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The core-cusp problem remains an important problem in the understanding of dark matter halo structures. This paper aims to
use mixed tracer Zhang 2024 sources of the rotation curve of the Andromeda Galaxy (M31) to compare the cuspy Navarro-
Frenk-White (NFW) and cored Isothermal dark matter density models. We model the galaxy using multiple functions for each
segment of the galaxy, the baryonic bulge and disk and the non-baryonic dark matter halos. The parameters for the dark matter
components are freed. Bayesian analysis using a nested sampling approach is used to determine best fit parameters for each
model. Both completed models are compared against the observation data using a Bayes factor analysis. They are also graphed
with the data to visually determine if the trend of each model matches the data. It is found that the NFW and Isothermal models
have approximately equal accuracy for M31, especially at lower radii. These results are compatible with previous studies on
M31 and other galaxies that show how degeneracies make modeling rotation curves very inconclusive. Further improvements to

data quality are necessary to produce more specific results.
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Introduction

Dark matter is the substance that holds galaxies together. In
the 1970s, Rubin et al. studied the rotation curves of spiral
galaxies from a wide range of radii sizes!. If all of the mass
was concentrated in the luminous bulge and disk of a galaxy,
as the radius from the center of the galaxy increased, the veloc-
ities of objects would get lower. What Rubin found, however,
was that as galactic radii increased, the velocity curve either
stayed flat, or actually increased'. Her research became the
backbone of the evidence in favor of dark matter as real. In
the later decades, this research was bolstered by other galaxy
dynamics research, such as the velocity field model simula-
tions by Bosmaz, and extensive research into rotation curves,
including a review by Sofue and Rubin?.

The rotation curves having a constant velocity at the outer
regions, despite the lack of visible matter in said regions, sug-
gests dark matter density profile resembles that of an isother-
mal sphere*. These density profiles have a core region near the
center of the galaxy with approximately constant dark matter
density, before transitioning to the outer region with higher
densities. This interpretation is backed by observations of the
rotation curves of low-mass galaxies, also known as dwarf
galaxies*.
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This model was later challenged in the 1990s, when con-
ducting n-body simulations on galaxy formation within the
ACDM framework, currently our most robust and accurate
model of cosmology, became common. These simulations
instead predicted a standard power law distribution for dark
matter halos near the center, where the density rose steeply
at smaller radii’~®. This has shown to be greatly successful
at describing the density distributions of massive galaxies, in-
cluding spiral galaxies like the Milky Way, but fails to match
the velocity curves of the dwarf galaxies. This is shown osten-
sibly by de Blok et al. in their comparison of the cored pseu-
doisothermal model and cuspy NFW model on various low
brightness galaxies®. These contradictions were also proven
to be due to problems with the data and how the mass models
were constrained 1. The discrepancy between simulation pre-
dictions and the real observations is known as the core-cusp
problem, and it is one of the biggest issues facing the ACDM
model of the universe.

To investigate the cuspy-cored problem, we have decided to
compare the isothermal model for the cored density profile and
the Navarro-Frenk-White (NFW) model for the cuspy density
profile. These two models were chosen in particular due to
their widespread use in dynamics, as they are the two most
commonly used density profiles*. This both makes it easier to
obtain parameters for M31, but it also makes for an effective
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comparison for the core-cusp problem itself.

The isothermal model assumes a spherically symmetric dis-
tribution of dark matter and constant velocity dispersion. This
naturally creates a flat rotation curve over large radius values,
which is exactly what is seen in real data'!. The model has
been used very frequently both due to its simplicity and accu-
racy to simulate the almost constant slope of galaxy rotation
curves, especially for dwarf galaxies*!%13.

The NFW density distribution was the first created from the
N-body simulations of galaxy dynamics in the ACDM frame-
work®. This has created the dense inner cusp that trails off
at larger radii. Due to its simulated backing and general suc-
cess for massive galaxies, the NFW profile is widely used as a
benchmark for dark matter halos '3, Tt has also been used to ef-
fectively model the rotation curve of M31 itself'*"'®, making
it easier to compare with other literature.

The aim of this paper is to compare the Isothermal and
NFW density models with the Andromeda galaxy (M31) ve-
locity curve. M31 was chosen as, due to its proximity to the
Milky Way, it is one of the few galaxies that has high resolu-
tion data!”. This allows us to go beyond the more simplistic,
and possibly inaccurate at large radii, SPARC database that
most other galaxies must use'®. However, although M31 is
similar to other large spiral galaxies, it being only a single
galaxy means conclusions cannot be directly applied to other
studies.

This paper expands the scope and methods of previous pa-
pers. We use the Zhang 2024 dataset'*, which calculates the
velocity curve data of M31 from a combination of many rel-
evant sources, including LAMOST DRY, the DESI survey,
and other publications. The authors divided the objects into
disk, bulge, and halo components of the M31 galaxy’s rota-
tion curve out about 125 kpc. This is instead of using the
more widely used HI and other gas data, such as the Chemin
2009 and Carignan 2006 datasets (e.g.,'>!%-2%). This gives
the dataset a range of 125kpc, far further than other previous
datasets which go only up to 35kpc-40kpc. This is important,
as because other datasets have a much more limited radial ex-
tent, they can bias the more central regions of the galaxy, when
in actuality the further regions are where dark matter mod-
els differ the most (e.g.,?>*) . Modeling the outer regions
is therefore extremely important to truly map the accuracy of
dark matter density models.

Secondly, we use Bayesian evidence for our parameter fit-
ting calculations. Particularly, instead of using MCMC like
the majority of models (e.g., '*?>?%), we use a nested sampling
approach. This approach is much better for model compari-
son and handling multi-modal posteriors, which are directly
calculated or sampled by nested sampling?®. A limitation of
nested sampling is its penalization of wider priors, meaning
evidence-based priors will need to be implemented.

Methodology

Determining Total Velocity

There is no single model that can be used to compute full ro-
tation curves of galaxies. Instead, component models for each
section of the galaxy—the baryonic bulge and disk and non-
baryonic dark matter halo— must be combined to create a full
mode12266. The form to combine the velocities is shown in equa-
tion 1-°.

Vtzolal(r) = v%ulge(r) + vﬁisk(r) + Vﬁalo(r) (1)

The velocity equations are combined in this way due to New-
tonian gravity and gravitational potential. The orbital speeds
of objects are determined by their gravitational potential while
in spherically symmetric bodies. Because gravitational poten-
tial can be added together linearly, the potentials of the bulge,
disk, and halo combine linearly. Gravitational potential is di-
rectly proportional to the square of an object’s circular veloc-
ity 2. Therefore, the total circular velocity is obtained by sum-
ming the squared velocities of the individual components.

Many studies additionally calculate a gas component to add
alongside the rotation curve. However, it is not explicitly cal-
culated for this study. While gas contributes to the baryonic
mass distribution, its effect on the rotation curve is primarily
confined to intermediate radii and is far lower compared to
both the stellar and dark matter components in massive spiral
galaxies?’. Previous studies have shown that baryonic contri-
butions decline rapidly beyond a few disk scale lengths, with
dark matter dominating the outer regions (e.g., '®?7). Further-
more, the addition of a gas component would force us to create
a new model with multiple additional new parameters for fit-
ting, necessitated by the fact that no M31 gas data extends as
far as the Zhang data does. This would have created addi-
tional uncertainties in the models, which, combined with the
low effect on the model due to the utilization of data extend-
ing to large radii '#, makes the exclusion of the gas component
logical.

Source of NFW and Isothermal Equations

To model the halos components, the Isothermal and NFW
models were chosen. They were chosen as they are the two
most used models?, and they show the comparison between
core and cuspy models, which we wanted to investigate.

The isothermal model is the cored model, and shown in
equation 2282%_ Tt has two parameters: pg, which is the cen-
tral density, or how dense the core of the galaxy is, and r., the
core radius, which is the radius where the density curve stays

flat28.
1<)

1+ (ﬁ)z

The NFW density profile is shown in equation 32'. This
model has two parameters which change based on the galaxy:

p(r) = (@3]

2 |NHSJS 2026

© The National High School Journal of Science 2026



Ps, which is the density scaling parameter and is used to fit the
model to the data, and rs, which is where the density of the
galaxy changes from ~ 1/r to ~ 1/ in the function?!. This
is what causes it to be a “‘cuspy” model, instead of being cored
like the isothermal equation.

Ps
r r 2
() (1+£)
Literature values of NFW halo parameters are often expressed
in terms of virial mass, M,;,, and concentration, c. These

will be the values we take as parameters in this paper, as they
can be converted to the scale density and scale radius for our

density curve. The virial radius is given by ryi; = ﬂ%p“?{,
cr1

where p; is the critical density of the universe?. Scale ra-

dius is given by rs = ry;-/c, and the scale density is given by
— Mvir 9,31
Ps = 47rr3[ln(l+c)f—lic] '

p(r) = (3)

2
The critical density p¢rit was calculated using perit = ﬁ,

where the Hubble constant, Hy, is set to 67 km/s/Mpc, in or-
der to align with how both this Hy value and the NFW curve
itself were calculated using ACDM simulations*2. The virial
overdensity A was set to 200 to match the original NFW study
as well as most other rotation curve studies (e.g.,>3%3").

To convert density to circular velocity, the density function
just needs to be converted to a mass function and then plugged
into the circular velocity equation. After plugging in each of
the density equations for both the isothermal and NFW equa-
tions, the simplified solutions come out as equations 4 and 5
respectively.

ve(r) = \/471Gp0r§ (1 - rTC arctan (rL)) 4)
_ 47erSrj§ r rlrs
AR e e e R

Source of the Baryonic Velocity Equations

The dark matter models are not the only models necessary to
graph the velocity curve; the bulge and disk must also be mod-
eled to create a full velocity profile. For this purpose, we used
two widely used profiles: Hernquist for the bulge and Freeman
for the disk.

The Hernquist bulge profile is shown in equation 6. This
profile comes from the regular circular velocity formula, but
it is a specific analytic form of M(r) chosen because it mimics
observed bulge light profiles33. This equation has 2 parame-
ters: M), represents the mass of the entire bulge region, and
rp 1s the scale length, which represents how far out the bulge

reaches 3.
’ GMyr
Vbulge(r) = m (6)

The Freeman disk model is shown in equation 72°. This equa-
tion has 2 parameters: rq and . rq represents the disk scale
length, or the distance over which the surface brightness of
a galaxy’s disk falls by a factor of e. }, represents the cen-
tral surface mass density of the disk, or the mass per unit area

at the disk’s center?®. 1,(x) and k,(x) are modified Bessel
functions of the first and second kind, appearing due to this
function modelling a very thin disk, forcing us to compute in-
tegrals in cylindrical geometry. The full Bessel functions are
given in the appendix.

vaisk (1) = 475G S0 ra Y2 [l () Ko(y) = h() Ki(0)], ¥ = —

2rg
)
Literature values of parameters for the Freeman disk gener-
ally give the disk mass Mb instead of the central density. We
use that as the basis for our parameter and convert it to the

central density using the equation £y = 22/[]‘;2 when modeling
d
34

the velocity curve’”.

Data Description

We use observation rotation curve data from Zhang & col-
leagues '#, shown in Table 2. This curve was created using
a dataset of 13,679 objects in M31 to create the largest col-
lection of velocity measurements for M31 ever. This means
it does not only include HI, but uses mixed tracers like stars
and halo objects as well '*. Some sources of the data include
LAMOST DR9, DESI survey, and other relevant publications.
The rotation curve stretches out until about 125 kpc, with ve-
locities being split by the authors into disk, bulge, and halo
components. Unlike HI-based rotation curves, Zhang 2024 re-
lies on dynamical modeling of multiple tracer populations, in-
troducing additional assumptions in the data'#. This is shown
by the higher velocity errors in Zhang compared to Carignan
2006, for example 35 However, these methods allow access to
the outer halo where direct circular velocity measurements are
not available. Therefore, while more model-dependent, Zhang
2024 is able to reach much further than traditional HI observa-
tions, useful for dark matter models as this is where the M/L
ratio should be greatest. Additionally, note that only veloc-
ity uncertainties are produced, as radius uncertainties are too
small in comparison to significantly impact results.

Bayesian Analysis

We perform parameter estimation within a Bayesian frame-
work, where the posterior probability distribution of model
parameters ©, given data D, and model M, is determined by
Bayes’ theorem:

P(D | ©,M)P(©| M)
P(D | M)

Where P(® | D,M) is the posterior, P(D | ®, M) is the like-
lihood, P(® | M) is the prior, and P(D | M) is the evidence

P®|D,M) =

(®)
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Table 1 velocity data of M31 using the Zhang 2024 dataset. Columns 1 and 4 are the radial distance from the center in kpc, columns 2 and 5
are the circular velocities in km/s, and columns 3 and 6 are the uncertainties of the velocities in km/s.

Radius (kpc)  Velocity (km/s)  AVelocity (km/s)  Radius (kpc)  Velocity (km/s)  AVelocity (km/s)
0.22 163.24 15.61 19.38 199.73 15.19
0.65 210.95 18.56 8.88 233.09 324
1.86 223.8 10.72 11.55 217.54 35.26
3.19 226.79 7.96 13.55 230.53 35.63
4.23 213.74 8.17 15.25 21291 36.6
5.32 212.54 7.55 16.91 212.36 36.67
6.27 221.94 7.2 18.68 204.64 38.1
7.2 2233 8.49 20.41 220.27 37.18
8.2 225.97 9.28 22.26 213.35 37.17
9.14 226.63 9.07 24.12 219.28 36.73
9.93 223.45 10.29 26.26 217.99 35.88
10.62 221.25 10.24 28.63 222.84 38.16
11.25 221.17 11.16 31.23 204.28 37.89
11.83 213.58 9.75 34.28 210.33 38.76
12.48 215.04 12.67 39.56 221.84 36.68
13.37 215.12 12.82 46.21 185.33 38.68
14.29 217.92 13.52 52.08 182.05 38.15
15.2 21597 13 54.85 196.28 38.81
16.08 223.22 13.07 67.26 202.02 40.67
17.21 213.32 13.44 98.74 192.59 42.23
18.31 213.85 15.37 123.56 168.53 41.34

(marginal likelihood), and which can be calculated by the fol-
lowing integral:

Z=/£(®)7r(®) do )

Where Z =P(D | M), L(®) =P(D|06,M), and n(®) =
P(® | M). This integral is usually very challenging to cal-
culate, but that is where dynesty comes in. Dynesty is a
python package for estimating both Bayesian posteriors and
evidences using the Dynamic Nested Sampling algorithm,
making the process far simpler>>. All Bayesian analysis in
this paper is done using the dynesty package.

For the likelihood function, we assume Gaussian uncertain-
ties in the observed rotation velocities, as is standard practice
in astrophysical analyses (e.g.,%37). The likelihood function
is proportional to the following equation:

2
XZ — Z (Vobs,i - ‘i/lot(Ri)) (10)

1
log L =-=x%,
2 a3

13
Where V,,15.; 1s the observed rotation velocity at radius R; and
o is the observational uncertainty at that point. Note that the
constants have been dropped from the usual Gaussian uncer-
tainty equation as nested sampling only necessitates relative
likelihoods, so constant normalization factors can be omitted
without affecting the results.
Once parameters are finalized, comparing the Isothermal
and NFW models using this method is simple. To compare

two models M1 and M2, we assume equal prior probabilities
for both models, reflecting no prior preference’. This causes
the model comparison to reduce to the ratio of Bayesian evi-
dences (Bayes factor):

Zi

BF; Z

As we are comparing evidences here, we cannot omit the

constant in the likelihood functions. This is because Z de-

pends on the absolute value of £(®), making the removal of

the constant create a large discrepancy. Therefore, in the like-

lihood functions that calculate evidence we must include the
constant, shown in Equation 13

log L = —%/\{2 - Zlog (‘/2”0}2)

Additionally, we use the log Bayes factor to compare the fit
of our models as it provides superior numerical superiority. In
this function, the more positive the value the better model 1
fits, and the more negative the value the better model 2 fits.
The log Bayes factor is given as:

Y

12)

log(BF12) = log(Z1) - log(Z2) (13)

Priors

The prior ranges used in the Bayesian analysis are listed in Ta-
ble 2. When creating prior ranges, we decided the spread of
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the range depending on multiple factors. R, and R, have low
spreads, as they are based on direct observations !73839 M
¢, and r. have a slightly wide range due to the methodologi-
cal variance between studies and, for the first two, a basis in
N-body simulations over physical observations!3-19:21:29.39,
My, Mg, and p. have a high spread due to not being di-
rectly observed and having a high degeneracy with the M/L
ratio 1719213941 " Al] priors are based on values from other
M3 rotation curves.

Once parameters are calculated, the median values are re-
ported and used in graphs. The 68%, or 1o, credible region is
reported as asymmetrical errors, corresponding to the 16% and
84% percentiles of the posterior distribution. This is a widely
accepted method used for posterior reporting in astrophysics,
as it avoids assumptions of Gaussianity and provides proper
characterization of potentially skewed posterior distributions
(e.g-’ 21,2531 ).

virs

Results

Parameters

In Tables 3 and 4 we report median values for all the parame-
ters, separated by model. The 16% and 84% percentiles of the
posterior distribution are provided as asymmetrical errors. Ta-
ble 3 presents the parameters for the Isothermal model, while
Table 4 presents the parameters for the NFW model.

The posterior distributions for all the parameters values are
tight, showcasing that they are very well constrained. The
only parameters with significant uncertainties are the central
density and core radius, as their uncertainties are large per-
centages of the median value.

Model Fit

Performing the log Bayes factor test to compare models gives
a value of 0.0121 in favor of the isothermal model. This shows
essentially no difference between the fits of the models. The
prior ranges were shifted by small amounts to check for ro-
bustness, but the log bayes factor never exceeded +2, indicat-
ing both models fit about equally well for the M31 data.

Graphs

In Figure 1 and Figure 2 we graph the velocity curves of the
NFW model and Isothermal model alongside the Zhang 2024
data. Figure 1 graphs the full radius while Figure 2 graphs the
inner 60 kpc of the radius.

These figures display just how large of an effect parameter
degeneracies have on rotation curve models. Both NFW and
Isothermal models look almost the same for the first 50 radii
until they finally start to diverge. This is the region with the
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Fig. 1 & Fig. 2. Graph of the circular velocity of M31 over its
radius outputted by NFW and isothermal models compared to the
M31 data. Figure 2 is the same but with radius restricted to before 60
kpc. Shows the graphs of the NFW and isothermal velocity curves in
green and purple respectively. The white points are the points taken
from the observation data, with their error bars being visible. Models
are graphed using median parameter values given in Table 3.

highest bulge and disk percentage, so they are able to over-
power any change the models could have due to the dark mat-
ter contribution. At larger radii, although there is a divergence,
neither model seems to be significantly closer to the data than
the other, and the large uncertainties make this more difficult
to conclude as well.

Figure 3 shows the Isothermal model along with all of its
split components. Figure 4 the NFW model split into its com-
ponents as well. These figures showcase how each component
contributes to the full velocity curves. The bulge component
completely dominates the very low radii, making up almost all
the velocity before 1kpc, but then steeply falls off. The NFW
component has a much steeper slope at the start, before level-
ing out very quickly. The isothermal component has a much
shallower initial slope but reaches a higher dark matter value
later on. It also shows how the disk component is vital for the
velocity curve at lower radii. These models also show just how
large an effect the degeneracies have on the models. Figure 3
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Table 2 Priors with large spreads use a log-uniform distribution, while those with low to medium distributions use the uniform distribution.
This ensures in the larger ranges that greater parameter values are not over-represented in the process.

Component Parameter Symbol Range Units
BULGE Mass My 3% 109 -2 x 10" Mo
Scale Length b 4-17 kpc
DISK Disk Mass My 8x10° -8 x 100 Mg
Disk Scale Length rd 2-05 kpc
ISOTHERMAL  Central Density P0 1073 - 107! Mgy pc3
Core Radius Te 5-35 kpc
NFW Virial Mass My;  3x 10" —5x 102 Mo
Concentration c 10 -40 -
Table 3 Fitted parameters for the Isothermal model
Component Parameter Symbol Median Parameter Units
BULGE Mass My 5.33+ 85 x 1010 Mo
Scale Length b 1.2070-2 kpc
DISK Disk Mass My 8.59*33% x 100 Mo
Disk Scale Length rd 5.68t0'_§)21 kpc
ISOTHERMAL  Central Density o 0.4070% x 1072 Mgpc™?
Core Radius e 13.3tz'_522 kpc
Table 4 Fitted parameters for the NFW model
Component Parameter Symbol Median Parameter Units
BULGE Mass M 4.17+080 x 101 Mo
Scale Length rp 1.03t%:21}) kpc
DISK Disk Mass Mgy 3.90*% x 1010 Mo
Disk Scale Length ra 5.79f0‘.86 kpe
NFW Virial Mass My 7.79+30% x 10! Mo
Concentration c 12 ,Qt?ﬁ -

shows the disk components have a very large contribution at
lower radii to make up for the isothermal core’s lack of dark
matter. In Figure 4, the disk has a far smaller contribution
as the cuspy NFW model starts off very dense at lower radii.
These showcase how both graphs can be almost equally close
to the data at the majority of radii.

Discussion

This paper finds the Isothermal and NFW models to have ap-
proximately equal fits on for the M31 data. The log Bayes
factor test yielded a result of ~0.01, an almost perfectly equal
goodness of fit. Additionally, both graphs stay approximately
the same for the first third of radii, the section with the major-
ity of the data points, making any graphical distinction only
visible at very large radii.

Both the figures and the data table showcase the flat rotation

curves of galaxies. In a galaxy without dark matter, the ve-
locities should have dipped down to around 100km/s, or even
lower, just a few kiloparsecs after the peak velocity. Yet, this
graph shows the opposite happening, having the graphs stay
approximately steady once they reach their maximum veloci-
ties.

Cuspy vs Cored

The difference between the cuspy and cored dark matter mod-
els are shown very well in Figure 3. The cuspy NFW dark
matter component has a much steeper slope at the start, be-
fore leveling out very quickly. The Isothermal component has
a much shallower initial slope, but reaches a higher and more
constant velocity later on in order to compensate. This is ex-
actly how both models are supposed to behave.

Despite differences in the dark matter models themselves,
however, both of the full rotation curve models perform ap-
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Fig. 3 & Fig. 4. The Isothermal & NFW DM models respectively
split into their components, along with the M31 data, over the full
radius. The components are modeled using the median fitted param-
eters for isothermal function. The purple line is the full isothermal
function, green for the full NFW function, yellow is the bulge, red is
the disk, and blue is the respective dark matter component.

proximately the same. This is because of the strong degener-
acy between the disk and halo components. When the Isother-
mal model has a low density at the early radii the disk in-
creases in density to meet the rotation curve data. When the
NFW model goes high earlier, the disk stays slow to stay
within the data range.

The disk component is only significant at early radii, so at
larger radii the models should be more distinct. While both
models do diverge at these larger radii, both fit about equally
well to the data at large radii. Additionally, the data at large
radii was detected from tracers, creating larger scatter and un-
certainties at those values. This means if any model is far
closer to the data at large radii, it would not cause a statisti-
cally meaningful change in its fit due to the large error value.

The negligible difference in Bayesian evidence indicates
that neither model provides a significantly more efficient de-
scription of the data given the chosen priors. This evidence
is based not just on best-fit quality, but on prior volume as
well, making this a more significant result. This is not a rare
outcome, as much other rotation curve literature is unable to
come to specific conclusions on model fit for similar reasons

3
(e.g., 15, 7,42).

The low magnitude of the log Bayes factor test points to
there being no way to distinguish the Isothermal and NFW
models. This is caused by the large number of free param-
eters, creating strong degeneracies between the components.
This allows both models to easily produce flat rotation curves
present in the majority of galaxies (e.g., '*?13740). This, com-
bined with the high uncertainty from the data at large uncer-
tainties, makes it difficult to distinguish between the models
with the present resources.

Data Analysis

The data analysis for this paper was robust. The use of nested
sampling over the traditional MCMC was a big improvement.
Nested sampling provided a better model comparison method
and handling of the multi-modal posteriors that are common
in velocity curve papers. The use of Bayesian statistics more
broadly is far more accurate at determining parameter values
than frequentist methods in astrophysical contexts.

The use of asymmetric errors provided a more accurate
view of the parameters. It is very common for parameters to
not have equal likelihoods to increase and decrease from the
mid-point of the posterior distributions. Calculating the 68%
credible region of these distributions created a more realistic
picture of the real possible values of the parameters.

The use of the extended dataset gave an opportunity to com-
pare models at large radii. The models were forced to continue
staying flat to model the extended curve, where in other analy-
ses it is possible for the curve to fly both far down or up when
looking at the greater radii.

Limitations

Analyzing only a single galaxy means these results only apply
to M31. To apply the results more broadly, a larger sample of
galaxies would need to be analyzed. Galaxies of varying mass
would have needed to be tested to analyze if NFW applies for
all cases. This is especially true as core-cusp behavior can be
completely different based on the galaxy mass, such as dwarf
galaxies showing a more cored density curve.

There are limitations with the model assumptions as well.
Our models assume spherical symmetry within the dark mat-
ter halo, as well as idealized profiles modeled by each com-
ponent. Real galaxies have more complex structures that can-
not be entirely modeled by these less complex profiles. More
complex profiles could have allowed one model a better fit
than the other, but it is likely since the differences would have
been so minuscule, and that they would have been applied to
both models, that the fits would stay approximately equal.

The lack of a gas component is another limitation. Although
the gas component makes up a very small fraction of the mass
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of a galaxy, it does still have an impact. Its inclusion would
have been unlikely to change this paper’s conclusions, but it
could have changed the specific parameters calculated here,
for example.

The uncertainty of the data was a significant limitation. As
much of the data, particularly at large radii, came from trac-
ers instead of traditional HI or HII gas, they had much higher
uncertainties. This makes it harder to create models around
the data points, as they are less likely to exactly fit the data.
Higher quality data could allow a more concrete fit for both
models.

One more uncertainty is prior range choice. Nested sam-
pling relies on prior choice in a large way to calculate model
accuracy. Deciding priors is a subjective decision and could
therefore alter the outcomes of model comparison. This paper
attempted to choose priors based on previous bodies of work,
and calculated the Bayes factor with different prior choices,
but it is possible better ranges could have been chosen which
could have changed results in one model’s favor.

This investigation did not look at other dark matter profiles.
Other popular density profiles such as Einasto and Burkert
may have provided even better fits, but were not discussed
here. It is possible one of these models has better fits than
the NFW and Isothermal models, which would have changed
the conclusions of this paper.

Future studies may look at restricting the stellar compo-
nents of the models, such as by utilizing independent mass
tracers to constrain the mass. This would allow for degenera-
cies to be reduced, creating more conclusive models.

Conclusion

This study compared the Navarro-Frenk-White and [sothermal
dark matter density models to simulate the observed velocity
curve of M31. Robust parameter calculations were produced
using a nested sampling approach for each individual model.
Log Bayes factor analysis produced a value close to 0, show-
ing no real preference between the models. These conclusions
show the systematic problems with measuring velocity curves
with high degeneracies. These conclusions are specifically ap-
plicable to M31, though similar methods will be applicable
for all galaxies. Higher quality data and more restrictions on
the stellar mass are needed to form more specific conclusions
about these dark matter models.
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