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ABSTRACT

We present rotation curve fits to 175 late-type galaxies from the Spitzer Photometry & Accurate

Rotation Curves (SPARC) database using seven dark matter (DM) halo profiles: pseudo-isothermal

(pISO), Burkert, Navarro-Frenk-White (NFW), Einasto, Di Cintio et al. (2014, DC14), coreNFW, and

a new semi-empirical profile named Lucky13. We marginalize over stellar mass-to-light ratio, galaxy

distance, disk inclination, halo concentration and halo mass (and an additional shape parameter for

Einasto) using a Markov Chain Monte Carlo method. We find that cored halo models such as the DC14

and Burkert profiles generally provide better fits to rotation curves than the cuspy NFW profile. The

stellar mass-halo mass relation from abundance matching is recovered by all halo profiles once imposed

as a Bayesian prior, whereas the halo mass-concentration relation is not reproduced in detail by any

halo model. We provide an extensive set of figures as well as best-fit parameters in machine-readable

tables to facilitate model comparison and the exploration of DM halo properties.

Keywords: galaxies: dwarf — galaxies: irregular — galaxies: kinematics and dynamics — galaxies:

spiral — dark matter

1. INTRODUCTION

Rotation curves reveal a discrepancy between dy-

namically determined and optically measured masses

of galaxies (Rubin et al. 1978; Bosma 1981; van Al-

bada et al. 1985). Together with other astrophysical

evidences, this led to the introduction of dark matter.

Since then, various DM halo profiles have been pro-

posed, such as the pseudo-isotherthermal (pISO) and

NFW (Navarro et al. 1996) profiles.

Lelli et al. (2016) built the Spitzer Photometry &

Accurate Rotation Curves (SPARC) database includ-

ing 175 late-type galaxies with extended HI/Hα rota-

tion curves and near-infrared surface photometry. This

galaxy sample provides us the opportunity to make a

comprehensive survey of halo models by fitting all the

data in a homogeneous fashion.

Corresponding author: Pengfei Li

PengfeiLi0606@gmail.com, pxl283@case.edu

A large amount of rotation curve fits can serve the

purpose of exploring DM halo properties and potential

correlations. For example, in Li et al. (2019), we fit

two simulation-motivated profiles, the Einasto (Einasto

1965) and DC14 (Di Cintio et al. 2014) profiles, to the

SPARC galaxies, and find that the halo scale radius and

surface density of the DM halo correlate with galaxy lu-

minosity with a similar power law, while the character-

istic volume density is a constant. This finding benifits

from the wide ranges in stellar mass, surface brightness

and gas fraction that the SPARC galaxies span.

In this paper, we provide rotation curve fits to 175

SPARC galaxies using seven halo models with/without

ΛCDM motivated priors, depending on the availability

of the priors for each profile. Summary tables and figures

are organized by galaxy and by halo profile together with

the best-fit parameters, so that readers can easily look

up these fits for their own research. The results are made

publicly available in the SPARC website.

2. DATA, MODELS AND METHOD
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2.1. The SPARC sample

The SPARC database1 (Lelli et al. 2016) includes

175 late-type galaxies with high-quality HI/Hα rotation

curves and near-infrared Spitzer photometry. The HI

measurements allow tracing the rotation velocity (Vobs)

out to large radii providing strong constraints on the DM

halo profiles. The Spitzer photometry has a key bene-

fit: the stellar mass-to-light ratio has little scatter at 3.6

µm (e.g. McGaugh & Schombert 2014; Meidt et al. 2014;

Schombert et al. 2019). This effectively helps breaking

the disk-halo degeneracy (van Albada et al. 1985) when

delineating the contributions of stellar disk and dark

matter halo to the observed rotation curves. The mass

models for the stellar disk and bulge (when present) are

built by numerically solving the Poisson equation for

the observed surface brightness profile at 3.6 µm. Sim-

ilarly, the mass contribution of the gas is derived from

the observed HI surface density profile, scaled up to in-

clude Helium. The derived gravitational potentials of

the baryonic components are represented by the circu-

lar velocities of test particles, tabulated as Vdisk, Vbul,

Vgas corresponding to the contributions of stellar disk,

bulge and gas, respectively. For convenience, the stel-

lar contributions in the SPARC database are tabulated

using a mass-to-light ratio of unity in solar units, and

need to be scaled down to more realistic values at 3.6

µm (Lelli et al. 2016; Starkman et al. 2018).

SPARC is a large sample by the standard of HI inter-

ferometry. It includes all late-type galaxies from spirals

to dwarf irregulars, and spans a large range in stellar

mass (5 dex) and surface brightness (> 3 dex). This

makes the SPARC sample ideal for model testing and

exploring the properties of DM halos.

Galaxy distances in the SPARC database are mea-

sured via five different methods (see Lelli et al. 2016, for

details): Hubble flow assuming H0 = 73 km s−1 Mpc−1

and correcting for Virgo-centric infall, the tip magnitude

of the red giant branch, the period-luminosity relation

of Cepheids, membership to the Ursa major cluster of

galaxies, and Type Ia supernovae. Disk inclinations are

estimated kinematically. We treat distance and incli-

nation as nuiance parameters, marginalizing over their

uncertainty by imposing Gaussian priors with a stan-

dard deviation equal to their formal uncertainty.

2.2. Dark matter halo profiles

In this paper, we attempt to investigate all available

DM profiles, including pseudo-isothermal (pISO), Burk-

ert, NFW, Einasto, DC14, cored-NFW and a new semi-

1 astroweb.case.edu/SPARC

empirical profile that we call Lucky13. In general, each

halo profile contains two fitting parameters: a scale ra-

dius rs and a characteristic volume density ρs. For cove-

nience, the free parameters in our fits are the concen-

tration C200 and the rotation velocity V200, which are

defined as

C200 = r200/rs; V200 = 10 C200rsH0, (1)

where r200 is the radius inside of which the average halo

density is 200 times the critical density of the universe.

For consistency, we use these cosmologically motivated

definitions also for purely empirical DM profiles, such

as the pISO and Burkert models. In the following, we

describe each halo model in detail.

pISO: Rotation curves of dwarf galaxies are found to

be well fit by an empirical profile with a constant-density

core, the pseudo-isothermal profile (see e.g. Adams et al.

2014; Oh et al. 2015),

ρpISO =
ρs

1 + ( rrs )2
. (2)

The enclosed mass profile is given by

MpISO = 4πρsr
3
s

[
x− arctan(x)

]
, (3)

where we have introduced the dimensionless parameter

x = r/rs. The corresponding rotation velocity profile is

VpISO
V200

=

√
1− arctan(x)/x

1− arctan(C200)/C200
. (4)

Burkert: The enclosed mass of the pISO profile

quickly diverges at large radii (Eq. 3). Burkert (1995)

proposed a modified version of the pISO profile that di-

verges more slowly,

ρBurkert =
ρs

(1 + r
rs

)[1 + ( rrs )2]
, (5)

with an enclosed halo mass profile given by

MBurkert = 2πρsr
3
s

[1

2
ln(1+x2)+ln(1+x)−arctan(x)

]
.

(6)

Its rotation velocity is then given by

VBurkert

V200
=
C200

x
×√

1
2 ln(1 + x2) + ln(1 + x)− arctan(x)

1
2 ln(1 + C2

200) + ln(1 + C200)− arctan(C200)
. (7)

NFW: N-body DM-only simulations of structure for-

mation predict a cuspy profile (Navarro et al. 1996),

ρNFW =
ρs

( rrs )[1 + ( rrs )]2
, (8)

astroweb.case.edu/SPARC
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which goes as ρ ∝ r−1 at small radii and ρ ∝ r−3 at

large radii. Its enclosed mass profile is

MNFW = 4πρsr
3
s

[
ln(1 + x)− x

1 + x

]
, (9)

corresponding to the rotation velocity profile

VNFW

V200
=

√
C200

x

ln(1 + x)− x/(1 + x)

ln(1 + C200)− C200/(1 + C200)
. (10)

Einasto: Using high-resolution DM-only simulations,

Navarro et al. (2004) find that the simulated halos can be

better described by the Einasto profile (Einasto 1965),

ρEinasto = ρs exp
{
− 2

αε

[( r
rs

)αε
− 1
]}
, (11)

which introduces an additional shape parameter αε.

When αε > 0, the profile has a finite central density.

Its enclosed mass profile (Mamon &  Lokas 2005; Mer-

ritt et al. 2006) is

MEinasto = 4πρsr
3
s exp

( 2

αε

)( 2

αε

)− 3
αε 1

αε
Γ
( 3

αε
,

2

αε
xαε
)
,

(12)

where Γ(a, x) =
∫ x
0
ta−1e−tdt is the incomplete Gamma

function, and the velocity profile is given by

VEinasto

V200
=

√√√√C200

x

Γ( 3
αε
, 2
αε
xαε)

Γ( 3
αε
, 2
αε
Cαε200)

(13)

The shape parameter αε depends on halo mass (Dutton

& Macciò 2014),

αε = 0.0095ν2 + 0.155, (14)

where log ν = −0.11 + 0.146m+ 0.0138m2 + 0.00123m3

and m = log(Mhalo/1012h−1M�). Simulated DM ha-

los present a standard deviation of 0.16 dex around the

mean relation. However, in real galaxies, the final distri-

bution of αε differs significantly from this relation if we

do not impose it as a Bayesian prior (Li et al. 2019). We

hence include this relation as part of the ΛCDM priors

(explained in Section 2.3).

DC14: According to cosmological simulations of

galaxy formation, baryonic matter accreted within the

halos could exert a feedback effect on the halo and hence

modify its halo profiles. Di Cintio et al. (2014) consider

the baryonic feedback due to supernovae using a set of

zoom-in, hydrodynamic simulations. They establish the

DC14 model, whose profile is defined in terms of the

model class (α, β, γ) (Hernquist 1990; Zhao 1996),

ραβγ =
ρs

( rrs )γ [1 + ( rrs )α](β−γ)/α
, (15)

where β and γ are, respectively, the inner and outer

slopes, and α describes the transition between the in-

ner and outer regions. The values of these parameters

depend on the stellar-to-halo mass ratio (SHM),

α= 2.94− log[(10X+2.33)−1.08 + (10X+2.33)2.29],

β= 4.23 + 1.34X + 0.26X2,

γ=−0.06 + log[(10X+2.56)−0.68 + 10X+2.56], (16)

where X = log(M?/Mhalo) is the SHM ratio in logarith-

mic space. Its enclosed mass profile is given by

MDC14 = 4πr3sρs
1

α
[B(a, b+ 1, ε) +B(a+ 1, b, ε)], (17)

where B(a, b, x) =
∫ x
0
ta−1(1− t)b−1dt is the incomplete

Beta function, and we define a = (3−γ)/α, b = (β−3)/α

and ε = (r/rs)
α

1+(r/rs)α
. Thus, its velocity profile is given by

VDC14

V200
=

√
C200

x

B(a, b+ 1, ε) +B(a+ 1, b, ε)

B(a, b+ 1, εc) +B(a+ 1, b, εc)
. (18)

Equation 16 only works for the SHM ratio within (−4.1,

−1.3), since this is the range where the supernovae feed-

back is significant and dominant. At X < −4.1, the en-

ergy released by supernovae is insufficient to modify the

initial cuspy profile, so that an NFW profile remains. At

X > −1.3, feedback due to active galactic nuclei might

start to dominate. We hence set X = −1.3 as the largest

acceptable value, following Katz et al. (2017).

The fitting results for the Einasto and DC14 profiles

are presented in Li et al. (2019). For completeness and

comparison, we also include those fits in this paper.

coreNFW: More recently, Read et al. (2016a,b) in-

vestigate the evolution of isolated dwarf galaxies using

high-resolution hydrodynamic simulations. They con-

clude that long-time evolution can transform an inner

cusp into a finite central core through repeated bursts

of star formation. They provide a general fitting func-

tion for the evolved DM profile in terms of the NFW

profile,

McoreNFW(< r) = MNFW(< r)fn, (19)

where f = tanh( rrc ) acts to cancel the central cusp. The

core size rc is proportional to the stellar half-mass radius

R1/2, rc = ηR1/2, where the proportional constant η is

suggested to be 1.75. There could be some galaxy-to-

galaxy scatter around this value of η, but we keep it

fixed to minimize the number of free parameters in the

fit.

How shallow the core becomes is controlled by the

evolution parameter n (0 < n < 1). When n = 1, it

is a complete core, while n = 0 corresponds to a cusp.
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Figure 1. Cumulative distributions of the reduced χ2
ν for seven halo profiles with flat (left) and ΛCDM priors (right).

Therefore, the evolution of the halo profile is traced by

the value of n, which is given by

n = tanh(κ
tSF
tdyn

), (20)

where the so-called star-formation time tSF is set to 14

Gyr since all SPARC galaxies are at z=0, the tuning

parameter κ is set to 0.04 as suggested by the simula-

tions of Read et al. (2016a) and the dynamic time tdyn
is defined as

tdyn = 2π

√
r3s

GMNFW(rs)
. (21)

For the SPARC galaxies, this gives values of n span-

ning the range 0.1 to 1.0. The resulting cored NFW

(coreNFW) profile has a volume density profile given by

ρcoreNFW = fnρNFW +
nfn−1(1− f2)

4πr2rc
MNFW. (22)

Lucky13: We construct another cored profile from

the (α, β, γ) models by considering the specific case

γ = 0 to reach a finite core and β = 3 to get the same

decreasing rate as the NFW profile at large radii. The

transition parameter is simply set as α = 1. This gives

us the following profile

ρ130 =
ρs

[1 + ( rrs )]3
, (23)

which we call the Lucky13. Its enclosed mass profile is

given by

M130 = 4πρsr
3
s

[
ln(1+x)+

2

1 + x
− 1

2(1 + x)2
−3

2

]
, (24)

corresponding to the velocity profile

V130
V200

=

√√√√C200

x

ln(1 + x) + 2
1+x −

1
2(1+x)2 −

3
2

ln(1 + C200) + 2
1+C200

− 1
2(1+C200)2

− 3
2

.

(25)

2.3. MCMC simulations

We fit the observed rotation velocities by summing the

contribution of each component,

V 2
tot = V 2

DM + ΥdiskV
2
disk + ΥbulV

2
bul + V 2

gas. (26)

In general, DM profiles have two free parameters V200
and C200 (the Einasto profile has an additional shape

parameter αε). For the baryonic contributions, there

are also three adjustable parameters: stellar mass-to-

light ratio Υ?, galaxy distance D and disk inclination

i. They comprise a five (six for Einasto) dimensional

parameter space. To fit these halo profiles, we map the

posterior distributions of these fitting parameters using

the open python package emcee (Foreman-Mackey et al.

2013). As in Li et al. (2019), we impose lognormal pri-

ors on Υ? around their fiducial values (Υdisk=0.5 and

Υbul=0.7 according to McGaugh et al. 2016; Lelli et al.

2017) with a standard deviation of 0.1 dex suggested

by stellar population synthesis models (e.g., see Bell &

de Jong 2001; Portinari et al. 2004; Meidt et al. 2014;

Schombert et al. 2019), and Gaussian priors on D and

i around their mean values as tabulated in the SPARC

database with standard deviations given by their uncer-

tainties.

As for halo parameters, we set general loose bound-

aries for them: 10 < V200 < 500 km s−1, 0 < C200 <

1000. Within these ranges, flat priors are imposed for all

considered halo profiles. For the NFW, Einasto, DC14,
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coreNFW and Lucky13 profiles, we also impose the

ΛCDM priors, which is comprised of the SHM relation

(Moster et al. 2013) and the halo mass-concentration

relation (Macciò et al. 2008). The multi-epoch abun-

dance matching determines the relation between stellar

and DM halo masses,

M?

M200
= 2N

[(M200

M1

)−β
+
(M200

M1

)γ]−1

, (27)

where log(M1) = 11.59, N = 0.0351, β = 1.376 and γ

= 0.608. Moster et al. (2013) estimated the scatter to

be σ(log M?) = 0.15 dex around this relation. This

prior, together with the lognormal prior on stellar mass-

to-light ratios, robustly breaks the disk-halo degeneracy.

Macciò et al. (2008) show that the concentration and

halo mass are correlated via a power law,

log(C200) = a− b log(M200/[1012h−1M�]), (28)

where the coefficients a and b depend on cosmology and

halo profile. For the NFW, coreNFW and Lucky13 pro-

files, we use the values from the WMAP5 cosmology

corresponding to H0 = 72 km s−1 Mpc−1, close to the

value adopted for the SPARC database,

a = 0.830, b = −0.098. (29)

Di Cintio et al. (2014) show that the concentration for

the DC14 profile is related to that of NFW by

C200,DC14 = C200,NFW(1.0 + e0.0001[3.4(X+4.5)]). (30)

For the Einasto profile, the coefficients as shown in Li

et al. (2019) are

a = 0.977, b = −0.130. (31)

Equation 28 is the mean concentration-halo mass rela-
tion, and it has an intrinsic scatter of 0.11 dex.

We choose the likelihood function as exp(− 1
2χ

2),

where χ2 is defined as

χ2 =
∑
R

[Vobs(R)− Vtot(R)]2

(δVobs)2
, (32)

where Vobs is the observed rotation velocity and δVobs is

the observational uncertainty. The final posterior prob-

ability is proportional to the product of the likelihood

function and priors according to Bayes theorem.

We use the standard affine-invariant ensemble sampler

in emcee as in Li et al. (2019). We initialize the MCMC

chains with 200 random walkers and the size of stretch-

move a = 2. We run 500 iterations for the burn-in period

and then reset the sampler, before running another 2000

iterations. We check that the acceptance fractions for

most galaxies are within 10% and 70%. There are a few

galaxies with lower acceptance fractions, but their poste-

rior distributions are well behaved. The parameter sets

corresponding to the maximum probability are marked

as the best-fit parameters. We estimate their uncertain-

ties using the “std” output of GetDist2, an open Python

package for analysing Monte Carlo samples.

3. RESULTS

In Figure 1, we plot the cumulative distribution func-

tion (CDF) of the reduced χ2 (χ2
ν = χ2

N−f ) for all the

halo profiles. Among these profiles, the Einasto profile

with flat priors on halo parameters has the best fit qual-

ity since it has the largest number of fitting parameters.

In general, cored profiles such as Burkert, coreNFW,

DC14, Einasto, pISO, provide better rotation curve fits

than the cuspy NFW profile, no matter if we impose

ΛCDM priors (the combination of the stellar-to-halo

mass relation and halo mass-concentration relation, as

well as equation 14 for the Einasto profile) or not. When

imposing the ΛCDM priors, the fit quality decreases for

all halo profiles, but the adherence to ΛCDM scaling

relations drastically improve, as we now discuss.

We plot stellar versus halo masses in Figure 2. Stellar

mass shows a positive correlation with halo mass for all

the halo models. When imposing flat priors, the DC14

profile presents the closest match to the SHM relation,

having the smallest standard deviation of 1.01 dex. The

Lucky13 profile also shows a relation that matches the

expected SHM relation well except for a few outliers,

resulting in a standard deviation of 1.24 dex. On the

other hand, the Einasto, NFW, and coreNFW profiles

display much larger scatter, having standard deviations

of 1.68 dex, 1.61 dex and 1.36 dex, respectively. Finally,

the Burkert and pISO profiles show mean vertical shifts

of 0.51 dex and -0.44 dex with respect to the expected

SHM relation, giving systematically higher and lower

stellar masses.

When we impose the ΛCDM priors, the expected SHM

relation is well reproduced at low halo masses for all

halo profiles. For massive galaxies, the DM halo masses

are mostly smaller than the abundance-matching pre-

diction. The extent to which this deviation is signif-

icant depends on halo models: the DC14 profile pro-

vides the best agreement, while the NFW, coreNFW,

and Lucky13 profiles show larger discrepancies. The dis-

agreement at high halo masses for the NFW profile has

been pointed out by Posti et al. (2019), who argued for

a linear SHM relation for late-type galaxies. They im-

2 https://getdist.readthedocs.io

https://getdist.readthedocs.io
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Figure 2. The relations between stellar masses and DM halo masses for the seven halo models. Solid lines show the expected
stellar-halo mass relation (Moster et al. 2013), which is roughly recovered when the ΛCDM priors are imposed. Dark and light
shadow regions correspond to 1σ and 2σ standard deviations, respectively.
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profile have been converted to that for NFW in order to compare with the imposed relation.

posed the mass-concentration relation as a prior but did not impose the SHM relation. We here confirm that
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there exist some discrepancies at high halo masses for

the NFW profile even when we impose the SHM rela-

tion as a prior (see also Katz et al. 2017).

We plot halo concentration against halo mass in Fig-

ure 3. When imposing flat priors, the pISO, Einasto,

and Lucky13 profiles do not present clear trends between

concentrations and halo masses, having Spearman’s cor-

relation coefficients between -0.1 and -0.3. The Burk-

ert, NFW, DC14, and coreNFW profiles show marginal

evidence for anti-correlations, having Spearman’s coef-

ficients between -0.3 and -0.5. Moreover, these puta-

tive anti-correlations seem steeper than expected from

cosmology. The halo mass-concentration relation is not

as well recovered as the SHM relation even if it is im-

posed as part of the ΛCDM priors. Remarkably, in such

a case, the DC14 model is the only one to present a

significant anti-correlation (Spearman’s coefficient of -

0.5), but the relation appears systematically shifted to-

wards higher concentrations. The other profiles (NFW,

Einasto, coreNFW, and Lucky13) have Spearman’s co-

efficients between 0.0 and -0.2 indicative of no correla-

tions, as evinced by the relatively flat distributions of

concentrations versus halo masses.

In Figure 4, we show the fits for an example galaxy,

IC2574, using all the models. We list the best-fit pa-

rameters in Table 1. In Figure 6, we show the fits of

all SPARC galaxies using the Burkert profile. Similar

figures and tables are available on the SPARC website

for all 175 galaxies and all seven halo profiles.

4. CONCLUSION

In this paper, we provide the community with a homo-

geneous catalog of DM halo parameters for 175 galaxies

from the SPARC database, considering seven different

halo models. Homogeneity is an important guarantee for

fair comparisons of models, as Korsaga et al. (2019) find

that different fitting procedures can lead to significantly

different fitting results. The halo parameters are de-

rived performing MCMC fits to HI/Hα rotation curves.

We impose flat priors on the halo parameters, Gaussian

priors on galaxy distance and disk inclination, and log-

normal prior on stellar mass-to-light ratio. For five DM

halo models, we also present rotation-curve fits imposing

basic ΛCDM priors: the stellar mass-halo mass relation

from abundance matching and the mass-concentration

relation from cosmological simulations. In general, cored

DM profiles provide better fits than the cuspy NFW.

Moreover, while the stellar mass-halo mass relation is

generally recovered by all halo models when imposed

as a prior, the mass-concentration relation is not repro-

duced in detail by any halo model. All the fit results are

publicly available on the SPARC database in the form

of machine-readable tables and summary figures.

This work was supported in part by NASA ADAP

grant 80NSSC19k0570.
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Figure 4. Example galaxy: The best-fit rotation curves of the dwarf galaxy IC2574 using eight models with/without ΛCDM
priors. Blue, green, purple and black lines represent disk, gas, bulge (if present) and dark matter contributions, respectively.
Solid red lines are the total rotation curves, and the shadow regions reflect 1σ (dark) and 2σ (light) confidence levels. The
complete figure set (175 images) is available in the online journal.
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