empirical evidences, models based on dark halo
contraction due to adiabatic infall of baryons lead to the need of
a major dark halo contribution in the central regions (Courteau &
Rix 1999, Dutton et al. 2005). In addition “maximum discs” do
not provide good solutions when NFW-like profiles are used. In
summary we do not know yet if discs are maximum or not. This is
why we still have to consider alternatives like BFM or M/L ratio
fixed using additional constrains like colors.

4.3.1 Best Fit Model (BFM)

The most open way to fit the different components of a mass model
is to let all the parameters free. This gives the same weight to all
the parameters. The M/L ratio(s) is(are) the free parameter(s) of the
stellar component(s). For galaxies without a bulge, only the M/L
ratio of the disc is considered and it is supposed to be independent
of the galacto-centric distance, assumption that cannot be made in
the optical (de Denus-Baillargeon et al. 2013). For galaxies with a
bulge, we have to consider the M/L ratio of the bulge as a second
baryonic free parameter. We nevertheless set the constraint that the
bulge M/L ratio has to be equal to or larger than that of the disc
since bulges have older stellar populations and their stars are on
average fainter. In addition to the baryonic free parameter(s), the
various models (ISO and NFW) have additional free parameters.

The best fit model (BFM) technique consists of selecting the set of
free parameters that minimises the χ2.

Its main advantage is that it does not need any prior but its
main inconvenient is the degeneracy of the solutions (see e.g. Fig. 4
of Carignan et al. 1990 or Fig. 13 of Jobin & Carignan 1990, where
different combinations of the free parameters can give equally ac-
ceptable solutions). It is indeed well known that the disc-halo de-
composition is affected by the degeneracy of the possible solutions
and for some galaxies, possible mass model solutions could range
from "the minimum disc" to the maximum disc solutions (van Al-
bada et al. 1985). The "minimum disc" solution means that in fact
"no stellar disc" component is necessary. It could be used e.g. for
modelling low surface brightness galaxies where the stellar compo-
nent is negligible with respect to the cold gas disc and the dark halo
components (Carignan & Freeman 1988). This is not the case for
most of the galaxies presented in the present sample.

We use the BFM technique for the three models. This leads to
three/four free parameters for both the ISO (r0, ρ0 and M/Ldisc,
M/Lbulge for bulgeless/bulge galaxies) and NFW (c, V200 and
M/Ldisc, M/Lbulge for bulgeless/bulge galaxies) models. To avoid
some non physical values, we fixed minimal values on the parame-
ters; the M/L ratio of the disc and bulge are limited at 0.1.

4.3.2 Maximum disc Models (MDM)

The definition of a MDM is somewhat confusing. We expect that
a MDM provides a maximum rotation velocity for the disc that
is comparable to the maximum rotation velocity of the observed
rotation curve. In that case, an operational definition for the max-
imum disc hypothesis could be, for instance, that the stellar disc
provides 85% ± 10% of the total rotational support of the galaxy
at a radius equal to 2.2 disc scale lengths (Sackett 1997). However,
this definition cannot be used for fitting rotation curves. Indeed,
the disc rotation curve, computed using a model from the stellar
light distribution, must match the observed rotation curve and not
overestimate it. But in practice the constraint comes from the rising
part of both rotation curves, where they must match. If the rising
shape of the disc rotation curve is steeper than the rising shape of
the observed rotation curve, the maximum rotation velocity of the
stellar disc could be much smaller than the maximum velocity of the
rotation curve (see for instance UGC 2800, 10075, 11466, 11861),
despite the fact that the disc rotation curve is literally scaled to its
highest amplitude.

For the MDM, the disc M/L ratio is obtained using the fol-
lowing procedure: we first run the BFM to estimate the M/L ratio
corresponding to the minimal χ2

BFM. Then, we impose the disc M/L
ratio to be higher than that obtained with the BFM but letting the χ2

to increase up to 1.3× χ2
BFM. We chose this limit from the intrinsic

dispersion of the data and from the degenerescence of the fits. For
bulge galaxies, the final model is the one having the highest disc
M/L ratio and the bulge M/L ratio which provides the lowest χ2

while remaining equal or larger than that of the disc.
The MDM technique was used for the ISO model only, with

three or four free parameters (r0, ρ0 and M/Ldisc, M/Lbulge) de-
pending if galaxies are bulgeless or have a bulge. We also ran but do
not present the MDM in the case of the NFW profile because both
the baryonic and the cuspy dark halo components tend to be equally
maximised in the rising part of the rotation curve, furthermore the
BFM is almost identical to the MDM in the case of the NFW dark
halo.
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4.3.3 M/L ratio fixed by the colors

The third method we used in this paper consists in constraining the
stellar M/L ratio using the photometry, as described in section 3.2.
Like the MDM, the M/L ratio estimated from spectrophotometric
evolution models give an upper limit to the baryonic mass (e.g,
Carignan & Freeman 1985, Bell & de Jong 2001, Kassin et al.
2006a;b). Because the spectrophotometric models does not allow
to disentangle a different M/L ratio for the disc and for the bulge,
we use the same M/L ratio for the disc and for the bulge. We refer
to this method as the fixed M/L ratio method.

This method was used for the three models. It leads to two free
parameters for both ISO (r0 and ρ0) and NFW (c and V200) models.

5 RESULTS OF THE MASS MODELS

In this section, we present the mass models using the two DM
profiles, ISO andNFW.Wehave applied the various decompositions
and mass models described in section 3 and 4 on our sample of 121
galaxies. As described in section 2, our sample of nearby galaxies
covers a broad range of morphological types (from Sa to Im) and
luminosities (masses). An example illustrating the mass models is
shown in Fig. 5 for the galaxy UGC 3463. For this case, all models
give equivalently reasonable good fits. The profile decompositions
and the different mass models for each galaxy are given in Appendix
B. The whole catalogue is available online.

When looking at the results and comparing with similar stud-
ies in the literature, one has to be careful and compare between
themselves similar models. For example, ISO models can vary a lot
from one author to the other. In the earlier models (e.g, Carignan &
Freeman 1985), a nonsingular isothermal sphere model was used,
charaterized by the core radius rc , while later (e.g, van Albada et al.
1985) a pseudo-isothermal sphere model having a scaling radius r0
was used, where e.g. rc ' 3r0/

√
2. Spano et al. (2008), who also

modeled GHASP FP data, used a Hubble-modified density profile
to model the DM halo, which means we cannot directly compare
our results with theirs. Indeed, the shape of the Hubble-modified
and of the ISO profiles do not have the same behaviour before and
beyond their scaling radius (Kormendy & Freeman 2004, Binney &
Tremaine 2008).

In what follows, we will compare our results to the ISO results
of Kormendy & Freeman (2004) and of Randriamampandry &
Carignan (2014), who used exactly the same formalism. In addition,
as we will see, we will only be able to compare bulgeless galaxies
since the sample of Kormendy & Freeman (2004) is limited to late-
type galaxies from Sc to Irr, while our sample covers the whole
range from Sa to Irr.

5.1 Pseudo-isothermal models (ISO)

For the luminous disc, Lelli et al. (2016) found that when modeling
galaxies, the values of M/L in the 3.6 µm band are in the range of
0.2 to 0.7 M�/L� . As seen in Fig. 6, we find a median value of
M/L = 0.1 when using the BFM (left); 0.4 for the MDM (center)
and also 0.4 for the fixed M/L (right). The values of the latter two
models are in the range of Lelli’s results. Recently, (Kettlety et al.
2018) found that the M/L can be fixed at a value of 0.65 when using
the W1 band of WISE, this is close to the average value we found
for the fixed M/L and the MDM.We note that the average M/L ratio
for the BFM is four times smaller than for the MDM, meaning that
the BFM does not provide maximum disc solutions. Despite the

fact that their M/L distribution are quite different, it is noticeable
that the MDM gives the same average M/L value than the models
for which the M/L ratios are fixed by the WISE colors. This would
suggests that discs tend, on average, to be maximal, as defined in
Sec. 4.3.2.

For the ISOmodels,we observe in Fig. 7 a clear anti-correlation
between the central halo density and the halo core radius for the three
models (BFM, MDM, Fixed M/L). This means that higher central
density dark halos have smaller core radius. We show the results
for the full sample (top panel) and for the sub-sample of galaxies
which had no profile decomposition (middle panel) and those for
which we did a profile decomposition (bottom panel). The points
are for the BFM but we overlay the results for the 3 models. The
different linear regressions found for the different models and for
the full sample are:

log ρ0 = (−1.14 ± 0.09) log r0 − (0.51 ± 0.06) [BFM]
log ρ0 = (−1.03 ± 0.12) log r0 − (0.83 ± 0.08) [MDM]
log ρ0 = (−1.10 ± 0.08) log r0 − (0.59 ± 0.08) [fixed M/L]

(11)

The results for the sub-sample with no decomposition (middle: later
types) and the sub-sample with decompositions (bottom: earlier
types) give very similar results, but with different zero points. If
we compare with the litterature for authors using the same ISO
formalism, we find:

log ρ0 = −1.10 log r0 − 1.05 [BFM : R&C2014]
log ρ0 = −1.21 log r0 − 1.10 [MDM : K&F2004] (12)

Kormendy & Freeman (2004) used MDM models while Randria-
mampandry & Carignan (2014) used BFM models. Overall, our
relations are closer for our sub-sample with no decomposition (later
types) than for the sub-sample with decomposition. The fact that the
relations found are similar to those of the literature, with a similar
slope but slightly different zero points, could come from using dif-
ferent datasets. In the case of Kormendy & Freeman (2004), their
sample covers only late-type galaxies (Sc to Irr) while we cover all
morphological types and they are using mainly B-band photometry.
For Randriamampandry & Carignan (2014), their results are based
on extendedHi data while wemainly model the inner parts with our
optical FP data but using also mid-infrared photometry. All those
different approaches make direct comparisons very difficult.

Fig. 8 shows the halo parameters (halo core radius and cen-
tral density) as a function of the B-band luminosity MB . To avoid
crowding or multiple figures, we do not plot symbols representing
individual galaxies for the MDM and the fixed M/L but only the fit
to the data points of these models: a cyan line for the MDM and a
magenta line for the fixedM/L model. Running BFMwithout fixing
any lower limit for the core radius (r0) and higher limit for the core
density (ρ0) show that 10 galaxies have a core radius r0 < 1 kpc and
7 galaxies have a core density ρ0 > 0.75 M�kpc−3. In addition,
core densities ρ0 > 0.75 M�kpc−3 are only obtained where core
radius r0 are lower than 1.5 kpc. The combination of very small r0
and high ρ0 leads to DM halo with constant rotation velocities at all
radius (except in the very center of the galaxies). They add a kind
of offset to the disc component(s). In all cases, the MDM shows
that a DM halo is not necessary to fit the rotation curves. Therefore,
we found 25 galaxies for which we do not need halos parameters
(shown with an asterisk in Appendix A2). These galaxies are obvi-
ously best fitted by a maximum disc model until almost the end of
the optical radius (no DM halo) and those are removed in the fits
between the core radius and the central density, and the core radius
or the central density as a function of MB. On the other hand, only
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Figure 6. Mass-to-light ratio distribution from the pseudo isothermal sphere model (ISO). From left to right: for the best fit model (BFM), for the maximum
disc model (MDM) and for the M/L fixed using the WISE color (W1-W2). The median <M/L> values are indicated in the plots for each case.

dwarf galaxies having a dynamical mass less than 2 × 109M� and
a rotation velocity smaller than 40 km/s might eventually have core
radius lower than 1 kpc (e.g, Holmberg I and II, DDO 53, Oh et al.
2011) and our sample does not contain such low mass galaxies.
Furthermore we do not allow BFM to have core radius lower than
0.5 kpc and a core density larger than 0.75 M�kpc−3, we do not
take into account galaxies which reach the lower value 0.5 kpc or
the upper value 0.75M�kpc−3 to fit the halos parameters. Typically
no clear correlation is found between the core radius or the central
density and MB but the dispersion is rather high (0.50 dex and 0.75
dex respectively) around the average of∼ 3 kpc and∼ 0.1M� .pc−3.

We do not confirm previous studies suggesting that less lu-
minous dwarf galaxies tend to have smaller halo core radius and
larger central density (e.g, Carignan & Freeman 1988). However,
we observe a weak correlation between the core radius and the lu-
minosity, less luminous galaxies tend to have smaller core radius.
At the opposite, a weak correlation between the central density and
the luminosity is observed: the less luminous galaxies tend to have
shallower central density than brighter galaxies. Similarly, we note
again that the mean central halo density is lower for the fixed M/L
than for the BFM and the MDM models.

In order to understand the impact of the quality of the rotation
curves on the lack of correlation, we have separated the higher
quality rotation curves (flag 1) from the lower quality ones (flag 2)
in Fig. 9. The weak trends we found are not a result of the quality
of the data. This will be discussed further in section 6.

5.2 NFW dark matter halos

Cosmological numerical simulations (e.g., Navarro et al. 1996c)
show a strong correlation between the velocity at the virial radius (i.e
V200) and its concentration in the sense that lowmass halos are more
concentrated. de Blok et al. (2008) emphasised that large values of
the concentration parameter c indicate a larger collapse factor while
c = 1 indicates no collapse. Due to the fact that concentration c
lower than unity makes no sense in the CDM context (de Blok et al.
2008), we do not allow c < 1. This naturally lead to the fact that
4 and 31 galaxies have a concentration equal to the lower limit c
= 1, respectively for the BFM and fixed M/L model. Examples of
parameters obtained for the NFW fits are listed in Table A4 and the
full table can be found online.

In Fig. 10, we plot the distribution of log c as a function of
log V200. For the BFM, the correlation between c and V200 is given
by:

log c = (−1.01 ± 0.09) log V200 + (3.27 ± 0.22) (13)

We find an average value of concentration c = 8.71 ± 1.71, which
iagreeswithin the errorwith the values usually found in the literature
(e.g. c' 10, Bullock et al. 2001) andwith the value of c = 6.9 derived
by Noordermeer (2006) for a sample of early-type galaxies.

When the M/L ratio is calculated using WISE colors, the cor-
relation found between c and V200 is:

log c = (−0.83 ± 0.09) log V200 + (2.79 ± 0.20) (14)

we find an average value c = 6.46 ± 1.59, closer to the results of
Noordermeer (2006).

The mean concentration derived from the BFM is slightly
higher than the one found using fixed M/L ratio, meaning that
baryons may be responsible for the lower concentration inferred in
the later case. More interestingly, the slope of the linear regression
linking log c to log V200 is also shallower in the later case, indicating
that the concentration parameter is less dependent on the velocity at
the virial radius when the M/L ratio is set by the baryonic content of
the galaxy. However, this is a very small effect. More importantly,
Fig. 10 shows that late-type galaxies tend to be located below the
best fit line and the early type galaxies above, pointing out that early-
type galaxies tend to display a more concentrated halo than later-
type ones in the NFW paradigm. The same trend is also observed
when M/L is fixed.

5.3 ISO vs NFW profiles

Fig. 11 shows that, on average, smaller χ2 values are found for the
ISO fits than for NFW models. It can been seen in Tables A2 to
A4 listing all the parameters that, for a majority of galaxies, the
observed rotation curves are better fitted by an ISO than by a NFW
halo profile. Confirming previous works, our sample is thus better
represented by a central cored than a cuspy DM density profile.

6 DISCUSSION

The presence of a bulge or of a bar may have an influence on the
derived halo contribution.

The previous studies on the mass distribution from high-
resolution rotation curves, described earlier in this paper, have fo-
cused on late-type galaxies where the absence of a bulge makes
these objects easier to analyse. We have here a sample that allows
us to tackle the problem of earlier types bulge galaxies.

The presence of a bar is also a major difficulty as it induces
non-circular motions due to the streaming of the gas along the bar.
If a bar is perpendicular to the major axis of a galaxy, the measured
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Figure 7. Central halo density versus halo core radius for the ISO best fit
models (BFM), maximum disc models (MDM) and fixed M/L models. It is
given for the whole sample at the top, for the galaxies with no luminosity
profile decomposition (later types) in the middle and for the galaxies for
which we did a profile decomposition (earlier types) at the bottom. The thin
dark blue and red lines represent respectively the fits found by Kormendy &
Freeman (2004) and Randriamampandry & Carignan (2014)
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Figure 8. Halo scaling radius (top panel) and central halo density (bottom
panel) versus the absolute magnitude for the whole sample from the pseudo-
isothermal (ISO) models. The black, cyan and magenta lines are the best fit
(BFM), the maximum disc (MDM) and the fixed M/L models respectively.
The thin blue and red lines represent respectively the fit found by Kormendy
& Freeman (2004) and Randriamampandry & Carignan (2014).

rotational velocities are overestimated and underestimated if the bar
is parallel to the major axis (Dicaire et al. 2008, Randriamampandry
et al. 2015), which may impact the mass models.

6.1 Bulge influence

Probably the most interesting scaling laws proposed by the previ-
ous studies (first by Kormendy & Freeman 2004) is the fact that
the product ρ0 × r0 appears to be independent of luminosity. To
understand the bulge influence on this result, we split our sample in
two parts based on the luminosity profile decomposition presented
in section 3.3: a first sample of 40 is composed of galaxies with
very little or no bulge such that no decomposition was performed
and the second set of 81 galaxies is composed of bulge galaxies for
which we did a proper decomposition. The first group is essentially
composed of the late type and irregular galaxies, but not only (see
Fig. 4, third panel). Using this classification scheme, we reproduce
ρ0 × r0 as a function of luminosity in Fig. 12. The galaxies with no
decomposition (top) agree well with what was found before. How-
ever, if we take the whole sample including the early-type galaxies
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Figure 11. The top panel presents the comparison between the reduced χ2

of NFW and ISO for the best fit model (BFM). The bottom panel shows the
comparison between the reduced χ2 of NFW with fixed M/L and ISO with
fixed M/L.

(bottom), this relation does not hold anymore and even less when
using the galaxies for which we did a decomposition (middle).

In order to investigate this further, we used a slightly different
approach to separate late and early types than the one used above,
based on decomposing or not the luminosity profiles. We produced
two sub-samples: (i) a bulgeless sample defined as the galaxies with
Lbulge/Ltotal < 0.02 and (ii) a bulge sample with Lbulge/Ltotal >
0.07. So, the first sub-sample ismainly composed of late-type spirals
while the second of earlier types galaxies. The advantage of this
approach is that it better quantifies the bulge relative importance
and enables to have two extreme classes with a comparable sample
sizes, the bulgeless and bulge sub-samples having respectively 34
and 54 galaxies.

A comparison of the DM halo parameters with the absolute
magnitudes is presented in Fig. 13 for the BFM. Differences occur
between bulgeless and bulge galaxies when we compare the 2 pa-
rameters characterising the dark halo (scaling radius r0 and central
density ρ0) to the absolute magnitudes MB. The bulgeless galaxies
show a clearer correlation between r0 and MB (left panel, green
line) than bulge early-type spirals (left panel, black line). The main
difference is found for ρ0 that is anticorrelated to MB for bulge-
less galaxies (right, green line), contrary to the correlation observed
for the bulge galaxies (right, black line). Both trends for r0 and ρ0
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Figure 12. ρ0 × r0 as a function of MB . The black, cyan and magenta lines
represent the fit using the BFM, the MDM and the fixed M/L respectively.
The thin blue and red lines represent respectively the fits found byKormendy
& Freeman (2004) and Randriamampandry & Carignan (2014) respectively.
Top panel for galaxieswith no luminosity profile decomposition (later types),
middle for the galaxies for which we did a profile decomposition (earlier
types) and the bottom panel for the whole sample.

for bulgeless galaxies were already found by Kormendy & Freeman
(2004) and Randriamampandry&Carignan (2014). This shows that
we should not generalize the scaling relations found previously to
all morphological types. Clearly, DM is not distributed similarly in
bulgeless and bulge systems. This either indicates intrinsic differ-
ences in the way DM is distributed in early-types and late-types or
a problem in taking into account the luminous matter distribution
of the bulge and the disc or a combination of both. Another pos-
sibility is that, in this work we are mainly probing the inner parts
while many of the other studies were based on extended Hi rotation
curves.

In order to better understand the impact of using only optical
rotation curves to constrainmassmodels rather than both optical and
Hi rotation curves, which generally extend well beyond the optical
radius D25/2, we have used the Hi rotation curves, published in
Randriamampandry &Carignan (2014) and have artificially limited
these rotation curves to their optical radius. As shown in Appendix
C, the optical rotation curves provide a good estimate of the mass
model parameters when the plateau is reached, which is the case
for 9 out of 15 galaxies: IC 2574, NGC 2403 (see Fig. C1), NGC
2841, NGC 3031, NGC 3621, NGC 55, NGC 7331, NGC 7793,
NGC 925. The mass models offer a less satisfactory agreement
when the optical curves are limited to their solid body rising part,
which is the case for 6 out of 15 galaxies: DDO 154, NGC 2366
(see Fig. C2), NGC 247, NGC 300, NGC 3109 , NGC 3198. The
tuning is particularly good when the constraints of the rotation
curve come from internal regions (eg NGC 2403, NGC 7331, NGC
7793, NGC 925) and it is even the case to a lesser level when the
plateau of the rotation curve is barely achieved (eg NGC 55, NGC
3621) or when it is not fully achieved (e.g. NGC 247). The case of
NGC 3621 is interesting because the plateau is reached although the
rotation curve is still slightly increasing beyond the optical radius. In
addition, galaxies with decreasing rotation curves already observed
within the optical radius show very good agreement (eg NGC 2841,
NGC 3031, NGC 7331, NGC 7793). Indeed, decreasing rotation
curves are generally observed for early-type galaxies, whose central
regions are dominated by the presence of a bulge that optical data
can constrain well.

6.2 Bar influence

To study the effect of the bar, we split the sample in non-barred
(SA), moderately barred (SAB) and barred (SB) galaxies: the first
sample of 31 is composed of galaxies with no bar, the second set
of 46 galaxies is composed of systems with moderate bars and
the third sample of 28 barred galaxies. In Fig. 14, we show the
correlations between the halo core radius r0 (top) or the central
halo density ρ0 (bottom) and the MB using different colors for
non-barred galaxies (SA, blue), moderately barred galaxies (SAB,
red) and barred galaxies (SB, black). These plots show that these
correlations do not depend on the fact that a galaxy has developed
a bar or not; the scatter around the fits is roughly identical for the
three categories of galaxies.

7 SUMMARY AND CONCLUSION

In this work, we have studied mass models using Hα rotation curves
and mid-infrared photometry on a sample of 121 galaxies which
cover all morphological types. Luminosity profiles have been de-
composed using a flat (disc, bar, etc.) and a spherical (bulge) com-
ponent. We used a pseudo-isothermal sphere (ISO) and a Navarro-
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Figure 14. Halo core radius (top) and central halo density (bottom) versus
the absolute magnitude for the whole sample. The blue dots indicate non
barred galaxies (SA); the red dots represent moderately barred galaxies
(SAB) and the green dots display barred galaxies (SB).

Frenk-White model (NFW) to describe the dark matter halos and
used various fitting strategies: a best fit model (BFM), a maximum
disc model (MDM) and a M/L fixed using colors.

The two BFM models (ISO and NFW) used to describe the
distribution of the DM halo within the visible discs are both ac-
ceptable, with ISO giving somewhat better results. For ISO with
maximum disc fit, the M/L values are similar to the M/L obtained
from the (W1-W2) color. This suggests that discs tend to be “maxi-
mum”. The ISO (MDM), ISO and NFWwithM/L fixed from colors
give also reasonable fits for almost all galaxies.

Previous works considered in this paper for comparison were
carried on samples of galaxies mainly composed of late morpholog-
ical types. This difference in galaxy populations with our sample,
which covers all morphological types, may explain the disagree-
ment between our results and those published in the literature. For
the ISO model, the trend between the dark halo parameters and
the absolute magnitude found for no bulge galaxies in this paper
(less luminous galaxies tend to have smaller core radius and higher
central density) is in agreement with previous works (Kormendy &
Freeman 2004, Randriamampandry & Carignan 2014) but not the
relations found for bulge galaxies. For bulge galaxies, less luminous
galaxies tend to have smaller core radius and smaller central den-
sity. However, we find that the trend between ρ0 and r0 does not
depend on morphological types. For the NFW profile, we can see
that the halo is more concentrated for early type galaxies than for
late type galaxies whatever technique is used (BFM or fixed M/L),
again showing a difference in DM properties between early and late
morphological types. Therefore, the relation between the dark halo
parameters and the luminosity of the galaxies seems dependent on
the morphological types. We also checked whether the presence of
a bar could impact the observed DM correlations and found not
convincing trend.

In order to ensure that our results are not affected by the fact
that we only consider optical rotation curves, we have analyzed the
sample of Randriamampandry & Carignan (2014) by truncating
their Hi rotation curves to the optical radius. We found that mass
models are in good agreement when the plateau is (barely) reached
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within this radius, which is usually the case for the relatively early
types of galaxies.

While the effect of adiabatic contraction of the halo by the
disc is to steepen cores into cusps (Dutton et al. 2005), observations
continue to argue that darkmatter profiles aremore core-like. Stellar
feedback at high redshift may flatten the cusps in the less massive
galaxies by removing low angular momentum material leading to
potential fluctuations decreasing the central density (Navarro et al.
1996a) but those processes are not effective enough for massive
galaxies with deeper potential well (Mac Low & Ferrara 1999).
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APPENDIX A: TABLES

We list here the global properties and mass models parameters of 8 of the sample galaxies. The remaining galaxies are available in the online
version.
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Table A1. Global properties: (1) Name of the galaxy in the UGC catalogue. (2): Morphological type taken from the RC3 catalogue
(except for galaxies UGC 3521, 3708, 3709, 3915, 4393, 10652, 11466 for which the morphological types are taken from Epinat et al.
(2008)); (3): Absolute B-magnitude from Epinat et al. (2008); (4): Central surface brightness from the observed data in mag arcsec−2;
(5): Isophotal radius at the limiting surface brightness of 25 mag arcsec−2 normalised by the disc scale length; (6): The last radius of
the rotation curve normalised by the disc scale length; (7): Central surface brightness of the disc in mag arcsec−2; (8): Disc scale length
of the disc component in kpc; (9): Luminosity of the disc in unit of 108 L� calculated at the isophotal radius; (10): Surface brightness
of the bulge at the effective radius in mag arcsec−2; (11): Effective radius of the bulge in kpc; (12): Sérsic index of the bulge; (13):
Luminosity of the bulge in units of 108 L�, derived at the isophotal radius; (14): Classification flag of the rotation curves: 1 and 2
correspond respectively to very high and high quality rotation curves, while 3 represents poor quality rotation curves.

Galaxy Disc Bulge RC

UGC type Mag µ0obs R25/h Rlast/h µ0 h LD µe re n LB flag
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

00089 SBa −21.5 14.3 2.8 1.9 16.8 5.1 245.4 14.29 1.1 0.46 203.2 1
00094 SAab −20.4 16.9 1.5 1.7 20.6 6.8 12.1 18.26 3.6 1.08 68.9 1
00508 SB(r)ab −21.8 14.9 2.8 2.4 17.3 9.2 392.6 15.50 1.4 1.09 151.6 1
00528 SABb −19.6 15.0 3.9 1.8 15.9 1.1 29.9 15.40 0.2 0.45 2.8 1
00763 SABm −18.9 17.7 3.5 6.0 17.6 1.5 8.5 − − − − 1
01256 SBcd −18.9 17.6 4.6 5.3 17.5 1.6 10.1 − − − − 3
01317 SAB(r)c −21.5 15.5 5.4 5.6 15.3 4.3 447.4 − − − − 1
01437 SABbc −21.8 15.6 2.6 4.9 16.6 5.3 255.6 16.05 1.1 0.55 41.0 1

Table A2. Parameters of mass models using the Best Fit Model (BFM) and fixed M/L techniques with the pseudo-isothermal (ISO)
model: (1) Name of the galaxy in the UGC catalogue, those marked with an asterisk (*) correspond to galaxies for which the presence
of dark matter is not necessary. The columns (2) to (6) and (7) to (10) show respectively the BFM parameters, and the fixed M/L
parameters for the ISO model. (2): M/L of the disc in M� /L� ; (3): M/L of the bulge in M� /L� . (4) & (8): the core radius of the DM
halo in kpc; (5) & (9): the Central density of the DM halo in 10−3 M� /pc3; (6) & (10): the reduced χ2; (7): M/L derived using the
W1-W2 colour in units of M� /L� .

Galaxy ISO (BFM) ISO with fixed M/L

UGC M/L Disc M/L Bulge r0 ρ0 χ2 M/L r0 ρ0 χ2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

00089 0.100.01
0.01 0.300.13

0.20 36.293.8
35.7 7524

35 21.7 0.30 > 39.2 47252
47 23.1

00094 0.100.08
0.01 0.620.26

0.52 0.60.2
0.1 7501

650 7.1 0.45 0.80.1
0.3 7501

450 7.6
00508 0.640.13

0.54 0.661.34
0.56 4.91.0

4.4 25049
20 1.4 0.69 5.10.6

3.5 231168
31 1.3

00528 0.100.01
0.01 0.100.01

0.01 0.59.5
0.1 01

1 4.2 0.24 0.59.5
0.1 01

1 53.9
00763 0.160.06

0.06 − 1.90.3
1.4 7029

20 2.4 0.60 17.57.5
17.5 544

5 7.5
01317 0.180.01

0.08 − 17.20.8
16.7 510

5 6.5 0.33 0.517.5
0.1 01

1 117.2
01437 0.140.02

0.04 0.360.55
0.23 0.80.1

0.3 7501
550 8.3 0.23 0.70.1

0.2 7501
750 11.9

01736 0.100.01
0.01 0.101.90

0.01 2.60.6
2.1 13867

38 5.4 0.51 3.90.1
3.4 48101

38 9.6

Table A3. Parameters of mass models using the maximum disc model (MDM) technique with the pseudo-isothermal (ISO) model: (1)
Name of the galaxy in the UGC catalogue; (2) M/L of the disc in M� /L� ; (3) M/L of the bulge in M� /L� ; (4) Core radius of the DM
halo in kpc; (5) Central density of the DM halo in 10−3 M� /pc3; (6) The reduced χ2.

Galaxy Maximum Disc Model

UGC M/L Disc M/L Bulge r0 ρ0 χ2

(1) (2) (3) (4) (5) (6)

00089 0.290.01
0.19 0.320.13

0.22 8.441.6
7.9 5050

50 27.9
00094 0.610.01

0.51 0.650.25
0.45 0.50.3

0.1 73316
713 9.0

00508 0.930.01
0.83 0.941.06

0.74 5.80.8
4.8 166233

146 1.8
00528 0.100.01

0.01 0.100.01
0.01 0.59.5

0.1 013
1 5.1

00763 0.370.01
0.27 − 2.80.1

2.3 3039
30 3.1

01317 0.180.01
0.08 − 7.910.1

6.3 96
9 7.8

01437 0.270.01
0.17 0.460.51

0.26 0.54.7
0.1 321428

321 12.0
01736 0.610.01

0.21 0.620.99
0.22 10.00.1

9.5 1981
18 11.3
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Table A4. Parameters of mass models using the Best Fit Model (BFM) and fixed M/L techniques with the Navarro-Frenk-White model (NFW): (1) Name of
the galaxy in the UGC catalogue; the columns (2) to (6) and (7) to (10) show respectively the BFM parameters, and the fixed M/L parameters for the ISO
model. (2): M/L of the disc in M� /L� ; (3): M/L of the bulge in M� /L� . (4) & (8): the central halo concentration index; (5) & (9): the halo velocity in km s−1;
(6) & (10): the reduced χ2; (7): M/L derived using the W1-W2 colour in units of M� /L� .

Galaxy NFW (BFM) NFW with fixed M/L

UGC M/L Disc M/L Bulge c V200 χ2 M/L c V200 χ2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

00089 0.100.01
0.01 0.100.34

0.01 79.50.1
78.5 128.3371.7

118.3 22.3 0.30 6.40.1
5.4 409.390.7

408.3 27.6
00094 0.100.10

0.01 0.130.71
0.03 48.41.9

44.4 99.30.7
19.3 4.2 0.45 54.52.5

19.5 70.510.2
20.5 5.3

00508 0.410.25
0.31 0.451.55

0.34 20.64.4
19.6 377.3122.7

27.3 1.3 0.69 15.02.5
10.0 427.372.7

127.3 1.4
00528 0.100.01

0.01 0.100.01
0.01 100.00.1

99.9 5.544.5
4.5 4.1 0.24 1.06.0

0.1 1.01.1
0.1 53.9

00763 0.100.01
0.01 − 10.50.6

9.5 93.6106.4
73.6 3.0 0.60 1.00.1

0.1 248.68.4
218.6 11.8

01317 0.100.01
0.01 − 15.20.6

14.2 126.473.6
106.4 5.5 0.33 100.00.1

99.0 1.00.1
0.1 117.2

01437 0.100.01
0.01 0.100.82

0.01 53.20.1
51.1 95.0105.0

35.0 3.4 0.23 70.84.5
69.8 63.586.5

54.5 5.6
01736 0.100.01

0.01 0.100.90
0.01 4.53.0

3.5 500.00.1
300.0 6.5 0.51 2.60.8

1.6 500.00.1
400.0 10.4
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APPENDIX B: SURFACE BRIGHTNESS PROFILE AND
MASS MODELS

We present the photometry, the luminosity profiles and the mass
models of 2 of the 121 galaxies. The remaining galaxies are available
in the online version.

MNRAS 000, 1–23 (2017)



20 Korsaga et al.

0 50 100 150 200 250
Radius (arcsec)

18

20

22

24

26

µ
 (

m
a
g
 a

rc
se

c−
2
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius (kpc)

0

20

40

60

80

100

120

140

V
ro

t(
km

s−
1 )

0 20 40 60 80 100 120
Radius (arcsec)

ISO (BFM)

(M/L)d=0.61; r0=1.2; ρ0=167; χ2
r =2.1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius (kpc)

0

20

40

60

80

100

120

140

V
ro

t(
km

s−
1 )

0 20 40 60 80 100 120
Radius (arcsec)

ISO (MDM)

(M/L)d=0.99; r0=3.7; ρ0=53; χ2
r =2.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius (kpc)

0

20

40

60

80

100

120

140

V
ro

t(
km

s−
1 )

0 20 40 60 80 100 120
Radius (arcsec)

ISO (fixed M/L)

(M/L)d=0.43; r0=0.8; ρ0=286; χ2
r =2.1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius (kpc)

0

20

40

60

80

100

120

140

V
ro

t(
km

s−
1 )

0 20 40 60 80 100 120
Radius (arcsec)

NFW (BFM)

(M/L)d=0.39; c=3.4; V200=467; χ2
r =2.5 UGC 08490

MB=-17.1; Type=SAm; h=0.7

disc
halo
model
approaching
receding

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius (kpc)

0

20

40

60

80

100

120

140

V
ro

t(
km

s−
1 )

0 20 40 60 80 100 120
Radius (arcsec)

NFW (fixed M/L)

(M/L)d=0.43; c=7.0; V200=188; χ2
r =2.5

Figure B1. Example of surface brightness profile decomposition and mass models for the galaxy UGC 8490. First line - (Left panel) WISE surface brightness
image at 3.4 µm. Left side: image showing the field and galaxy. Right side: image after stars removed; the circle represents the 1 σ isophotal ellipse, used for
integrated photometry and the green line shows 1 arcmin in length. (Right panel) Luminosity profile decomposition corresponding to the left image. Lines 2
and 3 - Mass models. Second line: pseudo-isothermal sphere density profiles (ISO). Third line: Navarro, Frenk &White density profiles (NFW). First column:
Best Fit Model (BFM). Second column: Maximum disc Model (MDM) for line 2 (ISO model). Third column: Mass-to-Light ratio M/L fixed using WISE
W1-W2 color. The name of the galaxy, its B-band absolute magnitude, morphological type and disc scale length have been indicated in the insert located line
3-column 2. For each model, the fitted parameters and the reduced χ2 have been indicated in each sub-panel.
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Figure B2. Example of surface brightness profile decomposition and mass models for the galaxy UGC 9576. Lines and colors are same as in Fig. B1.
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APPENDIX C: MASS MODELS DERIVED FROM Hi AND OPTICAL RADII-LIMITED ROTATION CURVES TAKEN FROM
RANDRIAMAMPANDRY ET AL. 2014

This appendix contains the comparison between the mass models derived from Hi and optical rotation curves limited to the solid body rising
parts for 2 out of the Randriamampandry & Carignan (2014)’s 15 galaxies. The remaining galaxies are available in the online version.
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Figure C1. Example of mass model for the galaxy NGC 2403. The left panel is obtained using the Hi rotation curve and right panel using the rotation within the
optical radius D25/2 kpc. The blue, magenta, black, green, and red lines represent the model, the halo, the disc, the bulge and the gas component respectively.
The remaining mass models are available online.
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Figure C2. Example of mass model for the galaxy NGC 2366. Lines and colors are same as in Fig. C1.
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