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Abstract

Instead of considering our Galaxy as a disc with a density directly dependent
on the distance from the center of the Galaxy, the objective of this study is to
propose a new method that will rely on a N-body simulation and a non-ax-
isymmetric and fully baryonic mass model of our Galaxy. There are a lot of
existing N-body simulations of our Galaxy about kinematics, as, for example,
[1]. This is the first N-body simulation that allows to retrieve the rotation
curves of the Milky Way, to retrieve the rotational speeds with a static model.
This approach allows us to see the contribution of each arm to the rest of the
Galaxy and to understand the flatness of the rotational curves between 10 and
15 kpc from the center of our Galaxy: the inner arm helps to accelerate the
rotational motion, as the outer arm will decelerate it, but always lower than
the acceleration brought by the inner arm.
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1. Introduction

We estimate there are around 2000 billion galaxies in the Universe [2]. Most of
them are “spiral galaxies” [3]: a “flat” disc with a luminous center, named “Bulge”,
and several spiral arms (from 2 to 6 generally). Other kinds of galaxies exist in the
Universe, with simpler shapes: elliptical galaxies, spherical galaxies, dwarf galax-
ies, ...

Thanks to the study of rotation curves of the spiral galaxies, Vera Rubin, in 1978
[4], takes up the theory of Dark Matter to explain why the rotational speed re-

mains constant outside the Bulge of our Galaxy (and not decreasing, as baryonic
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matter model predicted).

Vera Rubin used an axisymmetric “disc” type model, meaning that there is no
variation in mass density along the tangential axis, only along the radial axis. This
“axisymmetric disc model” has since been used by all the Dark Matter model stud-
ies (for example, Jiao in 2023 [5]).

Other studies based on our Galaxy’s rotation curve (RC) have imagined other
explanations for the “flat RC dilemma”, with modified Newton’s law for very low
acceleration (near 107'%ms2): the MOND theory ([6]-[8]).

Some studies also used a modified mass distribution inside our Galaxy mixed
with MOND ([9]-[13]), or even an idea of having a “Servomechanism” inside our
Galaxy [14].

Recently, one article has stated that last Gaia Data coupled with the study of RC
shows that MOND theory no longer works and Dark Matter existence is therefore
confirmed [15].

But in the Dark Matter (DM) model, DM appears to be located mostly in spiral
galaxies, and located specifically in the “spiral area” of the galaxies (outside the
bulge). For example, in the Milky Way Bulge, less than 20% of the mass comes
from DM, when 75% of the spiral area mass is DM, following [16].

From this starting point, one idea could be investigated: maybe the models we
use for spiral galaxies (in order to estimate their masses) are not accurate enough.
The spiral galaxies are flat disc-shaped, so all the existing models consider the spi-
ral galaxies as being a flat disc, without considering their arms’ shape.

This article’s purpose is to use a more refined model of our Galaxy (with the
spiral arms) and see the impacts on the rotational curve (and the mass estimation

of our Galaxy).

2. Astrophysical Model
2.1. Overall View of the Milky Way

___—— Globular clusters
Z

Figure 1. Profile view of our Galaxy (ESA image).
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Our Galaxy, like most spiral galaxies, is composed of a bulge (highest stellar
density, at the central part), the spirals that are mostly included in the same plane
with a higher stellar density when we approach this plane (thin and dense disc)
and less dense thick disc surrounding it. Moreover, the whole is included in an
even lower stellar density sphere or halo shown in Figure 1.

We can clearly see in Figure 1 the plane of symmetry of our Galaxy (z= 0).

If we were able to see our Galaxy from the outside, we could see the spiral shape

of it on a face view, as shown in Figure 2.

Figure 2. Face view of our Galaxy (ESA image).

Our Galaxy is composed of several arms, linked to an Inner Ring, itself sur-
rounding a bar-shaped Bulge at the center.

Our Sun is located at approx. 8.2 kpc from the center of the Galaxy [17] and can
be considered as part of the symmetric plane of the Galaxy (it is lying 25 pc above
the galactic plane [18]). Our Sun mass, Mo, is estimated to 1.99 x 10* kg [19].

Also, our Galaxy turns clockwise (for Figure 2) in a very regular move: we esti-
mate the galactic period of the Sun to be equal to approx. 240 million years [20],
so our Galaxy has already completed dozens of turns since its creation.

Although there are vertical motion and an asymmetric drift slightly impacting
the rotation curve [21], we will assume in this paper that the rotational motion is
being fully planar (in the z= 0 plane of our Galaxy).

We will, as a main approx. consider that the Milky Way is a disc of 15 kpc radius
and 2 kpc height and we will neglect the mass outside this disk for the study of the
rotational motion of our Galaxy (the mass for 15 kpc < r< 26.5 kpc is estimated
under 25 x 10° Mo, when the mass for r < 15 kpc is estimated to 95.9 x 10° Mo,
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see detailed explanations at the end of §2.4).

2.2. Dark Matter Model Disadvantages

DM “disc” models are often using linear relation between mass and radius to de-
termine the mass of our Galaxy represented as a disc of radius . For example, this
equation, used in [22] and [5], is directly coming from Newton’s law:
_VE(r)r

G (1)

M(r)

M(1) being the mass for the disc of radius r
(1) the circular speed at radius
G the gravitational constant.

This method has a lot of disadvantages. First, when the circular speed curve is

flat (this is the case for Milky Way for 7 kpc < r< 15 kpc), the mass gradient ;ﬂ
-

is constant. It means that the mass grows linearly with the radius inside our Galaxy,
up to immense radius values.
This unbalanced distribution is clearly not optimal and appears to be illogical

after billions of years of circular motion of our Galaxy.

Also, it means, for the DM disc model, that the Mass gradient ;ﬂ will drop
r

abruptly for r> 20 kpc (when squared circular velocity drops far faster than r in-
creases) and even become negative.

We expect a mass gradient to be decreasing slightly starting the moment when
circular velocity is decreasing, and this is not the case with this model.

If you consider the mass distribution as only dependent on squared circular
speed and radius (as shown Equation (1)), it means that when the circular speed
drops, mass will also decrease.

For example, with this equation, if we consider that the circular speed is equal to
197.56 km-s™ at r=21.5 kpc, then 175.68 km-s™" at r= 26.5 kpc (following [5] data),

it means that:

M

(r:21.5kpc) =

é=x<1975602 #21.5kpc =195.0%10° M,

M _ L 1756807 %26 5 kpc =190.0x10° M,
G

(r:26.5kpc)

Following this model and calculation method, the mass decreases when volume

increases.

2.3. 2D Modeling of Our Galaxy with a Reference Image

As explained at the end of §2.1, we will consider the rotational motion of our Gal-
axy as being fully planar.

It means that our model will be a 2d-model located inside the symmetry plane
of our Galaxy, representing the volume masses of our Galaxy with bodies and allo-

cated masses.

DOI: 10.4236/jmp.2026.178044

973 Journal of Modern Physics


https://doi.org/10.4236/jmp.2026.178044

B. Monteagle

To do this, we needed the most accurate face view of our Galaxy, based on Gaia
DR2. In 2019, for the first time, Khoperskov [23] provided evidence (see Figure 3)
of the imprint left by spiral arms and resonances in the stellar densities not relying
on a specific tracer, through enhancing the signatures left by these asymmetries,

using coordinate space densities and radial velocity distributions.
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Figure 3. Milky Way spiral arms and bar resonances revealed by Gaia DR2. Based spiral arms
shown by symbols with error bars (Khoperskov, 2019).

So, for the spiral and Inner Ring area, we decided to locate all the bodies of our
model on the local center of gravity lines, Ze., the arms axis (dotted lines below,
Figure 4, Milky Way Galaxy rendering by Robert Hurt and Nick Risinger [23]).

Figure 4. Location of local centers of gravity (Khoperskov, 2019).
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Our model has 3324 bodies, distributed equidistantly, represented hereafter in
Figure 5.

@ Bulge Zone 1 @ Inner Ring @ Perseus Arm © Local Arm @ Sagittarius Arm
@ Centaurus Arm @ Cygnus Arm @ Bulge Zone 2 @ Bulge Zone 3 @ Bulge Zone 4
5,00E4+20
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0,00E+00
-1,00E420
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-4,00E420

-5,00E420
-5,00E420 0,00E+00 5,00E+20

Figure 5. Inner Ring, Bulge and arms bodies (distances are in m).

We then need to allocate masses to each of those bodies.

2.4. Disc Baryonic Mass Distribution

In this article, we will not consider Dark Matter mass (or consider it as negligi-
ble).

We will compare our simulation data with a “DM + Baryonic” mass model (in-
spired by [5]) and a “Stellar + Gas” mass model (inspired by [24]).

For the “DM + Baryonic” mass model, as in [5], we choose a power-law with a

power of a=-2.25:

1 225
Paise = Po * (m) )
where ris the distance to the galactic center and p,, the surface mass density at
the galactic center (at r= 0), here equal to 41 x 10° Mo kpc™? (following the value
used by Miyamoto [25]).

For the “Stellar + Gas” mass model, we take as a reference the Surface density
as a function of radius as measured by SEGUE G-dwarf samples and consider the
gas mass, with an additional Surface Density (SD) of 13 Mo pc™ (0.013 x 10° Mo
kpc) for all r< 15 kpc, following [24].

After several iterations (method explained in §2.9), we arrived at a surface den-
sity profile (the horizontal lines in Figure 6) slightly different from the “Stellar +
Gas” mass model (red left curve in Figure 6), with areas having a growth factor
linked to the arm’s width (see explanations in Appendix 1). The simulation sur-
face density profile is yet always lower than the DM + Baryonic surface density
profile (yellow right curve in Figure 6).
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Surface Density (*10*9 M®/kpc?)

[75 IS A S —

——Stellar + Gas, from Bovy & Hans-Walter Rix, 2013 —8—DM +Baryonic Power law with -2,25 power, from Jiao et al. 2023
—&—Simulation 4.2 to 5 kpc —&—Simulation 5to 6 kpc

—&— Simulation 6 to 6.8 kpc —a—Simulation 6.8 to 8 kpc

—&—Simulation 8 to 9kpc —&—Simulation 9to 11 kpc

—&—Simulation 11 to 13kpc —&—Simulation 13 to 15 kpc

Figure 6. Surface Density (SD) simulation data Versus “Stellar + Gas” and “DM + Baryonic” models.

Hereafter in Table 1 is summarized the mass distribution in the Milky Way for

rbetween 4.2 and 15 kpc (following surface density profile from Figure 6).

Table 1. Stellar & Gas mass distribution outside the Bulge & Inner Ring.

® @ @ @

Mass (*10° Mo) <6.8 kpc 6.8 kpc < r< 8 kpc 8 kpe < r< 9 kpc 9 kpe < r< 11 kpc 11 kpe < r< 13 kpcl3 kpc < r< 15 kpc TOTAL

Perseus 0.3 4.48 1.76 1.78 2.27 0.71 11.36
Local 2.42 2.24 1.49 0.49 6.64
Sagittarius 1.94 1.58 0.83 1.62 0.44 6.42
Centaurus 2.86 3.26 1.53 5.8 2.35 2.51 18.31
Cygnus 3.25 2.9 4.18 1.68 0.54 12.55
TOTAL 5.1 14.99 9.26 14.87 7.23 3.76 55.28

The total dynamical mass M;,.; of our model is then equal to:

My =Mp.+M +M,  =19.6+21+5528=95.88x10° M,

Bulge InnerRing Spiral

Mpueis given in §2.5 while Mjunerring is given in §2.6 and M. in §2.7.
The Milky Way mass for r > 15 kpc is not above 25 x 10° Mo, following our

power-law (calculation given in Appendix 3).

2.5. Bulge Baryonic Mass Distribution Cartography and Bodies’
Location

The Bulge has a “bar-shaped” aspect [26] that will increase gravitational forces
along that bar’s axis (asymmetrical shape impact).
We assume that Bulge mass Mpy. is equal to 19.6 billion Me, following Bulge E
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values used in [5].
From Portail [16], we can also observe a clear gap between surface density

profile following the minor axis and the one following the major axis of the

bulge.
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Figure 7. Surface Density (SD) profile of the Bulge, following minor and major axes (Portail
etal, 2017) [16].

We will consider the mass distribution of Figure 7 for the Bulge meshing car-
tography.
We will consider 4 different zones as described below in Figure 8.

® Bulge Zone 1 A Bulge Zone 2 W Bulge Zone 3 & Bulge Zone 4
2,00E+20
1,50E420
1,00E420 . *
*
s " e
5,00E+19 .
a
N A -
= A
0,00E+00 + L 2 *
-2,00E+20 0,00E+cd "] 2,00E+20
* A *
| |
-5,00E+19 *
. n L
*
-1,00E420 . *

-1,50E+20

-2,00E420

Figure 8. Bulge bodies (distances are in m).

Zone 1, with a “major axis” diameter of 1.15 kpc and a “minor axis” diameter of
0.66 kpc, will be represented by one body, at the center of the Galaxy with a mass
equal to 3.2 x 10° Me (SD =5 x 10° Me/kpc?).

DOI: 10.4236/jmp.2026.178044 977 Journal of Modern Physics


https://doi.org/10.4236/jmp.2026.178044

B. Monteagle

Surrounding Zone 1 is Zone 2 with a “major axis” diameter of 3.63 kpc and a
“minor axis” diameter of 1.87 kpc, will be represented by 4 bodies, each with a 1.25
x 10° Mo mass (SD = 1 x 10° Mo/kpc?).

Surrounding Zone 2 is Zone 3 with a “major axis” diameter of 6.71 kpc and a
“minor axis” diameter of 2.97 kpc, will be represented by 8 bodies, each with a
0.5375 x 10° Mo mass (SD = 0.4 x 10° Mo/kpc?).

Surrounding Zone 3 is Zone 4 with a “major axis” diameter of 11.66 kpc and a
“minor axis” diameter of 5.06 kpc, will be represented by 16 bodies, each with a
0.44375 x 10° Mo mass (SD = 0.25 x 10° Mo/kpc?).

The total mass for the Bulge is then:

Mypge =M ¥ M ypy * M yps + My, g =32+ 5+43+7.1= 19.6x10° M, , as

expected.

2.6. Inner Ring Mass Distribution Cartography and Bodies’
Location

We will consider a mass of the Inner Ring Mpperring €qual to 21 x 10° Mo (calcula-
tion explained in Appendix 2).
We place the bodies equidistantly on the center of gravity line representing the

Inner Ring (thanks to GMesh tool), as shown in Figure 9.

@ Bulge Zone 1 = Inner Ring A Bulge Zone 2 W Bulge Zone 3 # Bulge Zone 4
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Figure 9. Inner ring and bulge bodies (distances are in m).

Inner Ring is represented by 167 bodies, with 0.22 kpc between the bodies.

2.7. Arms Mass Distribution Cartography and Location of the
Bodies

For the arms, we will take a more refined value of 0.07 kpc for the inter-body dis-

tance. This is far above the 0.0013 kpc median distance between stars in our Galaxy
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and far under the 1 kpc minimal distance between arms.

The total mass for the arms Mg, will be 55.28 x 10° Mo as explained in Table
1. The allocated mass per body follows strictly the distribution per arm and per
area described in Table 1.

A single body represents roughly all the mass around including stars systems,
rogue planets, dust, gas, ... (in a box delimited by the half-distance with others

nodes of the arm.)

2.8. Global Hypotheses and Equations Used in the N-Body
Simulation

Our main hypothesis is to consider that our Galaxy is not axisymmetric.

While studies already exist regarding the asymmetric distribution of gas in
our Galaxy and its impact [27], this study extends this concept to all baryonic
matter.

Even if the variations of stellar density are low (See Figure 10 from Khoperskov
[23]), we can observe many non-axisymmetric areas in our Galaxy.

We can observe that there are many “junction areas” (between arms and be-
tween arms and the Inner Ring), and even the arms do not have all the same shape
or length.

As the gravitational forces are mostly responsible for the global rotational
movement of our Galaxy, we can imagine that in some areas, the circular move-
ment will be almost uniform, while in other areas it will not.

For the “spiral area” (outside the Inner Ring), we will consider the rotational
movement as being uniform (radial speed being negligible), but inside the “junc-
tion areas” we will consider that the radial speed is too high to only consider the
tangential movement (see Figure 11, based on Milky Way Galaxy rendering by
Robert Hurt and Nick Risinger [23]).

Stellar density in gquiding space

[kpc]

Y

-10 e Al
-10 -5 0 5 10
Xg [kpc]

Figure 10. Stellar density in the Milky Way (Khoperskov, 2019).
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Figure 11. Areas without uniform circular motion (Khoperskov, 2019).

We will exclude those areas in our model post-processing.

We will only consider the areas in the spiral zone, where the inner and outer
arms are not too close (in order to avoid gravitational impact on radial velocity
and rotational motion).

Also, we will exclude the nearby bodies (assuming the average distance between
arms is equal to 2 kpc, we will exclude the contribution of all bodies closer than 1
kpc).

This is only to avoid having data “fog” and to better see the velocity trend on

the curves, as shown in Figure 12.

Rotational speed in the Sagittarius Arm
Rotational speed in the Sagittarius Arm 230
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TR A T 215 + *E
# 4 ot x & +
_ 2 tx o+t Wy = 210 4
® e T 4 : E o+ +
E X bt + ++ ;— 205 ++ ++
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Distance from the Center (kpc) Distance from the Center (kpc)
Rotation curves with nearby bodies (V4 results / Rotation curves without nearby bodies (V4 results /
those resulits are not final results) those results are not final results)

Figure 12. Results with nearby bodies (left side) and without nearby bodies (right side).

For the uniform circular motion outside those areas, we will use the equation

of uniform circular motion:
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a, — _rot. 3)

a, being the radial acceleration (in m-s™);

V.o the rotational speed (in m-s™2);

rthe radius (in m).

At each body of our model (with position 7 [x(1); y(7)] and mass m(J)), we will
calculate the contribution to radial acceleration given by each other body (with
position J [x(); )] and mass m())) by

G * m(j)
W=+ + () )

Gbeing the gravitational constant, equal to 6.7 x 107! m*kg™"-s™%

Positions of 7 [x(2); y(1)] and J[x()); »())] are given relatively to the origin point
0[0; 0], in m.

m(j) the mass of the point / in kg.

a,(on I from J) =

*COS (5[?]) (4)

OlJ the angle between /O and I/ (allowing us to know the acceleration pro-
jected onto radial axis).

By summing the radial accelerations contributed by each distributed element,
we can thus find total radial acceleration at point 7(“/N” being the number of bod-

ies in the model):

@, (1) = Z‘;:H a, (on I from J)+>"" 4 (on I from J) (5)

=0 j=itl T
Following Equation (3), the associated speed of rotation is:
Vo A4, *F (6)

Then,

o (1) =g (1) 25 (0 + 0 )

The iterative calculations will allow us to reach the results obtained by Gaia data
(rotation speeds of stars). Gaia data are given at z= 0 plane with median values of
rotational speeds.

The simulation results will also be median values for an area equivalent to a
square with the size of inter bodies distance (0.07 kpc).

As we can see for the Local Arm, the arm’s stellar density is maximum for a
width that can be above the inter bodies distance, so we will have to apply a growth

factor on arms with a spread stellar density (see Appendix 1).

2.9. How to Iterate on the N-Body Simulation Thanks to Gaia Data

The iteration calculations principle is simple: we will target the desired results and
try to reach them by iterating on our model (bodies locations or mass distribution).
Hereafter, in Table 2, are the rotational speed median values for 6 kpc < r< 15

kpc area coming from Gaia DR3 summarized in [5]:
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Rotational speed (kmis)
& ? H ? g ¥

S

Table 2. Milky Way Gaia DR3 measurements data.

Radius (in kpc) Circular velocity (km-s™)
6 212
7 215
8 218
9 220
10 222
11 222
12 223
13 223
14 222
15 220

Those data are then incorporated into our results graph, in order to see the gap
between the obtained simulation results and the real data from Gaia DR3 (crossed

lines in Figure 13).

2.10. Model Uncertainties

Gaia Data

Systematic uncertainties from Gaia data DR3 rotational speeds are limited, es-
pecially for r < 15 kpc area, as last studies on Milky Way Rotational Curve show
gaps of less than 5% between studies [5].

Mass distribution models

We have also decided to choose a model for Bulge mass distribution, given by
[5], which could have lot of uncertainties for r< 4 kpc, but the shape impact of the
Bulge will decrease with r> 4 kpc (as the impact of the Bulge on the results, see
§4.2).

For the Disc (including Inner Ring) surface density profile, we have used, as a
basis, a power-law that contains all the baryonic components (Stellar, Gas and
Dust). We estimate global uncertainties of ~10% in the overall mass estimation for
the disc.

Rotational speed in the Local Am Rotational speed in the Local Amn Rotational speed in the Local Arm

H

[+ + seuamon
MJ& (o 36e+ X Gai@DRY
\»»MN
£,
e, & 4,
+hy, ey,
4, 3
oy ,

> SRR SN

:

g

Rotational speed (km/s)
¥ 3

]

g

Aaaas panas T o y T Ty hanas;
5 WS M s 1@ ®>S 58 &5 9 w5 W s Moms w M@
Distance from the Center (kpc) Distance from the Center (kpc)

m

5 85 s s W W5 w M5 w w@s
Distance from the Certer (kpc)

V1 V14 v27

Figure 13. Gaia Results incorporated in the simulation results for different iteration calculations.
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Uniform circular motion

We consider the rotational motion as being sufficiently “slow” (one turn every
250 million years) to conduct a static study on rotational speed. This means we
consider the object’s location as static even while studying the velocities of those
objects.

As we consider a 0.4 kpc = 1.23 x 10'® m approximation for distances, dividing
the distance by an average rotational speed of 200,000 m-s™' yields an average time
of 6.15 x 10" s, which is approx. 1950 years of motion without exceeding the dis-
tance uncertainties.

However, even with this good approach, the radial component of speed is never
negligible (see §4.2) and could introduce an uncertainty in rotational speed com-
parable to the ratio between radial and rotational speeds (up to 20%).

2D model

We do not consider the vertical velocities (i.e., along the zaxis), nor the vertical
locations of the Milky Way objects.

We also do not consider the vibrations or modal motion that impact the Milky
Way motion.

Furthermore, we exclude from our model the dwarf galaxies or other star clus-
ters (and more broadly, everything that is outside |2 < 3 kpc and |7] < 15 kpc). We
consider their masses as being negligible and having no impact on the |2 < 3 kpc
and |7 < 15 kpc disc.

This adds another < 5% uncertainty to the results.

A solution against uncertainties: iterative calculations

All those uncertainties combined could lead to an impact of approx. 30% on the
rotational speeds.

Nevertheless, the iterative method helps us to converge to the level of uncer-
tainties due to Gaia Data, because our calculations and iterations will be driven by
that data.

Then, we can state that we have the uncertainty level of [5] study, ie., around
10%.

3. Scilab Model and Post-Processing

3.1. Presentation of Scilab

Scilab is a free and open-source platform that allows large-scale simulation.

This tool is a good solution for N-body simulation, as it allows coding with-
out using declarative programming, and offers a large choice of post-processing
graphics.

It is one of the most well-known alternatives to MATLAB tool.

3.2. Presentation of the Code

We divided the code files by areas (5 files for the 5 arms of our Galaxy: Local, Per-

seus, Centaurus, Sagittarius and Cygnus).
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For all the files, we will first establish the constants (gravitational constant,
masses, coordinates of the bodies ...), as displayed exemplarily in Figure 14:

//constants
G=6.7*%10~-11;//Gravitational constant (m3Kg-1s-2)

//masses (Kg)

m = [6.4E+39 2.5E+39 2.5E+39% 2.5E+39 2.5E+39 1.075E+39 1.075E+39 1.075E+39 1.075E+3% 1.075E+38% 1.075E+3%9 1.075E+39 1.075E+3%9 8.
4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37 4.75E+37
4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37
1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.83E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+437 1.85E+37
2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+37 2.57E+437
4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37 4.07E+37
2.70E+37 2.70E+37 2.70E+37 2.70E+37 2.70E+37 2.70E+37 2.T0E+37 2.T0E+37 2.70E+37 2.70E+37 2.70E437 2.70E+37
4.06E+37 4.06E+37 4.06E+37 4.06E+37 4.0€E+37 4.06E+37 4.06E+37 4.0€E+37 4.06E+37 4.06E+37 4.06E+37 4.08E+37
3.36E+37 3.36E+37 3.36E+37 3.36E+37 3.3€E+37 3.36E+37 3.36E+37 3.3€E+37 3.36E+37 3.36E+37 3.36E437 3.36E+37
4.081E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37 4.81E+37
4_00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37 4.00E+37
1.97E+437 1.97E+437 1.97E+37 1.87E+37 1.97E+437 1.97E+437 1.97E+37 1.97E+37 1.97E+37 1.97E437 1.97E+37 1.97E+37
5.13E+37 5.13E+37 5.13E+37 5.13E+37 5.13E+37 5.13E+437 5.13E+37 5.13E+37 5.13E+37 5.13E+37 5.13E+437 5.13E+37
4 _B0E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37 4.80E+37
1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37 1.85E+37
1.97E+37 1.97E+37 1.97E+37 1.97E+37 1.97E+37 1.97E+37 1.97E+37 1.97E+37 1.87E+37 1.97E+37 1.97E+37 1.97E+37
3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37 3.50E+37

//coordinates (m)

x=[0 1.78815E+19 -1.78815E+19 1.73047E+19 -1.73047E+19 -3.5763E+19 3.5763E+18 3.17252E+19 -3.17252E+19 0 0 -4.67226E+19 4.6722

-1.22641E+20 -1.17312E+20 -1.11918E+20 -1.0647E+20 -1.0095E+20 -9.53378E+19 -8.96153E+13 -8.37646E+19 =7.77708E+19 -7.16233E+

-2.13145E+20 -2.13875E+20 -2.14576E+20 -2.15242E+20 -2.15858E+20 -2.16387E+20 -2.16827E+20 -2.17183E+20 -2.174€E+20 -2.17¢
-1.65888E+20 -1.64503E+20 -1.63105E+20 -1.61695E+20 -1.60272E+20 -1.58835E+20 -1.57382E+20 -1.55814E+20 -1.54428E+20

1.99521E+20 2.01526E+20 2.03528E+20 2.05527E+20 2.07524E+20 2.09518E+20 2.11508E+20 2.13494E+20 2.15475E+20 2.17453E+20 2.19429E+20 2.21402E+2
4.02125E+20 4.0236BE+20 4.02604E+20 4.02829E+20 4.03039E+20 4.03233E+20 4.03405E+20 4.03553E+20 4.03673E+20 4.03762E+20 4.03816E+20 4.03833E+2
-7.58760E+19 ~7.38546E+19 -7.18293E+19 -6.98025E+19 -6.77762E+19 -6.57499E+19 -6.37213E+19 -6.168T4E+19 -5.96453E+19

7 GET70PL9N 7 BTI11TLAA B GOSTLAN 7 QGOGITLIN T A1NGATLIA 3 ATASICLAN 3 NAATEDLIN 2 AKAATELZN 3 NEGREELIN 2 AGIIESLIN 3 ADEIDL7N 2 1AGTEDLD

Figure 14. Constants used in Scilab files.

Then we declare the radial acceleration, rotational speed, and distance matrix (in-
itially set to 0). We then launch a double loop: for all the points located in the arm
(for example, hereafter the Local Arm in Figure 15), we will calculate the contribu-
tion to radial acceleration given by each of the other bodies in the model:

We can also see in Figure 15 the calculation of the cosine that retrieves the radial

acceleration for all bodies.

Acceleration,
Speed and
distance matrices

Speed = [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,9,9,0,0,9,0,0,0,0,0,0,0,0,0, 0,

Distance = [9,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0

d=0

Loop on all the
//lecal Amm locp nodes of the arm
for i= 1020:3:1370
We excludes the

Acceltotal = [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0, 0,0, 0,0, 0, 0,0,0,0,0,0 :| Declaration of
- nearby nodes

//Radial acceleration calculation (ms-2)
for j = 1:e
disp(j)

module = G*m(j) / (sqrt{((x(i)-x(3))~2)+(y(i)-y(§))~2))"2; First part of the

//Cosine calculation for radial acceleration calculations on each
DotProduct = x(i)* (x(i)-x(3))+y () * (v (1)-y(I)) node until the node
Norml = sgrt((x{j)-x(i))~2+(y(j)-y(i))~2)

Norm2 = sqre{(e(i))~2+(y(1))~2) of the arm
Caussinus = DotProduct / (Norml*Norm2)

module = module*Caussinus

Acceltotal{d) = Acceltotal(d) + module .
end

Second part of the
calculations on each
node from the node
of the arm until last
node of the model

for j = £:3324
disp(j)

module = G*m(j) / (sqre(((x(i)-x(3)) 2 +(y(i)-¥(3))~2))"~2;

Figure 15. Calculations in Scilab files (Local Arm file).
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4. Results
4.1. Rotational Speed

As shown in Figure 16, for all the arms, the Gaia observed circular speeds are

reached, even if the curve allure is not matching everywhere (non-axisymmetric

behavior explained in §4.2):

Rotational speed in the Local Armm Rolational speed In the Sagittarius Arm
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Figure 16. Milky Way circular velocities from N-body simulation.
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Rotational speed with Axisymmetric model

By using Table 1 and Table 2 data and by using Equation (1), we obtain the

results given in Table 3:

Table 3. Axisymmetric circular velocity with simulation data.

Radius Radius M(r) model non axi Circular Velocity
(in kpc) (in m) (in kg) (km-s7t)
6,8 2,09848E+20 9,0943E+40 170,07
8 2,4688E+20 1,20773E+41 180,69
9 2,7774E+420 1,39201E+41 182,89
11 3,3946E+20 1,68792E+41 182,17
13 4,0118E+20 1,8318E+41 174,57
15 4,6290E+20 1,90662E+41 165,80

From Figure 17, we clearly see that the results are far lower with an axisymmet-

ric model:
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Rotational speed in the MW
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Figure 17. Milky Way Circular velocities from axisymmetric model with N-body simula-
tion data.

With an axisymmetric model, we lose on average 20% on the circular velocity

and need an additional 36% on global mass (following Equation (1)).

4.2. Contributions

In the “disc model” with Dark Matter, all the contributions on the radial accelera-
tion are positive, Ze. all the parts of the Milky Way have a positive contribution to
the rotational speed, and the total velocity is basically the sum of all the “partial
velocities” (Sum of DM “Einasto” + Baryon or sum of Bulge + Disc + Dust + Gas

= Total velocity, show in Figure 18 taken from [5]):

'''''''' Einasto ---— Bulge Dust —— Total
-------- Baryon ---- Disc Gas {  This work
250
200¢
7
Y 150
S
A
glOO
s
50},
% 510 15 20 25 30

R [ kpc]

Figure 18. Milky Way circular velocities from Jiao et al 2023 [5].
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MW Data (in m)

Body ID X

1 0,00E+00
2 1,79E+19
3 -1,79E+19
4 1,73€+19
5 -1,73E+19
6  -3,58E+19
7 3,58E+19
8 3,17E+19
9 -3,17E+19
10 0,00E+00
11 0,00E+00
12 -4,676+19
13 4,67E+19
14 -571E+19
15 571E+19
16 4,56E+19
17 -4,56E+19
18 1,15E+19
19 -1,156+19
20 3,00E+19
21 -3,00E+19
22 -2,13E+19
23 2,13£+19
24 6,75E+19
25 -6,75E+19
26 7,09E+19
27 -7,09E+19
28 571E+19
29 -571E+19

Bulge

Y
0,00E+00
-1,04€+19
1,04E+19
2,94E+19
-2,94E+19
-6,69E+19
6,69E+19
-1,67E+19
1,67E+19
5,88E+19
-5,88E+19
-3,98€+19
3,98E+19
-1,04E+20
1,04£+20
-2,48E+19
2,48E+19
-7,44E+19
7,44E+19
-5,136+19
5,13E+19
-9,92E+19
9,92€+19
2,776+19
-2,77€+19
6,40E+19
-6,40E+19
0,00E+00
0,00E+00

We can do exactly the same with our calculations, knowing that our bodies are
numbered together per area. For example, in Figure 19 we show the bodies used
for the Bulge (ID between 1 and 29).

r 3,92E+40 [ 4194186440 [ 3,60E+40 [
Masse (Kg) r (kpe) Inter-body distance (m)
6,4E+39 0,00 2,06773E+19 © Bulge Zone 1 @ Inner Ring Perseus Arm Local Amm ® Sapittarius Am
256439 067 413546E+19 ® Centaurus Arm @ Cygnus Arm ® Bulge Zone 2 ® Bulge Zone 3 * Bulge Zone 4
2,5E439 0,67 4,0005E+19 =00E0
2,56+39 1,11 6,82603€+19
2,5E+39 1,11 4,17908E+19 4,00E¢20
1,075E+39 2,46 1,51738€+20
1,075E+39 2,46 8,37367€+19 3,006+20
1,075E+39 1,16 7,17304E+19
1,075E+39 1,16 5,27217E+19 2,006+20
1,075E+39 1,91 1,17672E+20
1,075E+39 1,91 5,04514€+19 100E20
1,075E+39 1,99 1,22753€+20
1,075E+39 1,99 1,77227€+20
0,00E+00
8,875E+38 3,84 2,36992€+20 “s,ock+20 5005420
8,875E+38 3,84 1,29148€+20
8,875E+38 1,68 1,03764E+20 o0
8,875E+38 1,68 1,14474€+20
8,875E+38 2,44 1,50598E+20 -2,006420
8,875E+38 2,48 1,32428€+20
8,875E+38 1,93 1,18915€+20 5006420
8,875E+38 1,93 1,50799€+20
8,875E+38 3,29 2,02966E+20
8,875E+38 3,29 8,51199E+19 ~4,008420
8,875E+38 2,36 1,45894€+20
8,875E+38 2,36 1,66062E+20 -5,006420
8,875E+38 3,10 1,91136€+20
8,875E+38 3,10 1,43169€+20
8,875E+38 1,85 1,14211E+20 0
8,875E+38 1,85 1,91213£+20 | s

Figure 19. Meshing file extract, Bulge bodies’ ID.

In order to calculate the rotational speed of a specific arm, we will first plot the
contribution due to Bulge and Inner Ring (+ curve), then plot the contribution due
to Bulge + IR + Perseus + Local (o curve), then the contribution due to Bulge + IR
+ Perseus + Local + Sagittarius (*curve) then the same with Bulge + IR + Perseus
+ Local + Sagittarius + Centaurus (x curve) and finally adding Cygnus contribution
to retrieve the total rot speed.

For example, for the Local Arm, the results are shown in Figure 20 (arrows are
added to clarify the contributions).

Rotational speed in the Local Arm
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Figure 20. Local arm circular velocities.
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We can see in Figure 20 that all the arms have a positive contribution to the

Local Arm radial acceleration, except the Perseus Arm (the outer arm of the Local

Arm), which globally decelerates the Local Arm.

In contrast, the Sagittarius Arm and the Centaurus Arm (which are the inner

arms of the Local Arm) contribute significantly to radial acceleration and, conse-

quently, circular velocity.

It is also interesting to note that in the case of the Local Arm, it is the Cygnus

Arm that helps maintain the circular velocity for r> 9 kpc, because the “start” of

the Cygnus Arm is located near this area (see Figure 21).

© Bulge Zone

1 @ Inner Ring

© CentaurusArm @ Cygnus Arm

5,00E+20

© Perseus Arm ® Local Arm @ Sagittarius Arm
®Bulge Zone 2 ®Bulge Zone 3 @Bulge Zone 4

4,00E+20

3,00E+20

2,00E+20

1,00E420

0,00E+00

-1,00E420

-2,00E+20

-3,00E420 |

-8,00E420

Start of
~ Cygnus
Arm

R =9kpc
_ for Local
Arm

-5,00E420

-5,00E420

0,00E+00 5,006+20

Figure 21. Cygnus and local arms location.

We also see a little “bump” in the Sagittarius contribution for r= 11 kpc, which

is due to a rapprochement between the two arms in this area.

For the Perseus Arm, all arms will have a positive contribution to rotational

speed, as shown in Figure 22, except for the r < 9.5 kpc area, where the Cygnus

Arm has a small negative impact:

240

Rotational speed in the Perseus Arm
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Figure 22. Perseus arm circular velocities.
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This is also consistent with our model, as we can see in Figure 23: the Perseus Arm

is the outer arm of all the other arms, except for the Cygnus Arm and for r< 9.5 kpc.

@ Bulge Zone 1 @ Inner Ring
@ Centaurus Arm @ Cygnus Arm
5,00E+20

A,00E+20

3,00E+20

2,00E+20

-1,00E420

-2,00E+20

-3,00E+20

-4,00E+20

-5,00E420

@ Perseus Arm
@ Bulge Zone 2

® Local Arm
@ Bulge Zone 3

@ Sagittarius Arm

®Bulge Zone 4

r=9,5kpc
for

1,006+20 Perseus
Arm
0,00E+00 —
-5,00E+20 5,00E+20

End of
Cygnus
Arm

Figure 23. Cygnus and perseus arms location.

For the Sagittarius Arm, we see in Figure 24 that Local and Perseus Arms have

large negative impact (outer arm), whereas Centaurus gives an important contri-

bution and Cygnus starts with a positive contribution for r> 8.5 kpc.

Rotational speed in the Sagittarius Arm
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Figure 24. Sagittarius arm circular velocities.

Again, this positive impact of the Cygnus Arm is explained in Figure 25 by the
location of the start of the arm.
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@ Bulge Zone 1 @ Inner Ring
® Centaurus Arm @ Cygnus Arm
5,00E+20

4,00E420

@ Perseus Arm

® Local Arm

3,00E+20

2,006420 |

1,00E+20
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Figure 25. Cygnus and Sagittarius arms location.

For the Centaurus Arm, the situation is less easy to analyze. The positive contri-

bution of the Cygnus Arm (the inner arm) is clearly visible for r> 8.5 kpc. For 7

kpc < r < 8.5 kpc, the results are not considered, as we are in a “junction area”

(junction between Cygnus and Centaurus Arms, indicated by the gray area in Fig-

ure 26). For the area r < 7 kpc, the main contributors to radial acceleration and

circular velocity are the Bulge and Inner Ring, while the rest of the Galaxy tends to

decelerate the Centaurus Arm:

Rotational speed in the Centaurus Am
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Figure 26. Centaurus arm circular velocities.
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We can also see that the Sagittarius contribution to radial acceleration starts to
be positive for r> 10 kpc, which corresponds to the tail location of the Sagittarius

Arm, as shown in Figure 27.

@ Bulge Zone 1 @ Inner Ring @ Perseus Arm ® Local Arm @ Sagittarius Arm
@ Centaurus Arm @ Cygnus Arm @ Bulge Zone 2 @ Bulge Zone 3 @ Bulge Zone 4

5,00E+20 . r=10kpc
for
Centaurus
Arm

4,00E+20

3,00E+20

End of
Sagittarius
Arm

2,00E420

1,00€+20

0,00E+00

-5,00

-1,00E+20

-2,00E+20

-3,00E+20

-4,00E420

-5,00E+20

Figure 27. Centaurus and sagittarius arms location.

At last, for the Cygnus Arm, for r > 12 kpc we can see in Figure 28 that the
Cygnus contribution to itself drops:

Rotational speed in the Cygnus Am
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Figure 28. Cygnus Arm circular velocities.

In fact, this is where the “secondary Cygnus Arm” is ending as shown in Figure
29:
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Figure 29. Cygnus arm location.

5. Conclusions

In this paper, we have tried to see the effect of each arm of the Milky Way on the
global rotation movement, without using Dark Matter “disc model”.

As we know, there are a lot of inconsistencies with the DM model (explained in
§ 2.2), and we see in our results that there are many logical explanations for the
flatness of the rotation curves if we consider the global shape of our Galaxy.

Of course, there are uncertainties (detailed in §2.10), but the curve trends show
that the inner arm always helps with the rotation motion, while the outer arm de-
celerates this motion.

As the “outer” arm is always “lighter” than the inner arm (because of the surface
density profile, see Figure 6), the inner arm will always accelerate more than the
outer arm decelerates.

In this way, the arms are carrying the impact of the gravitational forces from the

Bulge to the tips of the arms.

6. Outlook

By using an iterative method, we have conducted dozens of simulations before
reaching the optimal mass distribution that allows us to obtain similar results to
the Gaia data.

Following this study, the total mass of our Galaxy for r< 15 kpc is not above 95.9
x 10° Mo.

Thus, the total mass of our Galaxy should not exceed 95.9 + 25 = 120.9 x 10° Me.

This estimation is 41% below the last lowest estimation of the Milky Way total
mass with DM (estimated at 206 x 10° Mo in Jiao’s paper [5]).

More globally, axisymmetric model needs around 40% more mass than non-ax-

isymmetric model using the same data (see §4.1).
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This method and model could be a possible explanation for the flatness of the

Rotational Curve.
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Appendix
Appendix 1

For the mass distribution in the spiral area, we have started using a power law with

a power of a = —2.25 with this mass distribution, summarized in Table Al:

Table A1. Power law mass distribution in the spiral area.

Area (kpc) 42<r<5 5<r<6 6<r<68 68<r<8 8<r<9 9<r<l1l 11<r<13 13<r<15

Mass (*10° Mo) 11.7 12.0 8.0 10.1 7.0 11.4 9.0 7.2

After iterations, we arrive at this mass distribution, summarized in Table A2:

Table A2. Simulation mass distribution in the spiral area.

Area (kpc) 42<r<5 5<r<6 6<r<68 68<r<8 8<r<9 9<r<l1l 11<r<13 13<r<15

Mass (*10° Mo) 9.4 9.4 7.3 15.0 9.3 14.9 7.3 3.8

This important change, especially for 6.8 kpc < r < 11 kpc area, could be ex-
plained by a growth factor linked to the arm’s width (if the mass density is spread
equally in the arm’s width, then the bodies’ location of inner arm is less beneficial

to increase the rotation of outer arm).
If we consider all the arms with a width eand with also inter-arm distance equal

to e, the best-case scenario would be to have half the mass of inner arm at ¢ —%
and the other halfat ¢ +§ .

Then the new radial acceleration contribution from inner arm to outer arm will be:

Gm N 1 1 Gm| 1 1

a, =— + = ——t——
new 2 e 2 e 2 262 3 2 5 2
e—— e+ — — -
4 4 4 4
Gm (16 16\ Gm (8 8 8 8
:—2* e E— :—2* —_t— :aold* —_—t—
2e 9 25 e 9 25 9 25

It means the grow factor on spiral masses could be up to 1.21 (~ §+ 2% ).

Even with this growth factor, the mass distribution does not fit with our power
law for 6.8 kpc < r< 11 kpc area, and does not allow us to fully use the Baryonic

mass Surface density profile.

Appendix 2

For the determination of Inner Ring mass, we have taken into account the spiral
mass for r< 6.8 kpc (equal to 5.1 X 10° Mo, see Table 1) and deduced it from the
total mass between 4.2 and 6.8 kpc (9.4 + 9.4 + 7.3 = 26.1, see Table A2), then we

obtain an Inner Ring mass equal to 21 x 10° Mo.
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Appendix 3

For the determination of the mass of the Galaxy for r> 15 kpc, we keep the same

power law (Equation (2)), integrated between r= 15 kpc and r= 26.5 kpc.
This mass m,5,,,s is defined as (integration of Equation (2) between 15 and

26.5 kpc):
Phis 265 = ((((—1.81818)*(1+26.5 kpe) "' )+0.64516%(1+26.5 kpc)_l'ss)

—(((~1.81818)*(1+15kpc) ** ) +0.64516+(1+15kpe) " || %2 p, * 1
( )*( ) :

~25x10° M,
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