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Abstract 

Since the early stages of the formation of the universe, dark matter has played a crucial role in mapping the 

large scale structures, being the frame of matter overdensities which grew up to form galactic and intergalactic 

structures. However, due to its mysterious nature and the property only interacting with gravitational fields, 

not much light is shed on the discovery and understanding of dark matter’s possible particle nature. This paper 

aims to interpret the density distribution of dark matter in different regions of the Milky Way(Bulge, Disk, 

Halo) from most recent models(NFW, Einasto, Isothermal, Burkert, Moore) and match it with the data of 

stellar rotational velocities measured by GAIA DR2 database. We do not directly derive velocities from raw 

GAIA DR2, but instead use compiled rotation curve data calibrated with GAIA measurements taken from 

Sofue et al. 2025[20]. We have also extrapolated parameters and normalization factors regarding each model, 

and evaluated with a more rudimentary method offered from Cirelli, M. et al. 2011[7]. Through our method, 

we provide a rudimentary overview on how the dark matter density profiles correlate with the newest DR2 

data and evaluate their applicability. In turn, we hope the results offer insight on which model could be 

compatible concurrently in our galaxy. 
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1. Modern History of Dark Matter Research 

Entering the late 20th and 21st century, there has been dark matter evidence measured in galactic rotational 

curves, galaxy clusters (e.g. Bullet cluster shown in Fig.1) and through the Cosmic Microwave Background 

anisotropy data, a primordial form of light generated about 380.000 years after the Universe formation. 

Theories and hypotheses about the nature of dark matter are also blooming in the cosmology field, suggesting 

it is composed of axions, WIMPs, MACHOs, or even non-existent according to MOND, for which dark matter 

evidence should be explained with a modification of the Newtonian theory of gravity. There are several particle 

physics theories of dark matter and several of them have been strongly constrained with current experiments 

and observations. However, with the development of technology and instruments targeted towards discovering 

dark matter (e.g XENON, LUX, PandaX) and even multi-messenger paths such as LIGO, we are discovering 

more gravitational evidence of dark matter that raises even more questions about its origin, properties, and 

purpose.  
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By carrying on the ancient yet reliable method of tracking stellar velocities into rotational curves, we expect to 

improve knowledge about the dark matter distribution model of the Milky Way with the newest GAIA DR2 data.  

The observation of the Bullet Cluster, of which we show an image below, is one of the most interesting 

pieces of evidence of dark matter. This represents the collision of two Clusters of Galaxies. We see in the 

image in magenta the location of the hot gas that is displaced with respect to the center of the Gravitational 

lensing, which represents where the dark matter is distributed. This observation typically leads to the 

conclusion that dark matter particles should be very weakly self interacting. 

Figure 1: Bullet Cluster Image in X-ray, redshift 0.3z, exposure 0.5 megaseconds taken by Chandra X-ray Observatory, 

NASA and Harvard and Smithsonian Center for Astrophysics. The purple colored areas are hypothesized regions of 

dark matter, whose density increases with the luminosity of the purple color 

 

Source: Constraints on physics of gas and dark matter from cluster mergers 

Figure 2: The strong gravitational lensing features a distorted image of a farther blue galaxy from behind the yellowish 

fuzzier elliptical galaxy members of the cluster CL0024+17. All of the elliptical galaxies in the center are 

gravitationally bound and related, where there’s no correlation between the distorted blue galaxy with them. The image 

of the blue galaxy is refracted into many tangential arcs, which the scale of the Einstein Ring is unreproducible with 

only the luminous mass of the galaxy cluster. Hence, proving that there’s a large dark matter halo around the cluster. 

The cross point sourced light are nearby stars in our own galaxy (the star angle created by the shape of optical mirrors 

in the Hubble space telescope) 

 

Source: NASA/ESA/M.J. Jee (John Hopkins University).  
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Gravitational lensing around galaxy clusters (see Fig. 2) cannot be produced with only the luminous mass 

deduced from the galaxy and also reveals the presence of a massive dark matter component that should be a 

factor of about 6 more massive than ordinary matter. 

2. Rotational Velocity 

Dark matter contributes to explaining the most relevant dynamical aspects of galaxies. In particular, the 

galactic rotation curves, such as for the Milky Way, have been widely used to estimate the dark matter density. 

The star velocities are expected to decrease with the square root of the radius for distances beyond the disk size 

if only visible, i.e. baryonic matter is present. In fact, the density of gas and stars decreases sharply beyond the 

Galactic disk. If we consider that only visible mass contributes to the velocity at radius R, which is given by:  

𝑉(𝑅) = √
𝐺𝑀(𝑅)

𝑅
 

Then the mass M(R) would be constant for R>galactic disc radius and thus the velocity would decrease 

with the square root of radius. 

However, the measurements from Jeremiah Ostriker et al. in Princeton and Jaan Einasto et al [9] in Estonia 

indicates that the rotation curve data is approximately constant after reaching the end of the disk. This means 

that the stars at the rim of the galaxy are orbiting almost at the same speed as the stars within the outer bounds 

of the disk, despite being less luminous matter present. Hence, there must be invisible mass surrounding the 

galaxy to add the mass component and let the stars have a high orbital velocity. This additional invisible matter, 

called dark matter, should have a density profile ∝ 𝑟−2 in order to provide a velocity profile constant in radius. 

3. Purpose 

Following the research of dark matter density, I use the traditional method of evaluating rotational curves 

because it is a strong indicator of reflecting the dark matter density distribution in the galaxy, as proven by 

various historical research. In particular, I have selected GAIA DR2 data that is the currently newest 

measurement. Different papers have taken these data to extract the rotational velocity in the Milky Way. Most 

of them pointed out that there seems to be a decreasing shape of the velocity between 10 and 30 kpc. I decided 

to use the data released by Sofue 2025 [20] to get a reliable measurement of the rotational velocity of stars in 

the Milky Way. In particular, we consider data from 0.02 kpc to 95 kpc, which covers the bulge, disk and outer 

halo of the galaxy where dark matter should contribute the most. Based on Sofue’s paper on the NFW fit with 

GAIA DR2 Data, I have elaborated on other mainstream models of Einasto, Isothermal, Burkert, Moore as 

well as NFW, to verify the accuracy and universality of the rotational curve shapes.  

4. Data 

The data we used is taken from [20], which takes into account the latest GAIA data to estimate the star 

rotational velocities. We have used this reference because it is among the newest and most updated releases of 

the rotational velocity data.  

First, we have used a simplified method to estimate the dark matter density parameters. In particular, we 

have considered the values of the local dark matter density and total dark matter mass as reported in [7]. The 

local dark matter density is 0.3 GeV/cm³ while the total dark matter mass within 60 kpc is 4.7 × 1011𝑀☉(solar 

masses). We have first fixed the normalization using the value of the local dark matter density and then we 

have found the scale radius using the total dark matter mass. The constants we applied are reported in Table 1.  

When using this method we find the values of 𝜌𝑠 and 𝑟𝑠 reported in the bottom part of Table 2.  

By comparing these numbers with the ones of Ref [7] we note that the values we find are comparable to 

the one reported in that reference. Therefore, our results and the method applied seem reasonable. We now 

proceed in the next section with a more precise method which relies on the rotational velocity data. 
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Table 1: Physical constants and parameters used in the rotation curve and dark matter density modeling 

Parameter Value Description 

Cρ 2.63 × 107 M⊙ kpc−3 / (GeV cm−3) Density conversion factor 

R0 8.178 kpc Solar radius from Galactic center 

ρ0 0.36 GeV cm−3 Local dark matter density 

Rmax 120.0 kpc Maximum radius considered 

Mtot 4.7 × 1011 M⊙ Total mass of the Milky Way 

G 4.30091 × 10−6 km2 s−2 kpc / M⊙ Gravitational constant (astrophysical units) 

αEinasto 0.11 Shape parameter (Einasto–Burkert hybrid modeling) 

Table 2: Initial estimates for local dark matter scale density and scale radius across various DM profiles using 

approximation from Cirelli et al. 

Parameter NFW Einasto Isothermal Moore Burkert 

Rs (kpc) 24.50 35.51 4.40 30.39 12.68 

ρs (GeV/cm3) 0.18 0.02 1.38 0.10 0.71 

5. Methodology 

We applied mathematical models from [20], and used a python program to fit the data of the rotational 

velocity applying the following models of dark matter density.  

Navarro-Frenk-White (NFW) [16]: 𝜌𝑁𝐹𝑊(𝑟) = 𝜌𝑠
𝑟𝑠

𝑟
(1 +

𝑟

𝑟𝑠
)

−2
 

Einasto [9]: 𝜌𝐸𝑖𝑛(𝑟) = 𝜌𝑠 𝑒𝑥𝑝 𝑒𝑥𝑝 {−
2

𝛼
[(

𝑟

𝑟𝑠
)

𝛼
− 1]} 

Isothermal [3]: 𝜌𝐼𝑠𝑜(𝑟) =
𝜌𝑠

1+(𝑟/𝑟𝑠)2 

Burkert [5]: 𝜌𝐵𝑢𝑟(𝑟) =
𝜌𝑠

(1+𝑟/𝑟𝑠)(1+(𝑟/𝑟𝑠)2)
 

Moore [14]: 𝜌𝑀𝑜𝑜(𝑟) = 𝜌𝑠 (
𝑟𝑠

𝑟
)

1.16
(1 +

𝑟

𝑟𝑠
)

−1.84
 

𝜌𝑠 represents a normalization parameter that acts as a scaling factor for the overall mass concentration. r 

represents the distance from the center of the galaxy or the center of the dark matter halo and it is taken from 

the table in the appendix, which is the independent variable. 𝑟𝑠 is the typical scale radius of the dark matter 

density profile, that determines where the profile changes shape. For 𝑟 ≪ 𝑟𝑠, the density profile is relatively 

shallow (𝜌𝑠 ∝ 𝑟−1), while 𝑟 ≫ 𝑟𝑠, the density profile drops off much more steeply (𝜌𝑠 ∝ 𝑟−3). 

For 𝛼 used in the Einasto model, we have taken the value of 0.11, which is stated in [7]. It is also a shape 

parameter, which allows the Einasto profile to adjust how quickly the density transitions from the center to the 

outer edges. A smaller 𝛼 results in a more divergent center. 

The first density profile is NFW and it is a cuspy profile that increases as r approaches 0. NFW and Moore 

profiles arise from cold dark matter N-body simulations, where gravitational collapse of collisionless particles 

naturally leads to centrally concentrated “cuspy” density distributions. These profiles predict a steep increase 

in density toward the Galactic center due to hierarchical merging and violent relaxation processes. The NFW 

density actually diverges for r=0. This is cured typically by fixing a constant density for very small distances 

from the Galactic center. 

The Einasto profile is also categorized as a cuspy profile which however is not divergent at r=0. It is more 

of an intermediate profile that describes how the logarithmic slope varies with radius smoothly. Its hybrid 

position has led to some excellent fits with both theoretical and observational data, including this paper. The 

Isothermal and Burkert are instead flat for small distances from the center and they are typically called cored 

profiles. 

The density profiles for the NFW, Moore, Burkert, Isothermal and Moore models are almost identical 

beyond the core radius 𝑟𝑠, where they tend to ∝ 𝑟−3. The differences among the models appear for distances 

well within the Solar circle. The cuspy models (NFW and Moore models) predict a steep increase of density 

toward the center with a singularity at r=0. Typically this divergence is cured by introducing a very central 
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core. The cored halo models predict a mild and low density plateau in the center with the peak densities not 

much differing from each other within a factor of two. In contrast, the Burkert and isothermal profiles are 

phenomenological models introduced to better match observational data, especially in dwarf galaxies, where 

central density cores rather than cusps are observed. These “cored” profiles feature a nearly constant density 

in the inner region, avoiding the divergence present in cuspy models. 

Most of the Dark Halo models predict lower density in the innermost galaxy by two to several orders of 

magnitudes than the bulge’s density. This implies that the Dark Halo does not much influence the kinematics 

in the inner galaxy. Namely, it is practically impossible to detect the Dark Matter cusp by analyzing the 

Rotation Curves. Only the Moore model predicts cusp density exceeding the bulge’s density in the very center 

at r < ∼0.1 pc, whereas the applicability of the model to such a small sized region is not obvious. 

We have taken the rotational velocity data from table 5 and 6 in [20]. 

As a physical model for the star, gas and dark matter we include De Vancouleurs Bulge, exponential disk, 

and dark halo, evaluating the velocity equation relative to radius as follows. 𝜌𝑠 is the local dark matter density 

which is 0.36 GeV/cm³ [20]. 

The mass for each model is obtained via numerical integration, where r’ is the component (bulge, disk, halo) 

distance with respect to the Galactic center. 

 

5.1 De Vaucouleurs Bulge 

The Milky Way is a SB III galaxy, therefore it contains a bar shaped bulge. We couldn’t use simple models 

like the Hernquist bulge that assumes the bulge area to be homogenous. Therefore, we used the Vaucouleur’s 

law because it provides a good first-order approximation to the radial mass distribution of the central bulge, 

which is justified because the azimuthally averaged stellar density in the bulge region follows a steep centrally 

concentrated profile similar to that observed in elliptical galaxies. Dark matter is not nearly as evident as in 

other parts of the galaxy, yet it still exerts an extent of influence in the Galactic dynamic. 

This part correlates to the immediate steep rising limb of Fig. 2, 3, 4, 5 as enclosed mass increases rapidly 

coming out away from the real center of the Milky Way. The density of stars, gas and other objects is very 

high and they provide a huge boost to the velocity curve. 

Below we report the key equations to find from the surface mass density, the density profile, the mass and 

the rotational velocity. 

Surface mass density from the law: 𝛴𝑏(𝑅) = 𝛴𝑏𝑒𝑒𝑥𝑝 [−7.6695 ((
𝑅

𝑅𝑏
)

1/4
− 1)] [10] 

Volume Mass Density: 𝜌(𝑟) =
1

𝜋
∫

∞

𝑟

𝑑𝛴𝑏(𝑥)

𝑑𝑥

1

√𝑥2−𝑟2
𝑑𝑥 

Mass inside radius R: 𝑀(𝑅) = 4𝜋 ∫
𝑅

0
𝑟2𝜌(𝑟)𝑑𝑟 

Circular velocity for Bulge: 𝑉𝑏(𝑅) = √
𝐺𝑀(𝑅)

𝑅
 

We use the common De Vaucouleurs law Surface Mass Density profile to model the central bulge, where 

the surface mass density is postulated to be proportional to the empirical optical profile of surface brightness, 

where 𝛴𝑏𝑒 is the value at radius 𝑅𝑏 enclosing a half of the integrated surface mass. It is important to consider 

that the De Vaucouleurs surface profile, also the exponential disk, has a finite value at the center. The volume 

mass density ρ(r) at radius r for a spherical bulge is calculated using the second equation, and enclosed average 

mass is calculated using the third equation. 

In principle, the corresponding three-dimensional density distribution of the surface projected density 

profile should be obtained through Abel deprojection. However, the exact deprojection does not yield a simple 

analytical expression and is computationally expensive to evaluate numerically. 
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Therefore, we adopt an analytic approximation to the deprojected profile of the form 

𝐴𝑏𝑒𝑙′𝑠 𝑑𝑒𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛: 𝜌𝑏(𝑟) = 𝜌0,𝑏𝑒𝑥𝑝 [− (
𝑟

𝑅𝑏
)

4
] ,  𝑤ℎ𝑒𝑟𝑒 𝜌0,𝑏 = 5 × 104[6] 

which captures the strongly concentrated nature of the bulge while remaining numerically stable and 

efficient for integration. This approximation reproduces the key physical behavior of the De Vaucouleurs 

profile, namely a steep central density and rapid decline with radius. 

This approach allows us to compute the enclosed mass and rotational velocity without performing explicit 

Abel deprojection, while maintaining a physically reasonable description of the bulge. 

5.2 Exponential Disk 

The exponential disk model is widely supported by both observations and theory. Stellar disks in spiral 

galaxies, including the Milky Way, are observed to follow an exponential surface density profile as a natural 

consequence of angular momentum conservation during galaxy formation. Large surveys and photometric 

studies i.e. GAIA we’ve used in this paper confirms that the Milky Way’s stellar disk can be well approximated 

by an exponential profile with a scale radius of a few kiloparsecs. 

Though the disk and bulge models we’ve corroborated had excluded the galactic bar, spiral arms, and non-

axisymmetric structures and other significant structures, they provide a robust and widely used approximation 

for large-scale mass distribution. This level of approximation is sufficient for modeling the rotation curve, 

where the dominant factor is the radial distribution of enclosed mass rather than local structural irregularities. 

Surface Mass Density: 𝛴𝑑(𝑅) = 𝛴𝑑0𝑒𝑥𝑝 (−𝑅/𝑅𝑑) [19] 

Rotation Curve for a Thin Exponential Disk: 

𝑉𝑑(𝑅) = √4𝜋𝐺𝛴𝑑𝑅𝑑𝑥2[𝐼0(𝑥)𝐾0(𝑥) − 𝐼1(𝑥)𝐾1(𝑥)] [8] 

Where 𝑥 = 𝑅/(2𝑅𝑑) 

Total Disk Mass: 𝑀𝑑𝑖𝑠𝑘 = 2𝜋𝛴𝑑𝑅𝑑
2 

Where the surface density is the sum of the exponential of the radius we enclose to our distance to the center 

of the Milky Way Rd. The rotation curve is plotted with the Bessel Function via scipy.special with 

modules 𝐼0(𝑥), 𝐾0(𝑥), 𝐼1(𝑥), 𝐾1(𝑥).  

5.3 Dark Halo 

Dark halo is where most of the mass is present as dark matter. Here, the effect of visible matter is negligible, 

hence we directly apply the theoretical NFW, Einasto, Moore, Isothermal and Burkert models to this region. 

After obtaining the dark matter density 𝜌𝐷𝑀 from the models. Its slower decrease in density than baryonic 

components corresponds to the level-off of velocity as radius increases. We use an integration that assumes 

the halo is perfectly spherical to integrate the enclosed mass. Note here we assume that dark matter doesn’t 

interact or form non-uniform density clumps in the halo, or is an oblate spheroid due to the rotation and mass 

bent of the galaxy. 

5.4 Combining the Velocities 

The velocities for each component can be combined with this formula: 

𝑉(𝑅) = √∑ 𝑉𝑖
2 = √𝑅

𝜕 ∑ 𝛷𝑖

𝜕𝑅
 

Where it can be simplified to: 

𝑉(𝑅) = √𝑉𝐵𝐻(𝑅)2 + 𝑉𝑏(𝑅)2 + 𝑉𝑑(𝑅)2 + 𝑉ℎ(𝑅)2 
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Where 𝑉𝐵𝐻 is the velocity derived from the mass of the central black hole Sagittarius A* in the galaxy, it 

could be largely neglected where R>0.1 kpc on the scale of the whole galaxy. Therefore, we can deduce that 

the final velocity is the vector sum of De Vancouleur’s bulge  𝑉𝑏(𝑅) , Exponential disk 𝑉𝑑(𝑅) and Dark 

Halo 𝑉ℎ(𝑅). By inverting the process, we would be able to deduce the mass of dark matter present in a specific 

area of the galaxy.  

Figure 3: Rotation curve plotted when using the Burkert model. 

 

Figure 4: Rotation curve plotted found with the isothermal model 
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Figure 5: Rotation curve plotted by Moore model 

 

Figure 6: Rotation curve plotted by Einasto model. This is the model that provides the best fit with a chi-square value of 

0.96 

 

Table 3: Best-fit parameters for Galactic components across various Dark Matter profiles, including halo scale radius 

and density. 

Parameter NFW Einasto Isothermal Moore Burkert 

log(Σb) 10.66 ± 0.02 10.54 ± 0.03 10.73 ± 0.02 10.62 ± 0.03 10.73 ± 0.02 

Rb (kpc) 0.33 ± 0.01 0.36 ± 0.01 0.32 ± 0.01 0.34 ± 0.01 0.33 ± 0.01 

Σd(R) (M⊙/kpc2) 8.49 ± 0.05 8.58 ± 0.04 8.63 ± 0.03 8.51 ± 0.05 8.24 ± 0.05 

Rd (kpc) 5.27 ± 0.38 4.55 ± 0.27 4.18 ± 0.19 5.12 ± 0.36 7.75 ± 0.86 

Rs (kpc) 3.60 ± 0.18 4.62 ± 0.48 0.49 ± 0.06 4.47 ± 0.25 1.98 ± 0.04 
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Figure 7: Rotation curve plotted according to NFW model 

 

6. Results 

We obtain the best fit values for the model parameters by running the iminuit minimization package. Instead 

in order to plot the best-fit model compared with the data we use matplotlib. In the minimization procedure, 

we used chi square statistics to evaluate the consistency of parameters through the different 5 models:  

 

With initial parameters log(𝛴𝑏)=10.5, 𝑅𝐵= 0.4 kpc, 𝛴𝑑(R)=9𝑀☉/kpc², 𝑅𝑑=3 kpc, 𝑅𝑠=1 kpc  

Figure 3, 4, 5, 6, 7 reports the data of the rotational velocity together with our best-fit theoretical curves. 

We report the contribution of each component together with the total one. 

For each graph, the red dotted line represents the rotation velocity curve of the disk. The yellow dotted line 

represents the rotation velocity curve of De Vancouleur’s bulge. The green dotted line represents the rotation 

velocity curve of the dark halo applied with that specific model. 𝑅𝑠 and 𝜌𝑠 are the parameters we produced 

when we fitted the total dark matter enclosed mass radius and local dark matter density when using the method 

with Cirelli et al [7].  

To conclude from our graphs from the five mainstream dark matter models, our major residuals difference 

is located in the primary peak of near 0.9 kpc from the Galactic center that in any case has its largest 

experimental errors. Einasto has proven to be the smallest deviating, i.e. best, model with only 0.96 chi square 

while Burkert has the largest on 2.15. Since Sofue’s curve was only evaluated using the NFW model, we expect 

some minor deviants on the other models. Hence, it is truly a surprise that our plotted Einasto was actually 

more fitting than the NFW used in both cases. We postulate that it is due to the Einasto model being a less 

cusp model, which more fittingly with the result to avoid infinity approximation at the galactic center, as the 

NFW model does. We would further evaluate on the best fit parameters to avoid iminuit program going into a 

fake local minima when fitting the curve.  

The previous evaluation coincides with the expected outcome. In general, the steep increase within 1 kpc 

is due to the bulge concentrate at that distance, where the surge of around 0.3 kpc occurs at every curve is an 

indicator of a baryonic dense possible bar within the bulge. The contributions of the bulge have the steepest 

increase and decrease occurring within 0.25 kpc averagely for each of the model graphs, predicting that the 

baryonic matter concentration reaches a local maximum around the same radius. Intermediately, the disk plays 
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a crucial role within 20 kpc, where the rotation curve seems to have a less steep falling limb where the velocity 

decreases from around 240 km/s at the peak to around 210 km/s at the local minimum around 1.45 kpc. This 

also encloses off the solar radius of 8.178 kpc, indicating that our solar system’s motion is primarily subjective 

of the disk, with contributions from the outer halo but too distant to be affected by the bulge. The contributions 

of the disk shown in red dashed line has the lowest baseline of a few km/s and the farthest peak occurring at 

10.1 kpc. This may be explained with the outer boundaries of the Milky Way’s disk is also around 10 kpc wide 

and baryonic matter density slowly decreases going farther away from the outskirts of the disk into the halo. 

The smoother and more flattened shape of the disk component could be explained as the baryonic matter 

concentration isn’t as dense as the bulge, so the increase in velocity doesn’t drop drastically like as in the 

boundary of bulge and disk, instead diffuses slowly out. The halo contribution peaks before the disk, have a 

higher baseline about 50 km/s and the most flattened shape out of all three component velocities. The flat shape 

is due to the consideration that dark matter surrounds the galaxy in a homogeneous sphere uniformly, where 

its contribution to different radius is generally equal. The earlier peak is likely due to model assumptions and 

fitting, where we would like to evaluate more in detail since the halo expectedly should play a more outstanding 

role after the disk has passed.  

The velocities of mass would increase rapidly coming to around 5 kpc, where because more mass (both 

dark matter and visible matter) are enclosed in the region, we would expect an increase to velocity as it is 

proportional to mass. The curve reaches a peak at 18 kpc, where the disk of the galaxy approximately ends. 

Here most visible matter is enclosed and we would expect the rotational curve to decrease exponentially 

onwards if only considering normal matter, as there is less visible matter lying outside of the galaxy’s disk into 

the halo, so there isn’t enough mass to support the objects going at high velocities. However, the rotational 

curve seems to flatten out beyond 10 kpc, proving the likeability of existence of dark matter as there must be 

extra invisible mass contributing the objects at such far distances outside of the main disk to orbit at higher 

speeds. The rotational curve slowly decreases as dark matter diffuses out to form a halo and most mass is 

already enclosed, hence less mass lies beyond 60 kpc to sufficiently withstand the objects moving at higher 

speeds. 

When the simpler method from [7] is used, which features just calibrating on total dark matter mass and 

local dark matter density, we find very different average values on dark matter parameters of the dark matter 

halo radius 𝑅𝑐 21.50±12.78 kpc and local dark matter density 𝜌𝑠0.48±0.57 GeV/cm³. In summary, if we use 

Rotation Curves, the values are more precise and physically motivated. 

Table 4: Statistical Summary of Galactic Parameters and Model Goodness-of-Fit (χ2). Parameters derived via the 

rotational curve plot velocity method 

Parameter (Average ± SD) Value 

log(Σb) 10.66 ± 0.08 

Rb (kpc) 0.34 ± 0.02 

Σd(R) (M⊙/kpc2) 8.49 ± 0.15 

Rd (kpc) 5.37 ± 1.40 

Rs (kpc) 3.03 ± 1.77 

Model Profile χ2 Value 

Einasto 0.96 

Isothermal 1.13 

NFW 1.26 

Moore 1.50 

Burkert 2.15 

From Table 4, we have obtained the logarithm of Σ_b for the normalization factor of the bulge to be 

averaged at 10.7 according to de Vancouleur’s model. 𝑅𝑏  The bulge radius is taken to be around 0.34 

kiloparsecs. The normalization of the disk factor has some variance of lowest 8.24 in the Burkert model, 

highest 8.63 in the isothermal model. This variation is likely due to the differences in considering factors of 

the models, and some limits on the Burkert model that we have tried to minimize. For the exponential disk 

radius, the values range from 4.18 to 7.75, which was also affected by the Burkert modelling with its value of 

7.75 being an outlier.  

We tried to narrow the chi square down to smaller than 2, but 2.15 is the smallest given. Finally, for the 

radius of the dark matter halo, NFW, Einasto, Moore seems to agree with the range from 3.60-4.47, while 
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Burkert obtains 1.98kpc and surprisingly Isothermal a questionable 0.49kpc, despite having a chi square of 

1.50. In conclusion, the models unify for logarithmic bulge normalization factor and radius of the bulge. 

Farther from the center of the galaxy, discrepancies began to appear and increased to the radius of dark matter 

halo, which has a range of 0.49 to 4.62 kpc.  

The residuals graph mainly showed greater deviation for all models where R<0.7kpc. This is due to there 

being more celestial bodies and interstellar mediums that will have complex multi-body gravitational 

interactions with each other, thus influencing the plot of stellar velocities. We also assumed an axisymmetrical 

disk and circular orbits that neglected non-circular motions, bar dynamics and vertical structure that would 

play a crucial role in influencing the orbits of stars and mapping stellar velocities in real life. Once past 1 kpc, 

the residuals graph was fitted almost linearly with Sofue’s values. This shows as entering the less baryonic 

matter dense regions, our postulations on dark matter influences on stellar velocities do coalesce with Sofue’s 

research. It is also worth mentioning that the reference curve from [20] was only fitted with NFW profile, 

which would provide some explanations for the inconsistency at certain levels (e.g. at peaks) with certain 

models following a different philosophy. On the other hand, this highlights that it is truly a surprise that the 

same NFW model used didn’t produce the best but the Einasto model did. The preference for the Einasto 

profile suggests that the Milky Way halo may have a smoother inner density transition than predicted by pure 

NFW simulations. We would follow up on this matter to delve deeper into the reasons. 

7. Summary 

In sum, we have used rotational curve data (from stellar rotational velocity), and evaluated the formula of 

velocity for the different Galactic components with respect to radius. We evaluated and tested first on Cirelli 

et al. 's simplified method to find the typical radius of dark matter halo and the local dark matter density using 

as input and beacon the total dark matter mass and local dark matter density.  

Then we have applied a more refined method which relies on deriving the dark matter density profile by 

fitting the rotation curve data. 

We combined velocities with the vector sum of De Vaucouleur’s bulge with Abel’s deprojection grid fit, 

exponential disk, and dark matter halo models components, to evaluate best fit parameters for each dark matter 

model with iminuit and plot stellar velocity rotation curves. However, the De Vaucouleurs bulge, exponential 

disk and the previous dark matter models all assume that gas and other celestial objects orbit the center of the 

galaxy in circles, neglecting the dynamic flow of the central bar, stellar streams, spiral arms, expanding rings 

and other asymmetrical or symmetrical structures located inside the galaxy. This hinders the accuracy of the 

results from the model, and needs to be combined and rectified with more observational data. We hope our 

findings would be a humble stepping stone to the research of dark matter, galaxy structure and evolution. It 

would raise great hopes within us if our writing has invoked a perspective in the evolution of the galaxy’s 

dynamics.  

The results of the Rotation Curve graphs are all located in the 0.5-2.5 chi square range, which has some 

limitations while generally accurate. We would spend further evaluations of the Burkert and other models, 

trying to optimize the fit and fine tune the best fit parameters. We would update our radius data with newer 

GAIA DR3 or even DR4 data releasing later this year, keeping the RC up to date and evaluate for further 

research.  
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