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Abstract: Disk galaxies have a typical dimension of few tens of thousands of light years. It follows
from the theory of general relativity that any signal originating from the galactic center will be noticed
at the outskirts of the galaxy only tens of thousands of years later. This retardation effect is absent in
modelling used to calculate rotation curves throughout the entire galaxy and its external gas. The
considerable differences between Newtonian action at a distance predictions and observed velocities
are currently removed either by assuming dark matter or by suggesting various modifications to the
laws of gravity, MOND being a long standing alternative to Newtonian gravity. In previous papers
we have shown that applying general relativity in a rigorous fashion without mindlessly neglecting
retardation, one can explain the radial velocities of galactic matter without modifying gravity or
adding unseen matter. Moreover, it was shown that dark matter effects as they appear in gravitational
lensing, the Tully-Fisher relation, and mass estimations based on the virial theorem could also be
explained as retarded-gravity effects. In the original main paper on the subject only one galaxy (M33)
was analysed in detail. This was later amended somewhat with a published study of eleven galaxies.
Here we give a more comprehensive retardation analysis of 143 galaxies of different types from the
SPARC Galaxy collection. We show that in most cases we obtain an excellent fit without postulating
dark matter or modifying general relativity.

Keywords: dark matter; MOND; retardation; general relativity

1. Introduction

From an empirical perspective general relativity (GR) is known to be verified by many different
types of observations [5,6,15,16,29]. However, currently Einstein’s general relativity is at a rather
difficult position. It has much support from observational evidence while also having serious
challenges. The observational verifications it has gained in both cosmology and astrophysics are
in doubt due to the fact that it needs to include unconfirmed ingredients, dark matter and energy, in
order to achieve successes on the larger scales of galaxies, clusters of galaxies and universe as a whole.
In most cases the unconfirmed ingredient is used while at the same time practitioners neglect a major
ingredient of general relativity, the phenomenon of retardation, that negates Newtonian action at a
distance.

Indeed, the dark matter enigma has not only been with the astronomical community since the
1930s (or perhaps even since the 1920s when it was known as the question of missing mass), but it
has become prevalent as more dark matter (and a more serious neglect of retardation) has had to be
postulated on larger scales as those scales were scrutinized. A very detailed and costly forty-years
underground and accelerator search failed to prove its existence. The dark matter enigma has become
even more problematic in recent years as the Large Hadron Collider failed to find any super symmetric
particles, not only the astro-particle community’s preferred form of dark matter, but an essential
ingredient that string theory needs, and it is that same string theory that is expected to quantize
gravity.

As early as 1933, Zwicky noted that a group of galaxies within the Comma Cluster have velocities
that are significantly higher than that predicted by the virial calculations based on Newtonian theory [4,
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45]. He calculated that the amount of matter required to account for the velocities could be 400 times
greater than that of visible matter (this was later mitigated somewhat). Of course, if Zwicky would
have use the retarded gravity version of the virial theory [43] no significant problem would arise. In
1959, on a smaller galactic scale, Volders observed that stars in the outer rims of a nearby spiral galaxy
(M33) do not move as they should [26]. That is to say that the velocities do not decrease as 1/+/r. This
discrepancy was further established in later years. During the seventies Rubin and Ford [19,20] have
shown that for a rather large sample of spiral galaxies the velocities at the outer rim of galaxies do not
decrease. Rather, in the general case, they attain a plateau (or continue increasing) at some velocity
different for each galaxy. In previous works it was shown that such velocity curves can be deduced
directly from GR if retardation is not neglected. The derivation of the retardation effect is described
in previous publications [27,28,32-37]. The mechanism is strongly connected to the dynamics of the
density of matter inside the galaxy, or more specifically to the densities’ second derivative. The density
can change due to the depletion of gas in the galaxies surrounding (in which case the second derivative
of the galaxies’ total mass is negative [35]) but can also be affected by dynamical processes involving
star formation and supernovae explosions [27,28]. It was determined that all possible processes can be
captured by three different length scales: the typical length of the density gradient, the typical length
of the velocity field gradient and the dynamical length scale. It is the shortest among those length
scales that determine the significance of retardation [38].

The famous relation of Tully and Fisher [24] connecting the baryonic mass of a galaxy to the
fourth power of its rim velocity can also be deduced from retarded gravity [39].

Retarded gravity does not affect only slowly moving particles but also photons. Although the
mathematical analysis is slightly different in both cases [38,41], it is concluded that the apparent "dark
mass" must be the same as in the galactic rotation curves.

While the standard dark matter paradigm may still prevail, the current situation is alarming
enough to contemplate the possibility that this prevailing paradigm might at least be reconsidered. We
mention a few difficulties that add doubt to this common idea:

First, in order to comply with said observations and structure formation simulations a list of
properties has been attributed to DM [4], which will not be listed here. However, to date, 50 years
since its inception, DM has not been observed nor could any known particles be identified with its
properties.

Second, dark matter simulations are notorious for having a core-cusp problem.
Navarro-Frenk-White (NFW) [17] is the most common dark matter profile used today to fit
rotation curves and is the outcome of Cold Dark Matter (CDM) simulations. However, NFW doesn’t
do so well, especially in Low Surface Brightness galaxies (LSBs). Its predictions for rotational velocities
and actual observations often appear to be in tension. More specifically, an NFW profile predicts
a "cuspy" inner region for a dark halo (i.e. the inner density is changing fast) while observations
prefer a "core-like" (approximately constant density) behavior. Of course, many attempts have been
made over the years to resolve this problem, but those were very limited. They included more ad hoc
assumptions and more free parameters, and one could not avoid the feeling that those were mainly
introduced to keep the current paradigm alive.

Third, Sancisi’s Law [21] is a significant and quite general observation. The problems it creates
apply to all kinds of dark halos. It states that "for any feature in the luminosity profile there is a
corresponding feature in the rotation curve and vice versa". In other words, small changes in the
baryonic mass distribution ("features") can be seen in the total velocity distribution, i.e. in the rotation
curve. It is quite unexpected from a dark-matter perspective: the dark halo is much more massive
according to standard modelling than the baryons. Therefore, in most regions, fluctuations in the
baryonic distribution should not affect the velocity distribution contrary to observations. The problem
in LSBs is even worse. In LSBs the dark halo is believed to be dominant in every radius. Still, the
velocity distribution presents each and every "baryonic bump". It seems that somehow, the total
velocity "cares" about small baryonic fluctuations.
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Thus there is indeed room for the present suggestion. Unlike other theories that suggest modifying
general relativity such as Milgrom’s MOND [13], Mannheim’s Conformal Gravity [10,11] or Moffat’s
MOG [14], the current approach does not do so. We adhere strictly to Occam’s razor, as suggested
by Newton and Einstein. It seeks to replace dark matter with effects within the standard General
Relativity itself. Notice, however, that the connection between retardation and MOND was recently
elucidated [44], showing in what sense low acceleration MOND criteria can be derived from retardation
theory and how MOND interpolation function can be a good approximation to retarded gravity.

We emphasize that appreciable retardation effects do not require that velocities of matter in the
galaxy are high (although this may help), in fact the vast majority of galactic bodies (stars, gas) are
slow with respect to the speed of light. In other words, the ratio of £ < 1. Typical velocities in galaxies
are 100 km/s, which makes this ratio 0.001 or smaller. To obtain appreciable retardation effects what
is needed is a small typical gradient scale with respect to the size of the system [38]. It was shown
that retardation effects may become significant even at low speeds, provided that the distance over a
typical length scale is large enough.

Within the solar system retardation effects are not appreciable [40,42]. However, galaxies” velocity
curves indicate that the retardation effects cannot be neglected beyond a certain distance [27,28,35].
The purpose of this study is to establish the empirical basis for the retarded gravity theory. It expands
previous work analysing eleven galaxies [28] to the current application of a larger sample of 143
galaxies. Those 143 galaxies originated from the SPARC Galaxy collection are of different types, sizes
and luminosities. We show that in most cases we obtain an excellent fit without postulating dark
matter or modifying general relativity.

2. Retardation Effects Beyond the Newtonian Approximation

The mathematical similarities between GR and Electromagnetic (EM) theory have not gone
unnoticed. While exact solutions of GR have proven challenging due to the non-linear nature of
the Einstein equations, within the weak field approximation the equations are linear, therefore
superposable, yielding a Retarded Potential [9,29] similar to that of EM theory [8,23]. The form
of the equations in both case is related to the structure of the constant Lorentzian metric [30,31].

Thus the retarded gravitational potential ¢ is given in equation (21) of [35]:

=, R
o= —G/L’; ) oy M

The notations used are the same as in [35] and will not be redefined here.

When focusing on the far field solutions of the Retarded Potential given in equation (1), in a
similar manner to EM theory, the exciting possibility of gravitational waves has risen [9,29]. For many
years, the community has focused on this possibility of Gravitational Waves, which have only recently
been observed [2] with much excitement, creating new possibilities. Since the far field approach is
not suitable within galaxies, or even at their edges, as the galaxy is the source system, retardation
theory [33-39,41] focuses on the near field solutions, yielding a near field regime.

Using equation (1) we may derive the force per unit mass:

F - _§¢:F)Nr+ﬁr
- (X, t—Ry . . R
FNT = —G/TCRd x/, R = E

2o G pVE s,

E = —?/TRdx, o =S8, @)

Thus a retarded potential does not simply imply a retarded Newtonian force Ey,, but in addition a pure
"retardation" force F, which decreases more slowly than the Newtonian force with distance, explaining
the peculiar form of the galactic rotation curves. We emphasize that this result is independent of any
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perturbation expansion in the delay time % as was done in [35]. However, the perturbation expansion

does shed some light on the nature of those force terms as is explained below.
The duration % may be tens of thousands of years, but may be short with respect to the duration

in which the galactic density changes considerably. Thus, we write a Taylor series for the density:

o 1 .
P =)= Y M@ ()" @)
n=0"""
By inserting Equations (3) into Equation (1), we will obtain:
¢ = P2t+Pu>
¢ — G/thd3/+ /pl) d3’— /Rp(z) Py’
Plns2) (7, t)d3x ()

The Newtonian potential is the first term, the second term has null contribution, and the third term is
the lower order correction to the Newtonian theory:

fr= a5 [ ROV, D (5)

The expansion given in Equation (4), being a Taylor series expansion, is only valid for limited radii
determined by the convergence of the infinite sum:

R < ¢ Tyax = Ripax (6)

hence the current approximation can only be used in the near field regime, this is to be contrasted with
the far field approximation used for gravitational radiation [3,6,18]. The restriction is even more severe
when one uses a second order expansion as was done in [35].

If n > 2 terms can be neglected, the total force per unit mass can be approximated by:

[ ~ Ev+FE,
byl
= S /Lwﬁda ,

=
[
=| =

-
Fur

In the above Ey is a non retarded Newtonian force. To see how this comes about from the existence of
a Newtonian retarded force and retardation force as defined in equation (2) please consult [37]. The
cancellation of the first order term in 1 is indeed remarkable as was pointed out by Feynman [7] with

respect to the electromagnetic case. For large distances, r = |¥| — o, such that R ~ ﬁ = 7; thus, we
obtain: 20

. G.[ 2w on, G .. . d®M

Far:?r/p( )(x,t)dx :?rM, M—F (8)

The above approximation is rather useful as dominant retardation effect occur usually outside the
main mass of the galaxy. As the galaxy attracts intergalactic gas, its mass becomes larger and therefore
M > 0; however, as the intergalactic gas is depleted, the rate at which the mass is accumulated must
decrease and therefore M < 0. This is of course a much oversimplified description of the overall
situation in which star formation and supernovae explosions affect the mass accretion rate of the
galaxy.
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Thus, in the galactic case:
. G .
Fay:_@“\d'r (9)

and the retardation force is attractive.

ffN first introduced by Newton is attractive, however, the retardation force Fr may be either
1

R2’
depend on distance as long as the Taylor approximation given in Equation (3) holds. Below a certain

distance, the Newtonian force dominates, but for larger distances the retardation force has the upper
hand. Newtonian force can be neglected for distances significantly larger compared to the retardation

attractive or repulsive. Newtonian force decreases as however, the retardation force does not

distance:
R > R, = cAt (10)

At is a duration associated with the second order derivative of the density p. For R < R;, retardation
can be neglected and only Newtonian forces need to be considered; this is the situation in the solar
system.

One may claim that since for the galaxy M < 0 and the total mass is conserved it must be that
M > 0 for the matter outside the galaxy and thus retardation forces F,, inside and outside the galaxy
should cancel out. This argument, however, is incorrect because equation (7) is only valid when % is
small, it is certainly not small if the rest of the universe outside the galaxy is taken into account. We
have shown in [37] by a detailed model that a retardation force exist regardless if one assumes the
expansion of equation (3) or not.

3. Methodological Remarks

Our goal is to fit a large number of rotation curves using the retardation model. In order to
accomplish this goal, we rely on the publicly available SPARC database of [12]. The database includes
galaxies with extended 21-cm rotation curves spanning a large range of luminosities and radii. Galactic
rotation curves are calculated in this work by the well known formula:

b _F (11)

in which we use the notation of [35]. However, unlike other authors we do not neglect the retardation
effect and thus:
v3 G .

In the above we use the approximation given in equation (9) which will suffice in most cases, and
allows automatization of the curve fitting process. However, to obtain high quality results more
detailed modelling of the density is required as described in [35]. Each observed rotation curve in the
database is accompanied by the Newtonian velocity components of its stellar disk v ;s (7) = /7Fnaisks
galactic bulge vy, () = | /TFNpuige, and gaseous disk gqs(r) = /7Fngas- Those correspond to the
expected circular Newtonian velocities (i.e. the models) produced by each galactic component. For
simplicity, in this study we selected only galaxies with no bulge components.

Let us now take a closer look at our model and discuss its different terms. Equation (12) can be
rewritten in the following form:

Gr, .
Upredicted(r) = \/(M/L) . Uéisk(r) + v%as(") + ?|M|/ (13)

where M/ L is the stellar-disk mass-to-light ratio which signifies the fact that mass is not observed
directly but is derived from the (absolute) luminosity of the galaxy. The model the contains, therefore,
two free parameters: M/ L and | M| (v4;s corresponds to a disk velocity contribution for a mass-to-light
of unity, that is the mass to light ration of the sun).
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Let us briefly discuss the different velocity components. The publicly-available velocity
distribution v (7) of each galaxy (i.e., prediction for the disk) was numerically obtained from the
corresponding light distribution of that galaxy. The light distribution of a galaxy traces the stellar mass
distribution. Therefore, given the light distribution (combined with the chosen M/ L), the gravitational
and velocity fields of the disk component could be derived. The publicly-available velocity distribution
vgas(7) of each galaxy was numerically derived from observed neutral hydrogen. The gaseous disk
component may also contribute to the overall velocity, especially in low-luminosity galaxies. The disk
and gas components of each galaxy, v4;s(r) and vgss(r) are available online in [12] as numerical data
files. Sanders & McGaugh [22] provides more details on the extraction of these components.

In order to fit the model (i.e., equation (13)) to a given observed rotation curve, we use the
least-squares method. We search for the values of M/L and |M| that minimize x? in each galaxy; that
is to say, the best-fit values of those two parameters. This is done through a dedicated MATLAB script
that searches the values iteratively. It starts with a 2-dimensional grid of initial guesses. From each
point on the grid it tries to find a close local minimum. It then combine the results to get a global
minimum. The M/L value is found from the inner Newtonian part of the rotation curve simplifying
the parameter search.

4. Rotation Curves

The rotation curves of the 143 galaxies from the SPARC Galaxy collection are given below. It is
worth noting that the SPARC Galaxy collection contains 175 galaxies, but for the sake of simplicity we
took galaxies in which the size of the bulge is very small so that we can neglect the height of the galaxy
in the z axis in relation to the size of the galaxy in the x, y plane. We performed a fitting for each galaxy
by finding two parameters: mass to light ratio and the absolute value of the second derivative of the
mass. We arranged the sample results according to Hubble morphological sequence - the classification
scheme for galaxies introduced by Edwin Hubble in 1926. It is often colloquially known as the Hubble
tuning-fork diagram because the shape in which it is traditionally represented resembles a tuning fork.
Hubble’s scheme divided regular galaxies into three broad classes — ellipticals, lenticulars and spirals —
based on their visual appearance (originally on photographic plates). A fourth class contains galaxies
with an irregular appearance.

HUBBLE-DE VAUCOULEURS DIAGRAM

spit®t’

Eo E1 E2 Es E4 Es Ee Intermediate Spiral

A
L 00000.

Ellipticals

Irregulars
SOB

Figure 1. Edwin Hubble’s classification scheme.

In the following plots: the blue line describes the Newtonian contribution, the green line describes
the contribution resulting from the retardation, the red line describes the joint contribution of the
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Newtonian force and the retardation force, and black dots describe the SPARC data. In addition,
above each plot we indicate the values of the mass to light ratio, the second mass derivative, and the
total mass of the galaxy. The total mass is calculated from the M /L that was found, and is not a free
parameter. The results of this procedure are shown in Appendix A, from which it is clear that most
rotation curves are fitted quite well.

5. Correlations

In this study, we attempted to address the missing mass problem by fitting the rotation curves
of 143 galaxies using the retardation model. Summarizing tables of the relevant galactic parameters
are given in the appendix. We used a rough retardation model of a single parameter which is the
magnitude of the second derivative of the mass. We were able to explain the observed discrepancies
with Newtonian action at a distance gravity, within General Relativity and without the need to postulate
the existence of dark matter. Importantly, we found no correlations between the size of the second
derivative of the mass and the radius or mass of the galaxies, nor was there any correlation between
the size of the second derivative and the type of the galaxy according to the Hubble classification. This
could indicate that our proposed solution does not depend on the size, mass, or type but rather on
its history. Nevertheless almost all second derivatives are of the same order of magnitude. Below are
graphs describing the size of the second derivatives as a function of radius, mass, and type.
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Figure 2. The size of the second derivative of the mass vs. the Hubble type: .0 =50, 1 =Sa, 2 =Sab, 3 =
Sb,4 =Sbc,5=5c,6=Scd, 7 =5d,8 =Sdm, 9 =Sm, 10 =Im, 11 = BCD.
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Figure 3. The size of the second derivative of the mass vs. the size of the galaxy.
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Figure 4. The size of the second derivative of the mass vs. the galactic mass.
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Figure 5. The size of the second derivative of the mass vs. the galactic mass for galaxies with a mass
smaller than 10° Msun. No obvious correlation can be found also in this limited set.

6. Conclusions

Lorentz symmetry group excludes action at a distance potentials in the weak field approximation of
GR, and thus only retarded solutions are allowed. Retardation is intuitively more significant when bigger
distances and bigger second derivatives are present. We have demonstrated in [35] that the current
approach does not require that the velocities in the system, v, to be high, as most galactic entities (stars,
gas) are subluminal with ¢ < 1. Typical velocities in galaxies are at the order of 100"?’” (see figures
above), which makes this ratio 0.001 or smaller. However, every gravitational system has a retardation
distance, beyond which the retardation effect cannot be ignored. This follows because mass is exchanged
between each natural system and its surroundings. For example, the solar wind in the solar system and
on a much larger scale, galaxies that accrete intergalactic gas. This means that all systems have a finite
retardation distance. The question is thus quantitative. The change of mass of the sun is minute and
thus the retardation distance of the solar system is much larger than the size of the system allowing
us to neglect retardation effects. However, for the M33 galaxy [35] the velocity curve indicates that the
retardation effects cannot be neglected beyond a certain distance which was calculated to be roughly
R, = 4.54 kpc. Similar analysis for other galaxies of different types has shown similar results [27,28]
as was shown in the current paper. In [35] we demonstrated using a detailed model that this does not
require high velocity of gas or stars and is perfectly consistent with the current observational knowledge
of galactic and extra galactic material content and dynamics. Of course | M| cannot be constant over the
entire life time of the galaxy, for a simple model based on intergalactic mass depletion see [35].

We point out that if the mass outside a galaxy is still abundant (or totally consumed) M ~ 0 and
the retardation force should vanish. In this case, no "missing mass" phenomenon is expected. This was
indeed reported [25] for the galaxy NGC1052-DF2 and for a few more ultra diffuse galaxies.

We note that the same physics that causes the gravitational radiation recently discovered is also
responsible for the peculiar galactic rotation curves. The second order expansion in equation (4) is
only valid for limited radii:
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R < ¢ Tiax = Ruax (14)

That is to the near field, this is acceptable since the extension of the rotation curve in galaxies is the
same order of magnitude as the size of the galaxy itself. An opposite case in which the size of the
object is much smaller than the distance to the observer will result in a different approximation leading
to the famous quadruple equation of gravitational radiation as predicted by Einstein [6] and verified
indirectly in 1993 by Russell A. Hulse and Joseph H. Taylor, Jr. for which they justly received the
Nobel Prize. The Hulse-Taylor binary pulsar offered indirect evidence of the existence of gravitational
waves [18]. On 11 February 2016, the LIGO and Virgo Scientific Collaboration announced they had
made a direct observation of gravitational waves. The observation was made five months earlier, on
14 September 2015, using the Advanced LIGO detectors. The gravitational waves was caused by the
merging of a binary black hole system [3]. Thus we study a near field case of gravitational radiation
while previous art contains far field demonstrations.

To conclude this section we would like to mention the remarkable theory of conformal gravity put
forward by Mannheim [10,11]. The approach practiced in this paper leads to a Newtonian potential
plus a linear potential. Such potential types can also be derived from different theoretical considerations
of conformal gravity. Indeed, on purely phenomenological grounds such fits have essentially already
been published in the literature. While those fits looked reasonable they treat the coefficient of the
linear potential as a variable that changes from galaxy to galaxy, this element which also arise in the
current work is not in line with conformal gravity in which the coefficient of the linear potential is
supposed to be a new universal constant of nature. This can be easily explained with retardation
theory in which a variable M seems reasonable depending on the dynamical conditions of various
galaxies and the history of their creation.

Retardation Theory’s approach satisfies Occam’s razor rule and does not affect observations which
are beyond the near-field regime [37], and therefore, does not clash with GR theory and its observations.
Most of the 143 galaxies that were modelled in this work fit quite well with only a simple approximation
to retarded gravity, other may benefit from a more detailed modelling as was done in [35]. Of course, in
some cases the cylindrical symmetry approximation that we assume will not suffice.

Finally, the paper does not discuss dark matter in cosmological context. This is left for future
works.

Data Availability Statement: Data derived from a source in the public domain. http://astroweb.cwru.edu/
SPARC/.

Appendix A. Galaxy Fits
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Figure A1. The rotation curves of ‘Sbc’ type galaxies.
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Figure A2. Cont.
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Figure A2. The rotation curves of ‘Sc’ type galaxies.
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Figure A3. The rotation curves of ‘Scd’ type galaxies.
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Figure A4 presents the rotation curve of ‘Sd’ galaxies:
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Figure A4. Cont.
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Figure A7. The rotation curves of 'Im’ type galaxies.
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Figure A8. The rotation curves of 'BCD’ type galaxies.
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Figure A9. The rotation curves of ‘Sb” type galaxies.
Appendix B. Galaxy Data Tables
GalaxyName |Hubble Type|Distance (MPC)|Derror|R_max (KPC)|Mdotim (kg*s*-2) ((M-sun) / {L-sun)) | TotalLuminosity (10*9 L-sun) | mass (10"9"M-sun)|
'CamB' 10 3.36 0.26 1.79 -9.12E+15 0.2 0.075 0.015
'D512-2' 10 15.2 4.56 3.83 -1.565784E+16 1.642060086 0.325 0.533669528
'D564-8' 10 8.79 0.28 3 -1.42867E+16 1 0.033 0.033
'DE31-T' 10 7.72 0.18 7.23 -3.36618E+16 08 0.196 0.1568
'DDO064' 10 6.8 2.04 2.98 -4.27035E+16 1.5 0.157 0.2355
'DDO154' 10 4.04 0.2 5.92 -4.01202E+16 0.481545084 0.053 0.025521888
DDO16T' 10 75 2.25 1337 2.59118E+16 0.419742489 0.548 0.230018884
DDO168' 10 4.25 0.21 4.12 -4.78702E+16 1 0.191 0.191
'DDO170' 10 15.4 4.62 12.33 -1.81617E+16 2.85751073 0.543 1.5651628326
'ESO079-G014' 4 287 7.17 16.67 -8.92038E+16 0.879828326 51.733 45.5161588
'ESO116-G012 7 13 38 9.86 -9.82455E+16 0.818025751 4.292 3.510966524
'ES0444-G084' 10 4.83 0.48 4.44 -9.17871E+16 1.985407725 0.071 0.140963948
'ES0563-G021' 4 0.8 9.1 42.41 -1.29246E+17 0.955364807 31477 297.2875545
'F561-1 9 66.4 10 9.66 9.12E+15 0.584549356 4.077 2.383207725
'F563-1' 9 48.9 9.8 201 -4.78702E+16 3.6472103 1.903 6.940641202
F563-V1' 10 54 10.8 7.87 9.12E+15 0.2 1.54 0.308
F563-V2' 10 59.7 1.9 10.47 -4.78702E+16 4.40944206 2.986 13.16659399
'F565-V2' 10 51.8 104 8.91 -5.04536E+16 2.8 0.558 1.5652
'F567-2' 9 79 11.8 9.59 -9.12E+15 1.518454938 2.134 3.240382833
'F568-1' 5 90.7 97 1323 -9.95372E+16 2.315021459 6.252 14.47351416
'F568-3 7 824 3.24 17.98 -4 91619E+16 0.879628326 8.346 7.34304721
'F568-V1' 7 80.6 8.068 17.83 -3.75368E+16 4.402575107 3.825 16.83984979
'F571-8 5 53.3 10.7 15.55 -1.44T46E+17 0.2 10.164 2.0328
FET1-VT' 7 80.1 8 1359 -3.62452E+16 1545922747 1.849 2.858411159
'F574-1' 7 96.8 9.68 12.6 -3.36618E+16 2.074678112 6.537 13.56217082
'F574-2 9 89.1 8.91 11 9.12E+15 0.434 2.877 1.248618
F5T9-VI' 5 89.5 3.95 15.16 9.12E+15 2.500429185 11.848 29.62508498
'F583-1' 9 354 8.85 16.26 -3.75368E+16 2.527896996 0.986 2.492506438
'F583-4' 5 53.3 10.7 7.29 -3.49535E+16 1.058369099 1.715 1.815103004
1C2574 9 391 02 10.23 2.33284E+16 0.234334764 1.016 0.23808412
'KK98-251" 10 6.8 2.04 3.13 -9.12E+15 2.541630901 0.085 0.216038627
'NGC0024' 5 7.3 0.36 11.27 -8.72453E+16 1.820600858 3.889 7.080316738
'NGCQ055' 9 2.11 0.1 135 -5.04536E+16 0.206866953 4.628 0.957380258
'NGC0100' 6 135 4.05 962 -6.8537E+16 0522746781 3232 1689517597
'NGC0247' 7 3.7 0.19 14.54 -2.59118E+16 1.827467811 7.332 13.39899399
'NGC0289 4 208 5.2 71.12 -3.49535E+16 1.024034335 72.065 73.79703433
'NGC0300' 7 2.08 01 1.8 -6.0787E+16 1.030901288 2.922 3.012293562
'NGC0801' 5 80.7 8.07 59.82 -4.01202E+16 0.646351931 312.57 202.0302232
'NGC1003' 6 1.4 3.42 3024 -3.49535E+16 1.113304721 6.82 7.592738197
'NGC1090' 4 37 9.25 30.09 -4.65785E+16 0.756223176 72.045 54.46209871
'NGC1705' 11 5.73 0.29 6 -7.88704E+16 2.349356223 0.533 1.252206867
'NGC2366 10 3.27 0.16 6.03 -3.88285E+16 05 0.236 0.118
'NGC2403 6 316 0.16 20.87 -8.53288E+16 0.927896996 10.041 9.317013734
'NGC2303' 4 6.6 1.98 24.96 -1.18912E+17 0.584549356 81.863 47.85296395
'NGC2315' 1" 4.08 0.2 10.04 -7.2412E+16 1.188841202 0.641 0.76204721
'NGC2976 5 358 0.18 2.27 9.12E+15 0.893562232 3371 3.012198283

Figure A10. Table of galaxies and their properties which were modelled in this work - part 1.
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GalaxyName |HubbleType|Distance (MPC)|Derror|R_max (KPC)|Mdotim (kg*s*-2) | gamma ((M-sun) / (L-sun)) | TotalLuminosity (104
'NGC2998' 5 68.1 10.2 42.28 -5.17452E+16 0.927896996 150.902
'NGC3109' 9 1.33 0.07 6.45 -4.14118E+16 1.8 0.194
'NGC3198' 5 13.8 1.4 44.08 -4.27035E+16 0.907296137 38.279
'NGC3521' 4 7.7 23 17.74 -1.49912E+17 0.550214592 84.836
'NGC3726' 5 18 25 32.52 -5.56203E+16 0.550214592 70.234
'NGC3741' 10 3.21 0.17 7 -3.62452E+16 0.879828326 0.028
'NGC3769' 3 18 25 37.16 -4.01202E+16 0.776824034 18.679
'NGC3877' 5 18 25 11.35 -5.82036E+16 0.61888412 72.535
'NGC3893' 5 18 25 19.05 -1.26662E+17 0.591416309 58.525
'NGC3917' 6 18 25 14.86 -4.91619E+16 1.08583691 21.966
'NGC3949' 4 18 25 7.07 -1.79621E+17 0.426609442 38.067
'NGC3953' 4 18 25 15.68 -2.97868E+16 0.79055794 141.301
'NGC3972' 4 18 25 8.72 -1.26662E+17 0.577682403 14.353
'NGC3992' 4 23.7 2.3 46.02 -5.94953E+16 1.051502146 226.932
'NGC4010' 7 18 25 10.47 -1.03412E+17 0.406008584 17.193
'NGC4051' 4 18 25 12.19 -2.72034E+16 0.632618026 95.268
'NGC4068' 10 4.37 0.22 2.37 -2.46201E+16 0.6 0.236
'NGC4085' 5 18 25 6.2 -2.18371E+17 0.2 21.724
'NGC4088' 4 18 25 21.48 -6.98287E+16 0.385407725 107.286
'NGC4100' 4 18 25 22.76 -6.72453E+16 0.9004238185 59.394
'NGC4183' 6 18 25 21.02 -2.97868E+16 1.477253219 10.838
'NGC4214' 10 2.87 0.14 5.63 -9.95372E+16 1.188841202 1.141
'NGC4389' 4 18 25 5.32 -6.59536E+16 0.2 21.328
'NGC4559' 6 9 2.7 20.97 -5.04536E+16 0.653218884 19.377
'NGC5055' 4 9.9 0.3 54.59 -4.91619E+16 0.515879828 152.922
'NGC5371' 4 39.7 9.92 46.24 -2.72034E+16 0.632618026 340.393
'NGC5585' 7 7.06 212 10.96 -6.33703E+16 0.488412017 2.943
'NGC5907' 5 17.3 0.9 50.33 -5.04536E+16 0.91416309 175.425
'NGC6015' 6 17 5.1 29.23 -5.94953E+16 0.996566524 32.129
'NGC6503' 6 6.26 0.31 235 -5.56203E+16 0.879828326 12.845
'NGC6789' 11 3.52 0.18 0.71 -2.31288E+17 1 0.1
'NGC7793' 7 3.61 0.18 7.87 -6.4662E+16 0.756223176 7.05
'PGC51017" 1 13.6 1.4 3.63 -9.12E+15 0.2 0.155
'uGcoo128' 8 64.5 9.7 53.75 -2.46201E+16 3.111587983 12.02
'uGgcoo19at 9 171 5.1 9.98 -3.75368E+16 1.655793991 2.004
'UGC00634' 9 30.9 7.7 18.01 -4.91619E+16 1.944206009 2.989
'UGC00731"' 10 12.5 3.75 10.91 -3.75368E+16 5 0.323
'UGCcoos9t 9 10.2 3.1 7.39 -4.01202E+16 1 0.374
'UGCco1230' 9 53.7 10.7 36.54 -1.55784E+16 2.987982833 7.62
'UGcoi2st 8 5.27 0.24 5 -3.62452E+16 1.7 0.353
'UGC02023' 10 10.4 3.1 3.76 -2.72034E+16 0.7 1.308
'UGC02259' 8 10.5 3.1 8.14 -3.88285E+16 2.878111588 1.725
'UGC02455' 10 6.92 2.08 4.03 -1.2995E+16 0.2 3.649
'UGC04278' 7 9.51 2.85 6.7 -6.98287E+16 0.8 1.307
'UGC04305' 10 3.45 0.17 5.52 -9.12E+15 0.4472103 0.736
'UGC04325' 9 9.6 2.88 5.59 -9.12E+15 3.310729614 2.026

Figure A11. Table of galaxies and their properties which were modelled in this work - part
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GalaxyName |HubbleType|Distance (MPC)|Derror|R max (KPC)|Mdotim (kg*s*-2)| gamma ((M-sun) / (L-sun)) | TotalLuminosity (10"9 L-st
'UGC04483' 10 3.34 0.31 1.21 -2.97868E+16 0.996566524 0.013
'UGC04489' 8 12.5 3.75 8.18 -4.27035E+16 0.955364807 1.552
'UGC05005' 10 53.7 10.7 28.61 -2.97868E+16 0.694420601 4.1
'UGC05414' 10 9.4 2.82 4.11 -6.33703E+16 0.2 1.123
'UGC05716' 9 21.3 5.3 12.37 -3.49535E+16 2.603433476 0.588
'UGC05721' 7 6.18 1.85 6.74 -8.92038E+16 1.841201717 0.531
'UGC05750' 8 58.7 11.7 22.85 -1.17033E+16 2.026609442 3.336
'UGC05764' 10 7.47 2.24 3.62 -7.49954E+16 5 0.085
'UGC05829' 10 8.64 2.59 6.91 -2.84951E+16 2 0.564
'UGC05918' 10 7.66 2.3 4.46 -9.12E+15 4.327038627 0.233
'UGC05986' 9 8.63 2.59 9.41 -1.08871E+17 1.003433476 4.695
'UGC05999' 10 47.7 9.5 16.22 -4 52869E+16 0.66685279 3.384
'UGC06399' 9 18 2.5 7.85 -5.56203E+16 1.346781116 2.296
'UGC06446' 7 12 3.6 10.22 -4.65785E+16 2.884978541 0.988
'UGC06628' 9 15.1 4.53 7.69 -9.12E+15 0.460944206 3.739
'UGC06667" 6 18 2.5 7.85 -5.94953E+16 5 1.397
'UGC06818" 9 18 2.5 7.01 -4.52869E+16 0.5 1.588
'UGC08917"! 9 18 2.5 10.47 -7.2412E+16 0.934763948 6.832
'UGC08923' 10 18 2.5 5.16 -9.17871E+16 0.364806867 2.89
'UGC06930' 7 18 2.5 16.61 -3.23701E+16 1.449785408 8.932
'UGC06983' 6 18 2.5 15.68 -5.56203E+16 1.593991416 5.298
'UGC07089' 8 18 2.5 9.18 -3.62452E+16 0.6 3.585
'UGCo7125' 9 19.8 5.9 18.68 -1.17033E+16 1.120171674 2.712
'UGCOo7151" 6 6.87 0.34 5.5 -4.01202E+16 1.181974249 2.284
'UGC0o7232' 10 2.83 0.17 0.81 -1.26662E+17 0.369 0.113
'UGcor2st’ 8 13.1 3.93 6.67 -4.78702E+16 1.181974249 1.753
'UGC07323' 8 8 2.4 5.9 -5.17452E+16 0.7 4.109
'UGC07399' 8 8.43 2.53 6.13 -1.39579E+17 2.143347639 1.156
'UGC07524' 9 4.74 0.24 10.69 -2.97868E+16 1.779399142 2.436
'UGC07559' 10 4.97 0.25 2.53 -2.72034E+16 0.206866953 0.109
'UGCO07577! 10 2.59 0.13 1.68 -9.12E+15 0.496 0.045
'UGC07603' 7 4.7 1.41 4.11 -8.27454E+16 0.900429185 0.376
'UGC07608' 10 8.21 2.46 4.85 -6.8537E+16 1.5 0.264
'UGC07690' 10 8.11 2.43 4.13 -3.62452E+16 1.120171674 0.858
'UGC07866' 10 4.57 0.23 2.32 -2.33284E+16 0.872961373 0.124
'uGcos28e' 6 6.5 0.21 8.04 -5.04536E+16 2.459227468 1.255
'UGCo8490' 9 4.65 0.53 10.15 -5.04536E+16 2.060944206 1.017
'UGC08550' 7 6.7 2 5.36 -4 52869E+16 1.724463519 0.289
'UGCc08837" 10 7.21 0.36 4.2 -2.58118E+16 0.2 0.501
'UGC09037" 6 83.6 8.4 27.96 -7.6287E+16 0.275536481 68.614
'UGC09992' 10 10.7 3.21 3.89 -9.12E+15 1.230042918 0.336
'UGC10310" 9 15.2 4.6 7.74 -1.94534E+16 2.081545064 1.741
'UGC11455' 6 78.6 11.8 41.93 -1.00829E+17 0.557081545 374.322
'UGC11557" 8 24.2 6.05 10.56 -3.88285E+16 0.261802575 12.101
'UGC11820' 9 18.1 5.43 15.82 -3.10785E+16 1.916738197 0.97
'UGC12506' 6 100.6 10.1 49.99 -4.01202E+16 1.813733906 139.571
'UGC12632' 9 9.77 2.93 10.66 -1.94534E+16 3.056652361 1.301
'UGC12732' 9 13.2 4 15.4 -3.75368E+16 2.122746781 1.667
'UGCA281' 1" 5.68 0.28 1.08 -4.27035E+16 0.914186309 0.194
'UGCA442' 9 4.35 0.22 6.33 -3.62452E+16 2.768240343 0.14
'UGCA444' 10 0.98 0.05 2.59 -3.23701E+16 3 0.012

Figure A12. Table of galaxies and their properties which were modelled in this work - part
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