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Abstract
Themissingmass problemhas beenwith us since the 1970s, asNewtonian gravity using baryonicmass
cannot account for various observations.We investigate the viability of retardation theory, an
alternative to theDarkMatter paradigm (DM)which does not seek tomodify theGeneral Principal of
Relativity but to improve solutions within it by exploring its weak field approximation to solve the said
problem in a galactic context. This approach have yielded satisfactory results, with respect to galactic
rotation curves, the Tully-Fisher relation andmissingmass derived from gravitational lensing.
Recently it was able to introduce a necessary correction to the virial theorem explainingmass excess in
clusters of galaxies. The currentwork presents eleven rotation curves calculated using Retardation
Theory. The calculated rotation curves are comparedwith observed rotation curves. Values for the
change inmass flux tomass ratio are extracted from the fitting process as a free fitting parameter.
Those quantities are interpreted here and in previousworks using galactic processes. Retardation
Theorywas able to successfully reproduce rotation curves and a preliminary correlationwith star
birthrate index is seen, suggesting a possible link between galactic winds and observed rotation curves.
Retardation Theory shows promising results within current observations.More research is needed to
elucidate the suggestedmechanism and the processes which contribute to it. Galacticmass outflows
carried by galactic windsmay affect rotation curves.

1. Introduction

From an empirical perspective general relativity (GR) is known to be verified bymany different types of
observations [1–5]. However, currently Einstein’s general relativity is at a rather difficult position. It hasmuch
support fromobservational evidencewhile 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, darkmatter and energy, in order to achieve successes on the larger scales of galaxies, clusters of
galaxies and universe as a whole. Inmost cases the unconfirmed ingredient is usedwhile at the same time
practitioners neglect amajor ingredient of general relativity, the phenomenon of retardation, that negates
Newtonian action at a distance.

Indeed, the so called darkmatter enigma has troubled the astronomical community as early as the 1930s (or
perhaps even as early as the 1920s then denoted as the question ofmissingmass). Additional darkmatter (that is
neglect of retardation effects) has been postulated on increased distances as those scales were scrutinized. A very
detailed and costly forty-years underground and accelerator searchwas unsuccessful to provide evidence
regarding its reality. The darkmatter enigma is problematic as in recent years as the LargeHadronCollider failed
to provide evidence for super symmetric particles, an essential ingredient that string theory needs, and it is that
same string theory that is expected to quantize gravity.
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As early as 1933, Zwicky noted that some galaxies located in theCommaCluster have velocities significantly
larger with respect to the velocities derived formvirial calculations based onNewtonian paradigm [6, 7]. He
derived that themass required to facilitate the observed velocities is about 400 times larger than that of luminous
matter (this was latermitigated somewhat). Of course, if Zwickywould have use the retarded gravity version of
the virial theorem [8]no significant problemwould arise. In 1959, on a smaller galactic scale, Volders observed
that stars at large distances from the center of theGalaxyM33 do notmove as they should [9]. That is to say that
the velocities do not reduce proportionally to the inverse of the square root of the distance from the center.

The discrepancy is further corroborated in later years. Rubin&Ford [10, 11] have shown thatmany galaxies
of spiral form the speeds at the external part do not reduce. Instead they attain a flat curve (or continue
increasing) at a speed unique to every galaxy. It was demonstrated that the velocity curves can be derived from
GR if one does neglect time dependence and the finite speed of propagation of gravity. The detailed analysis is
given in [12–19]. Themechanism is strongly connected to the dynamics of the density ofmatter inside the
Galaxy, ormore specifically to the densities’ second derivative. The density can change due to the depletion of
gas in the galaxies surrounding (inwhich case the second derivative of the galaxies’ totalmass is negative [17])
but can also be affected by dynamical processes involving star formation and supernovae explosions [15, 16]. It
was determined that all possible processes can be captured by three different length scales: the typical length
associatedwith the spatial change of density, also the typical length associatedwith the spatial change of the
velocityfield and also the dynamical length scale. It is the shortest among those length scales that determine the
significance of retardation [20].

The famous relation of Tully and Fisher [21] connecting the luminousmatter of a galaxy to its rim speed in
the fourth power is deduced from thefinite propagation speed of gravity [22].

Retarded gravity does not affect only slowlymoving particles but also photons. Although themathematical
analysis is slightly different in both cases [20, 23]. The analysis shows that the ‘missingmass’ is exactly the same in
gravitational lensing as in rotation curves.

While the ‘darkmatter’ assumptionmay still prevail, current status is sufficiently alarming to contemplate
that this prevailing ideas should be reconsidered.Wemention a few difficulties that add doubt to this
common idea:

First, in order to complywith said observations and structure formation simulations a list of properties has
been attributed toDM [7], whichwill not be listed here.However, to date, 50 years since its inception, DMhas
not been observed nor could any knownparticles be identifiedwith its properties.

Second, darkmatter simulations are notorious for having a core-cusp problem.Navarro-Frenk-White
(NFW) [24] is the prevalentmissingmatter profile used today to describe galactic velocity curves and is derived
fromColdDarkMatter computer calculations. However, NFW is not very successful, in particular for galaxies of
the Low Surface Brightness type. Its consequences for galactic speeds and velocities derived fromobservations
do notmatch. To be specific,NFW implies a ‘cuspy’ central domain for a ‘missingmass’halo. By this it ismeant
that the inner density of the ‘missingmass’ is changing spatially fast. On the other hand observations suggest a
‘core-like’ (approximately the same density) distribution.Of course,many attempts have beenmade to solve this
difficulty, butwithout success. In particular, solutions requiredmore ad hoc paradigms and additional free
parameters, and one could not avoid the deduction that thosewere introduced to artificially uphold a false
assumption.

Third, the law of Sancisi’s [25] is a significant empirical deduction. It challenges dark halos ofmany types.
The content of the law is ‘each and every property of the luminousmatter distribution there is a corresponding
indication in the velocity profile curve and vice versa’. To put this in different words,minute changes in the
luminousmatter profile (‘features’) are identified in the rotation curve. This is unexpected from a ‘missingmass’
paradigm: the dark halo is extremelymassive with respect to baryonicmatter according to standardmodelling
than the baryons. It thus follows that in prevalent areas of theGalaxy, small disturbances in the baryonic density
are of no consequence to the rotational curvewhich contradict empirical data. The deviation between dark
matter theory and observations in LSBs ismuchmore severe. For LSBs the dark halomass ismuch greater than
luminousmatter in every radius.However, in reality the rotation curve attests to every small baryonic change of
mass distribution. Thus there is indeed room for the present suggestion.

Relevant literature on alternative theories toDM is specified in the following references: forMilgrom’s
MOND see [26], forMannheim’s Conformal Gravity see [27, 28], forMoffat’sMOG [29]. In contrast to those
previous alternative theories we adhere strictly toOccam’s razor, as suggested byNewton andEinstein, replacing
‘missingmass’with derivations inherent toGR, and in fact are hardwiredwithinGR foundations. Notice,
however, that the connection between retardation andMONDwas recently elucidated [30], showing inwhat
sense low accelerationMONDcriteria can be derived from retardation theory and howMOND interpolation
function can be a good approximation to retarded gravity. This will also be discussed briefly in the current paper.

We emphasize that appreciable retardation effects do not require that speeds ofmatter in theGalaxy are high
(although thismay help), in fact the vastmajority of galactic bodies (stars, gas) are slowwith respect to the speed
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of light. In otherwords, the ratio of  1v

c
. Typical velocities in galaxies are 100 km/s, whichmakes this ratio

0.001 or smaller. To obtain appreciable retardation effects what is needed is a small typical gradient scalewith
respect to the size of the system [20]. It was shown that retardation effectsmay 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 [31, 32]. However, galaxies’ velocity curves
indicate that the retardation effects cannot be neglected beyond a certain distance [15–17]. The purpose of this
study is to establish the empirical basis for the retarded gravity theory. It expands previouswork analysing eleven
galaxies [16] and is thus a followup from reference [16].We show that inmost cases we obtain an excellent fit
without postulating darkmatter ormodifying general relativity.

2. Retardation effects beyond the newtonian approximation

Themathematical similarities betweenGR and Electromagnetic (EM) theory have not gone unnoticed.While
exact solutions ofGRhave proven challenging due to the non-linear nature of the Einstein equations, within the
weakfield approximation the equations are linear, therefore superposable, yielding a Retarded Potential [3, 33]
similar to that of EM theory [34, 35]. The formof the equations in both cases is related to the structure of the
constant Lorentzianmetric [36, 37].

Thus the retarded gravitational potentialf is given in equation (21) of [17]:
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The notations used are the same as in [17] andwill not be redefined here.
When studying farfield approximations of the Retarded Potential depicted in equation (1), in away that

resembles electromagnetism, the interesting possibility of gravitational waves has been deduced [3, 33]. For a
century, the community has considered the possibility of GravitationalWaves, which havefinally been observed
[38] in the last decadewith great excitement, and a newway of observing theUniverse became possible. Since the
farfield approximation is not suitable for galaxies, as theGalaxy is the source system, retardation theory [12, 14,
17–20, 22, 23] studies a near field approximation.

Using equation (1)wemay derive the force per unitmass:
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Thus a retarded potential does not simply imply a retardedNewtonian force

FNr , but in addition a pure

‘retardation’ force

Fr which decreasesmore slowly than theNewtonian force with radius, thus deriving the

unique shape of speed profiles of galaxies. It should be pointed out that the force spatial properties are not
dependent on any type of expansion or approximation depending on the smallness of the delay time R

c
[17].

Notice, however, that the expansion does elucidate the force terms as we explain below.
R

c
is about 104 years, but may be smaller in comparison to the typical temporal intervals for which the

baryonic density ismodified.We thusmay introduce a Taylor expansion:
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Considering equations (3) and equation (1), wemaywrite:
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Thefirst term is clearlyNewtonian, the second expression if of no consequence as it does not depend on

R or


x ,

the third expression is a correction to theNewtonian theory:
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Equation (4) describes a Taylor expansion, and thus is only applicable for a limited distance specified by the
infinite sum convergence:

( )R c T R 6max max< º

It thus follows that the approximation is only valid in the near field, this is to be comparedwith the different far
fieldmethodology of gravitational radiation [1, 39, 40]. The applicability of the formula ismuch limitedwhen a
second order expansion is considered [17].

Provided that the n> 2 terms are ignored, the force which is applicable to a unitmass can bewritten as:
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1 is quite remarkable and also happens in the corresponding electromagnetic problem [41]. If
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The above approximation is rather useful as dominant retardation effect occur usually outside themainmass of
theGalaxy. Generically a galaxywould apply an attractive force on intergalactic gas, itsmasswould thus increase
so M 0;> now since the intergalactic gas is reduced inmass, it is plausible that the speed at which the galactic
mass is increased,must decrease and therefore M̈ 0< . This is of course amuch oversimplified description of
the overall situation inwhich star formation and supernovae explosions affect themass accretion rate of the
Galaxy.

Wemay thuswrite:
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and the force due to retardationmust be towards the galactic center (increased gravity).
FN first introduced byNewton is attractive, however, the retardation force


Fr may push or pull. Newton’s

force is proportional to
R

1
2 , in contrast, the force implied by retardation is not a function of radial distance

provided the approximation of equation (3) is valid. For short distances, Newtonian forces surely are greater,
however, for far radial distances the retardation force is bound towin. TheNewtonian force is negligible for huge
distances compared to the distance:

( )R R c t 10r º D

Δt is associatedwith the temporal second order derivative of ρ. For R= Rr, retardation can be neglected and
onlyNewtonian forces need to be considered; this is the situation in the solar system. For the outer parts of
galaxies neither force seems to be negligible, and both have to be considered.

Since for a typical galaxy M̈ 0< and a systems totalmass is conserved, it follows that M̈ 0> for the
intergalactic gas and thus


Far in theGalaxy and out side theGalaxy should cancel each other.Notice, that this

argument is incorrect because equation (7) is only validwhen R

c
can be considered diminutive, it is not

diminutive if all theUniverse outside theGalaxy is considered. In [18] it is shown by a detailedmodel that a
retardation force exist regardless if one assumes equation (3) or not.

3. Preliminary remarks

It is well known thatNewtonianGravity can be shown to be a limiting case of General Relativity (GR). To achieve
this the following conditions are imposed:

• Aweakfield: gμν= ημν+ hμν , where g is themetric tensor, ηflat Lorentzmetric and h are small deviations
from the flatmetric (|hμν|= 1).

• Non relativisticmotion: τ≅ t , dx0/dτ≅ c, dx i/dτ= v i= cwhere τ is the proper time, t coordinate time, x
spatial coordinates, c the speed of light in vacuum, v speed of the object.

• h00= 2f/c2 wheref is theNewtonian potential.
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AsNewtonianGravity has been used to explain celestial observations from its inception, primarily on the
solar scale, and asGR showedNewtonian gravity can be considered a special case of GR in theweakfield
approximation, very little has changedwhen analyzing non-dense celestial objects observations such as, for
example, galaxies; this is despite the fact these involve distances ofmany orders ofmagnitude beyond those for
whichNewtonianGravity has been probed for experimentally.

In order to justify discrepancies between observed phenomena andNewtonian gravity, when light is used as
a tracer formass, a new type ofmatter dubbedDarkMatter (DM)has been added to theNewtonianmodel in the
1970s [7, 10, 11]. In order to complywith said observations and structure formation simulations a list of
properties has been attributed toDM [7], whichwill not be listed here.However, to date, 50 years since its
inception, DMhas not been observed nor could any knownparticles be identifiedwith its properties.

The similarities betweenGeneral Relativity andElectromagnetic (EM)Theory have not gone unnoticed.
While exact solutions have proven challenging due to the non-linear nature of the Einstein equations, within the
weakfield approximation, hμν can be approximated to itsfirst order,making the equations linear, therefore
superposable, yielding a Retarded Potential [3, 33] similar to that of EM theory [34].

Since the farfield approach is not suitable within galaxies, or even at their edge, as theGalaxy is the source
system, retardation theory [17–20, 22, 23, 42, 43] focus on the near field solutions, yielding a near field regime.

Trying to apply the potential of equation (4) to galactic rotation curves, we encounter an obstacle; we do not
have an explicit expression for the density time-dependent function ( )

x t,r . However, wemay assume that this
function can bewritten as a combination of addition andmultiplication of spatial and temporal functions:

( ) ( ) ( ) ( ) ( )  
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which enables us [17], after some calculations, towrite equation (4) as:
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whereM is the totalmass enclosed.

4.Methods

Herewe provide a detailedmethodology for calculating rotation curves and interpreting themassflux tomass
ratio. This work presents eleven rotation curves, for which themid-plane circular velocity was derived from
equation (12) by:

⎛
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whereϒ is themass-to-light ratio (it is assumed that the contribution of the retardation correction is only
significant outside themainmass of theGalaxy; for amore accurate treatment see [17]).ϒ is deduced from the
internal (Newtonian) part of the rotation curve. The spatial integral was calculated numerically using the
hypergeometricalmethod [44] according to themassmodel of theGalaxy; with the exception of one galaxy
(NGC3198) for which the thick diskmodel byVan der Kruit & Searle [45]was used (with scale height= scale
length/4.8 [46]) to obtain afit, galaxies were fitted using the double-thinmassmodel by Eckhardt andPestaña
[44]. The only free parameter after fixing themass to light ration in theNewtonian regime is M̈ M , the relation
of which to the depletionmodel (and also other quantities thatmay affect this parameter) are discussed below.

The data used to derive these rotation curves was taken from various literature sources [47–55]. The original
data deprojection smoothing and processing of both the published observed photometry and the published
observed rotation curves (RC)were adoptedwithout further data processing attempts; as there are no free
parameters when deriving gas velocities from the observed data, these too, when they exist, were adopted as is.

For comparison, theMONDian rotation curve for each galaxy was calculated in tandem, using the same
parameters and the samemass-to-light ratio, however, unlike in various otherworks (for example [56]), a0 was
allowed to vary between galaxies as in its inception [26]; to date a physical justification for a universal a0 does not
exist, although a remarkable similarity of values emerges from fits to the data.

5. Results

Plots are presented infigure 1,figure 2 and summarized in table 1. For all plots the obtained change inmass flux
(but not necessarily themassflux) is negative, thismeans the flux ofmass towards the center of theGalaxy
decreases. As can be seen from the plots, formost cases theNewtonian component contribution is dominant in
the initial rise of the curve. Themass-to-light ratio diverges but values are within reason and range from0.6
(M33) to 9 forGalaxy 3917which is a LSB galaxy. It can be seen that the RC calculated using Retardation Theory
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are able tomatch or improve theMONDian fit. Columns 6& 7 of table 1 shows the values of the change inmass
flux and birthrate index respectively. The data for the birthrate indexwas taken fromPortinari et al [57]who
averaged data from several sources, if data was not available for the specific galaxy type in Portinari et el. (e.g. type
Sm; galaxywith a bulge) datawas taken fromKennicut et. al [58]. A preliminary correlation between themass
flux change and the birthrate index can be seen, with similar values for similar galaxy types.While the value of
M̈ M suggests what seems to be quite a large decrease inflow towards the galactic center, the correlationwith
the birthrate index could explain this value as feedback from star formation processes has been shown to trigger
mass outflows from theGalaxy via thermodynamical activity and induce pressure differences [59–61].

Data for galaxies 123-G23, 238-G24, 286-G16, 308-G23 and 362-G11was taken fromPersi and Salucci [48]
andMathewson, Ford, and Buchhorn [47]. In their paper Persi and Salucci divide the data into three different
quality categories, data was taken from the category deemed by the researchers as of ‘Excellent high quality
rotation curves, suitable for individual detailedmassmodelling’. The original RCdata did not include error bars;
as we are unfamiliar with observational weighted averagemethods norwith the galaxies’ observed datawe chose
to present the data as in their paper. Luminosity data wasfitted using the exponential disk profile and rotation
curves were calculated accordingly, both are presented infigure 1. Themass-to-light ratios range from0.75-1.3,
which is in linewith galaxy brightness. For type Sb (238-G24, 308-G23, 286-G16) the rate of change in themass
flux tomass ratio ranges between−1.12 · 10−24 to−1.46 · 10−24 and for type Sc (123-G23, 262-G11) it is
−2 · 10−24 and−3.2 · 10−24 respectively. This correlates to the birthrate of 0.35 for type Sb and 0.9 for type Sc.
The highestfittedmass-to-light ratio (M/L) in the sample is of 9 and is forGalaxyNGC3197which is a LSB,
followed byNGC3198 (M/L= 4.6) andNGC300 (M/L= 2.5).WhileNGC3198 has a small bulge, a good fit
can be attainedwithout it by subtracting the bulge data from the luminosity data, this results with brightness
values similar to LSB galaxies. NGC300 is a LSB galaxy. ThereforeM/L values seem in linewith the data, it is
important to note thatmost RCfitted today use theDMparadigmwhich systematically underestimate theM/L
ratios in order to avoid a ‘doughnut’ shape distribution of darkmatter, therefore it is expected for ourM/L ratio
to differ frommost current literature.

Figure 1. Fitted luminosity profiles and rotation curves. Panels show: observed luminosity (blue diamonds), exponential fits to the
stellar disk (solid gray line), observed circular velocity (black diamonds), retardation theoryfit (solid brown line), stellarNewtonian
component (red crosses), retardation component (blue long dashes) andMONDian fit (magenta dash dot).
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Figure 2. Fitted luminosity profiles and rotation curves. Panels show: observed luminosity (blue diamonds), exponential fits to the
stellar disk (solid gray line), bulge fit (red solid line), sumof bulge+ disk (long brown dashes), observed circular velocity (black
diamondsw/error bar), retardation theory fit (solid brown line), stellarNewtonian component (red crosses), retardation force
component (blue long dashes), gas component (short green dashes) andMONDian fit (magenta dash dot).

Table 1.RotationCurvefitting data for 11 galaxies.

GalaxyName

Galaxy

Type

Mass

Model

Scale Length

(pc) Σ0 (Mepc
−2)

M̈ M

( )s10 24 2- b M/L ratio (Me/Le) a0 (MOND) (m/s2)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC31981 Sbc Thick 3848 110 −0.688 0.27* 4.6 0.5 · 10−10

238G-242,3 Sb Double 4100 602 −1.12 0.35 0.9 1.2 · 10−10

308-G232,3 Sb Double 2198 812 −1.29 0.35 1.3 1 · 10−10

286-G162,3 Sb Double 3821 665 −1.46 0.35 0.75 1.2 · 10−10

N39174 Scd Double 2600 60 −1.5 0.69 9 0.8 · 10−10

123-G232,3 Sc Double 3675 493 −2 0.9 0.7 1.2 · 10−10

362-G112,3 Sc Double 2108 572 −3.2 0.9 0.9 1.2 · 10−10

N39495 Sbc Double 995 916 −4.8 0.9 2 1.2 · 10−10

M336,7 Sc Double 1315 944 −6.23 0.9 0.6 0.8 · 10−10

NGC3008 Sc Double 1700 354 −8.17 0.9 2.5 0.7 · 10−10

UGCA4429 Sm Double 1400 92 −14.6 1.67* 1 0.25 · 10−10

Columns are: (1)Name of theGalaxy. Observational data for each galaxywas taken from its respective reference (2)Galaxy type, (3)Mass

model used for calculationwhereDouble is short for double infinitesimally thin exponential diskmodel andThick is short for exponential

diskwith a sech2 distribution in the z-axis. (4)Exponential diskmodel scale-length given in parsecs, (5)Centralmass density, (6)massflux

change-to-mass ratio, (7) star birthrate of theGalaxy type fromPortinari et al [57] andKennicutt et al [58]; data retrieved fromKennicutt

et al is denotedwith an asterisk*. (8)mass-to-light ratio (9)MONDacceleration constant. Sources: (1) [52]; (2) [48]; (3) [47]; (4) [50]; (5) [51];
(6) [53]; (7) [54]; (8) [55]; (9) [49].
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Thefit for galaxyNGC3949 is not as good as others of our cases (although slightly better thanMOND), as
the rotation curve is notflat and exhibits a small ‘wave’ in its shape. Richards et al [51], similar to other literature,
found that the rotation curve derived from the receding side of theHI velocity field rises faster than the
approaching side, resulting in an asymmetric RC. It is possible that one side of theGalaxy ismore active, or its
surroundings has a largermass reservoir and therefore the change inmassflux is inconsistent throughout and
too local to attain a goodfit with the homogeneousmassflux changewe apply; Verheijen [50]notes a faint
companion 1.5 arcmin to the north thatmay be interactingwith this galaxy.

GalaxyUGCA442 is a dwarf galaxy and itsmassflux change is the highest in our sample; this result correlates
well with the high star birthrate index for dwarf galaxies (1.67) as dwarf galaxies are characterized by star
formation bursts and the star birthrate index relates to change in star formation rates.

Thefit for galaxyM33 using retardation theory is significantly better than that of theMONDian curve. The
change inmassflux is similar to other type Sc galaxies and itsmass-to-light ratio is within reason (0.6) (this can
be improved by using amore accurate estimation of theNewtonian and retardation contributions [17], which
shows that themass-to-light ratio in theGalaxyM33 is onewith ∣ ̈ ∣ M 9.12 10 kg s16 2). Thefitted rotation
curve ofM33 for amore accurate density profile is given infigure 3. To conclude this section and to expand on
our recent publication [16]we shall present some additional results. Tomer Zimmerman&RoyGomel have
written there ownfitting program for the retardationmodel, their quite convincing results are given infigure 4
for theGalaxyNGC247, and infigure 5 for theGalaxyNGC3917. Yuval Glass which is a student and research
assistant of one of us (Professor Yahalom) has automated thefitting process, some of the impressive examples of
his work (which include 143 galaxies of various types deserving a separate publication) is given below. Those
includefigure 6 for theGalaxy F568-V1, figure 7 for theGalaxyNGC1090, and figure 8 for theGalaxyNGC3521.
Data for the above figures is obtained from the SPARCGalaxy collection [62].

6.Discussion

6.1.Origins of retardation
Howcan one reach an erroneous conclusion regarding the existence of ‘darkmatter’? By ignoring retardation
effects and assuming that radial velocities are a result of somemysterious substance.We obtain for a spherically
symmetric distribution [63]:

ˆ ( ) ˆ ( )
v

r
r F

GM r

r
r 14c

d
d

2

2
- = = -

where vc is the speed of a particle of unchanging radius r andMd(r) is the darkmatter within the radius r.
Comparing equations (14) and (13), we deduce that the ‘darkmatter’mass can be calculated as follows:

Figure 3.Rotation curve forM33. The observational points are taken from [53], the full line describe the complete rotation curve
which is the sumof the dotted line describing the retardation contribution and the dashed linewhich is theNewtonian contribution.
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Let uswrite the continuity equation:

· ( ) ( )
 

t
v 0 16

r
r

¶
¶

+  =

 has its standardmeaning in vector analysis. Let us now take a partial temporal derivative of equation (16)
leading to:
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Using equation (16) againwe obtain the expression:
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t
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Figure 4.Rotation curve forNGC247 fitted to the retardationmodel, fitting parameters are given on the right hand side.

Figure 5.Rotation curve forNGC3917fitted to the retardationmodel,fitting parameters are given on the right hand side.
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Wedivide the left and right hand sides of the equation by c2 and obtain:

⎜ ⎟
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⎜
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Since

v

c
is rather small in galaxies and galaxy clusters it follows that

c t

1
2

2

2

r¶
¶

is also small unless the density or the

velocity have significant spatial derivatives. A significant acceleration



t

v

c
¶

¶
resulting from a considerable force can

also have a decisive effect, thismay be connected to star formation processes as discussed below. The depletion of
available gas can also cause such gradients as we describe using a detailedmodel in [17]. Taking the volume
integral of the left and right hand sides of equation (19) and usingGauss theoremwe arrive at the following
equation:
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Figure 6.Rotation curve for F568-V1fitted to the retardationmodel,fitting parameters are given above the plot.

Figure 7.Rotation curve forNGC1090fitted to the retardationmodel,fitting parameters are given above the plot.
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The surface integral is taken over a surface encapsulating theGalaxy or galaxy cluster. This leads according to
equation (15) to a ‘darkmatter’ effect of the form:
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Thuswe obtain the order ofmagnitude estimation:
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In the abovewe define three gradient lengths:
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inwhich the smallest gradient lengthwill be themost significant one in terms of the ‘darkmatter’ phenomena.
Thus:
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In the depletionmodel of [17]we assume that lρ associatedwith density gradients is the shortest length scale, this

is only an assumption, other alternatives are possible as described below. For galaxies we have ( ) 10v

c

2 6» - ,

hence the factor r

lt
should be around 106 to have a significant ‘darkmatter’ effect.

6.2. The depletionmodel
In previous sections the free fitting parameter was the second derivative of the galacticmass, here we shall
attempt to shed some light on its physical origin. It is intuitively obvious that asmass is accumulated in the
Galaxy during its creation (a galaxy is formed by a fluctuation in the homogeneous primordial density that grows
due to gravity) itmust be depleted in the intergalacticmedium. This is due to the fact that the totalmass is
conserved. Still it is of interest to see if this intuition is compatible with amodel of gas dynamics, this will be
studied here. For simplicity we assume that the gas as a barotropic ideal fluid and its dynamics is described by the
Euler and continuity equations as follows:

Figure 8.Rotation curve forNGC3521fitted to the retardationmodel,fitting parameters are given above the plot.
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Inwhich the pressure p(ρ) is assumed to be a given function of the density,
t

¶
¶
is a partial temporal derivative and

d

dt
is thematerial temporal derivative.We have neglected viscosity terms due to the gas lowdensity. For simplicity

we assume axial symmetry, hence all variables are independent of the azimuthal angle θ.Moreover, themass
influx coming from above and below theGalaxy ismuchmore significant as compared to the influx coming
from the galactic edge. This is due to the large difference of theGalaxy surfaces perpendicular to the z axis
compared to the area of its edge. In such circumstances the edgemass influx is less important andwe can assume
a velocity field of the form:

(¯ ) ˆ (¯ ) ˆ ( )
v v r z t z v r z t, , , , . 28z q= + q

ẑ and q̂ are unit vectors in the z and θ directions respectively. r̄ is a radial cylindrical coordinate. The influx is
described schematically infigure 9.

In this case the continuity equation (16)will take the form:
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Defining the quantity:

( )v
v

30z
z

g r r
g

º  =

and using the above definition equation (29) takes the form:

( )
( )

t z
0 31vz g¶

¶
+

¶
¶

=

g

Assuming for simplicity that vz is stationary and defining the auxiliary variable tz:
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we arrive at the equations:
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Figure 9.A schematic view of the galactic influx from a side view.
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This equation can be solved easily as follows:

(¯ ) ( ) ( ) (¯ ) (¯ ) ( )r z t f t t f t r z v r z, , , , , 0 , , 0 34z z zg g r= - - = =

for the function f (x)which isfixed by the density initial conditions and the velocity profile.
Let us now turn our attention to the Euler equation (27), for stationaryflows it takes the form:
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According to equation (28):
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Nowwriting equation (35) in terms of its components we arrive at the following equations:
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It is usually assumed that the radial pressure gradients are negligible with respect to the gravitational forces and
thuswe arrive at the equation:
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As for the z-component part of the Euler equation (35) it can be easily written in terms of the specific enthalpy
( )w dP
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r
in the form:
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We recall that ρ depends on vz through equations (30) and (34):
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As both the specific enthalpy and the gravitational potential are dependent on the density, equation (40) turns
into a rather complicated nonlinear integral equation for vz. However,many galaxies areflattened structures,
hence it can thus be assumed that the pressure z gradients are significant as one approaches the galactic plane.We
will thus assume for the sake of simplicity that the pressure gradients balance the gravitational pull of theGalaxy
and thus vz is just a function of r inwhich case the convective derivative of vz vanishes. The above assumption
holds below and above the galactic plane but not at the galactic plane itself. This suggests the following simple
model for the velocity vz (see figure 9):

⎧
⎨⎩

∣ ∣
∣ ∣

( )v
v z

v z

0

0
42z
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inwhich |vz| is a known function of r̄ . The velocity field is discontinuous at the galactic plane due to our
simplification assumptions, but of course need not be so in reality.We also assume for simplicity that the velocity
field |vz| is constant for r̄ rm< and vanishes for r̄ rm> . According to equation (34) the time dependent density
profile is fixed by the density initial conditions. In this sectionwewill deal with the density profile outside the
galactic plane.We consider an initial density profile as follows:
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inwhich the rectangular function re(z) keeps the exponential function fromdiverging. The density profile is
depicted infigure 10.We assume that ρ2 is negative and thus the density becomes dilute at distances far from the
galactic plane. As vz is constant both above and below the galactic plane, tz

z

vz
= up to a constant. And now it is

easy to deduce from equation (34) the functional formof f (β) (β=− tz):
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Andhence according to equation (41) the time dependent density function formatter outside the galactic plane
is obtained:
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The density ofmatter outside the galactic planewill vanish for
∣ ∣

t tm
z

v
i

z
> = , hence wewill discuss only the

duration of t< tm. Let us look at themass contained in the cylinder defined by theGalaxy (see figure 11) and let
us assume that the totalmass in that cylinder isMT. Now themass outside the galactic diskwill be:
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Figure 10.An initial density profile out side the galactic plane. Inwhich , 0.20 1 2
2

1
r r r= + = -r

r
and zi = 5 (kpc) and

k = 0.32 (kpc−1).

Figure 11.Themass columndefined by theGalaxy (a) Side view (b)Three dimensional view.
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Hence themass in the galactic disk is:

( ) ( ) ( )M t M M t 47T o= -

And the galacticmass derivatives are:
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Inserting equations (45) into (46)wemay calculateMo(t):
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Nowcalculating the second derivative ofMo(t) and using equation (48) leads to the result:
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Thus:

̈ ( ) ̈ ( ) ( )M t M e0 . 53
t= t

So even if ̈ ( )M 0 is small, ̈ ( )M t will soon become exponentially large at a time scale depending on τwhich in turn
depends on the density gradient (see previous subsection) and the velocity of the falling gas (which can be quite
small). Of course the above depletionmodel is highly simplified and other effects such as galactic windsmaywell
play a rule as discussed in the next section.

6.3. Correlationwith star birthrate index
Wehave presented here a sample of galaxies for which retardation theorywas able to reproduce rotation curves
in good agreementwith observational data,fitting different types of galaxies, with different rotation curve
shapes. In thefitting process two parameters were used as free fitting parameters, themass-to-light ratio, for
which values are within reason, and the change inmassfluxwhich is part of the retardation effect coefficient of
equation (13) (second term). As this coefficient is a function of themassflux, the retarded effect contribution can
befine-tuned for each galaxy, resulting in a versatility which enables us to produce various RC shapes, from the
prevalent flat rotation curve (308-G23, for example) toM33ʼs rising curve. The change in themassflux tomass
ratio was considered cohesive throughout theGalaxy, this is in linewith a radialmassflow, or,mass flux towards
the galactic center which varies with time. Radial or non-circularmassflows between the InterstellarMedium
(ISM) and the IntergalacticMedium (IGM)have been recorded by variousworks since the 1960ʼs [64–66].
Although this parameter wasfitted for each galaxy separately, a trend in its values is seen; a preliminary
correlation between the change inmass flux towards the center of theGalaxy and theGalaxy’s star birthrate
index, estimated by galaxy type, was observed.

Star formation feedback has been shown to generatemass outflow via superwinds, large-scale galactic
outflows [64].Woo et al [61] saw that the correlation between star formation rate (SFR) and ionized gas outflow
is clear, while otherworks [59, 60, 67–70] show the velocity of thesewinds to be very large, and can exceed the
Galaxy’s escape velocity. This clear correlation between SFR andmass outflows suggest that a change in the star
formation rate would be expressed as a change in saidmass outflow. The star birthrate index is defined by [58]:
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which relates to change in SFR. Therefore, the correlation between star birthrate index and the change inmass
flux towards the galactic centermay be linked via the change inmass outflows.

6.4. Truncation of the Taylor series
As the contribution of the second term of equation (13) is large, wemust justify the assumptionwemade
yielding equation (7), namely, neglecting terms of order n> 2 of equation (4).While one could assume
depletion of IntergalacticMedium (IGM)with an exponential decay, inwhich case terms of order ( )R c 3 and
highermight be shown to be neglected [18], the correlationwith the birthrate index suggests that the
contribution to the change inmassflux due to SFR activity to the M̈ M coefficient is significant. Therefore, we
delve into the processes which lead to galactic superwinds.While the field is relatively young and themechanism
is not fully understood, various observations and simulations shed light on a possiblemechanism
[60, 64, 68, 71]: Galactic superwinds are powered by the energy deposited in the interstellarmediumbymassive
stars via supernovae (SNe) and stellar winds. The ejecta fromhot stars and SNe in the star burst region quickly
interact andmixwith the surrounding gas to produce a cavity of hotmaterial, this over-pressurized ‘bubbles’ of
hotmaterial propagate and expand in the least resistance path, propagating laterally in the plane of theGalaxy
and carried vertically out of the disk. As this bubble expands it carries cold gas and dust alongwith it, after which
it will evolve into a ‘blowout’ phase as it accelerates outwards and fragments, propagating out into the IGM.As
mentioned, the triggermechanismof these superwinds is SNe and solar winds activity, these are highly localized
(∼1 kpc) and relatively instantaneous when compared to galactic superwindswhich have been observed at great
distances from galaxies enriching the IGMwithmetals over 100 kpc away [72], with outflows spanning from0.1
to 10Myr [64]. As M̈ M is taken to be cohesive throughout theGalaxy, the change inmassfluxwould correlate
with that of superwindswhile the trigger processes are too small or too short to have a detectable effect on
midplanemassflux towards the galactic center. Of high interest to this argument isHeckman et alʼs [68]work, in
which they observe that for a typical outflowmatter is injected at roughly zero velocity, therefore gas is ‘loaded’
into the outflow at v≈ vsys

6 and is accelerated up to some vtermwhich is significantly larger than vsys (x4 for the
largest value in their sample). Asmass is loaded at ‘zero’ and then accelerated outwardswe believe it is reasonable
to assume that while themass outward acceleration in superwinds disrupt themidplanemassflux towards the
galactic center, higher derivatives contribution effects whichwould have disrupted this pre-loadedmass are
negligible in this phenomenon.

6.5. The size of the second term coefficient
The valueswe get for the freefitting parameter M̈ M range between−0.688 · 10−24s−2 to−14.6 · 10−24s−2.
While directmeasurement of interstellarmaterial are hard due to dust and kinematics, estimations forGalactic
outflows, Galactic winds and starburst superwinds range from tens to over a thousand Solarmasses per year [59].
If one assumes a galacticmass of 10 billion solarmasses, this estimationwould yield a ratio ofmassflux tomass
range of 3.17 · 10−17 to 3.17 · 10−15 per second (or M M ). However, said outflowmassflux estimations are
based on a constant averagemassflowover thewind’s lifetimewhile the observational picture does not suggest
constantmassfluxwithin the galactic disk.Mass outflows have been observed to be correlatedwith SFR activity;
Rupke et al [69], for example, received a linear relation betweenmass outflows and SFRwhich is larger than one
(dM/dt/SFR> 1)whileMartin [60] found that for dwarf galaxies this relationmay be a few times the rate of
SFR. This correlation between outflows and SFR activitymeans that a change in the SFR activity will be expressed
as amatching or greater, change inmass outflow.More over, as detailed in the previous section, galactic super
winds are driven by stellar winds and supernovae, generating blast waves [73, 74], and asHeckman et al [68] and
others (for example [60, 70, 75]) observed, the velocities ofmass loaded into the superwind can be times larger
than the systematic rotational velocity, it is estimated that between 105− 108Me of ionized gas takes part in
galactic superwinds outflows [64, 68].While directmeasurements and observations of the activity in the ISMare
proven very difficult due to dust, remnants and kinematics, one observationwhich strengthen large quantities of
mass leaving the galaxies is the ‘missingmetals problem’ [76]. The ISMcontains, among others, heavier than
hydrogen components such asHe, C,N,O,Ne, Fe andDust (Helium,which is estimated tomake up8%of the
ISMby number, contributes 40%bymass) [77].Whilemetals are formed exclusively in the hot cores of stars,
their amounts in galaxies fall well short of the amount expected to be produced by their stars; it is estimated that
galaxies retain only 20%–50%of theirmetals while the IGM is enrichedwithmetals to a detectable level
estimated of 0.3 solarmetalicity [66, 68, 76]; superwinds are thought to be themainmechanism for this
enrichment, therefore carryingmetals as well. Given the largemass quantities which reside in the ISM, the strong
accelerationwithin galactic superwinds, galactic superwindsmechanismof shells removingmaterial from the

6
vsys denotes the systematic rotational velocity, the velocity observed at the ‘plateau’ of the galactic rotation curve.
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diskwhich only in part leaves theGalaxy, and estimation ofmass carried out of theGalaxy of 105− 108Me for
gas alone, it seems that our change in the galacticmidplanemass flux tomass ratio towards the galactic center
range of−0.688 · 10−24s−2 to−14.6 · 10−24s−2 (or M̈ M ) is within reason, though, of course,more research is
needed to shed light onmechanism and quantities.

Ifmass were to leave theGalaxy at such constant rate throughout theGalaxy’s life it would, of course, deplete
theGalaxy’s entiremassmaking it unstable. However, its correlationwith birthrate index suggests this term is
not static but changes in tandemwith galactic SFR processes. Galactic superwinds can span from0.1 to 10Myr
[64] therefore the size of M̈ M is only static in the context of said observational time and is not static for the
lifetime of theGalaxy, nor for the lifetime of the galactic superwind (more details about correct and erroneous
estimation of galacticmass, based on calculated second derivatives can be found in [17]).

6.6.Dwarf galaxies
Unlikemost spiral galaxies, the rotation curve shape of dwarf galaxies usually does not conform to the flat
rotation curve (see, for example, Swaters et. al [78] orHaghighi andRahvar [79]) and its shape can differ from it
greatly.While our sample contains only oneDwarf galaxy, the observed star formation bursts in dwarf galaxies
could suggest that the retarded effect ismuch stronger in dwarf galaxies than in spiral galaxies; thismay explain
this deviation from the flat rotation curve. In addition, localized strong activity could account for non-smooth
‘wiggly’ curves observed in somedwarf galaxies.We therefore believe that in order to further study the galactic
rotation curves of dwarf galaxies, amore detailed approach, onewhich investigates the individual galaxy’s
dynamics and kinematics in tandemwith the observed rotation curve should be taken; however, such research is
currently beyond our scope.

The correlationwith the birthrate index is an encouraging result which strengthens the theory underlying
assumptions of effects due to changes inmassflux. The values used here for the galactic star birthrate indexwere
not individuallymatched per galaxy but provided byworks [57, 58]which try to estimate the star birthrate index,
which relates to the change in SFR, by galaxy type.We therefore believe that further refining these values,
investigating themechanism and correlation between the change inmassflux and the change in SFR per galaxy
may produce an additional tool for investigating galactic dynamics and kinematics, by using the relatively simple
to observe rotation curve.

It is important to note, however, that the valuewe receive for our change in themassflux tomass ratio
coefficient is deduced byfitting and gives the net change inmass flux tomass ratio needed in order to receive
good rotation curve fits.While the largemass quantities carried by galactic superwinds and their kinematics
seem to be able to account for this value,more research is needed in order to elucidate themechanism and
determine accurate quantities and their exact contribution, whichmay differ from the required net change. Gas
accretion, for example, currently estimated at 0.1− 0.25Meyr

−1 or even ten times as that [65], may reducemass
flux towards the galactic center by slowing downdue to changing thermal and pressure differences between the
ISMand IGMor due toHI depletion of the IGM.Other dynamical processes and forcesmay be at play aswell.

6.7. Relation toMOND
Beforewe conclude the discussion sectionwewould like to briefly discuss the relations between retarded gravity
andmodifiedNewtonian dynamics (MOND) [30].MOND suggests corrections toNewtonian gravity when
acceleration is small, furthermore it suggests an interpolation function connecting the high and low acceleration
regimes. Those aspects are analyzed below.

6.7.1. The low acceleration regime
MOND is a theorywhich suggests an amendment toNewton’s gravity when the acceleration a is smaller than
a0(; 1.2 · 10−10 m/s2), it is exacly the same asNewton’s gravity for a? a0. Retarded gravity is significant
according to equation (25) if the following inequality is satisfied:

( )v

c

r

l
fr 55

t

2

2
>

Where fr F

F
r

N
º is a given fraction of theNewtonian gravity, say 1%. Let us now investigate the acceleration

expression: a v

r

2

= . It follows that if thefinite velocity of the gravitational field is of importance:

( ) ( )a
v

r
a r fr

c l

r
56c

t
2 2

2
= > º

Now, ac(r) is proportional to r

1
2 thismeans that this inequality will be satisfied eventually for large enough r. It

follows that ‘missingmass’manifestations can be analyzed in terms of acceleration as is suggested by theMOND
theory.Notice that acceleration is not small with respect to a universal constant a0 in order to facilitate what one
may consider as a ‘darkmatter’manifestation. Rather, acceleration in the absolute sensemust be larger than the
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critical quantity ac(r). However, the inequality becomes easier to satisfy at large distances, for which the
acceleration isminute. A dimunitive acceleration is of course the hallmark ofMONDand specifies the values for
whichMONDcorrections are indeed required.

6.7.2. Interpolation formula
MOND [26] declares that the force of gravity shouldmodified as follows:

( )
ˆ ( )


F

GM

r
r 57M a

a
2

0
m

= -

μ designates the interpolation function that should have a unity value if a0= a. Herewe assume a novel type of
interpolation function7 :
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Provided that a= a0, ( ) a

a

2

0
m . Consider a particle revolving in a constant radius, it will thus be subject to a

centrifugal acceleration of a v

r

2

= andwewill have aMONDian force of the type:
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Provided that v is constant at a distance far awaywhich also coincides with the ‘deep’MONDregime, this
formula resembles the retardation force contribution of equation (8) and thuswe obtain a formula for themass
second derivative:
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Leading to the Tully-Fisher equation:
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alternatively wemaywrite a0 as a function of ∣ ̈ ∣M in the following form:
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From this point of view retarded gravity if ofMONDian formbutwith a novel interpolation expression:
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7. Retardation theory and quantumfield theory

Beforewe conclude, we shall discuss briefly the possibility that quantum field theory effects are related to galactic
rotation curves and also inwhat sense is retardation theory afield theory.We notice the following:

1. Most scientific & technological disciplines do not use quantum field theory (QFT), those include all
engineering disciplines (civil, mechanical, and electronic engineering). But also disciplines that are involved
with exceedingly small scales such asmaterial science, solid state physics,molecular physics, and atomic
physics (scales of about 10−10meters).

2. Moreover, even nuclear physicists rarely useQFT (scales of about 10−15meters).

3. The only scientific discipline inwhichQFT is themain tool is elementary particle physics.

7
A standard interpolation function is for example:
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4. It is generally accepted that if the electric field does not surpass the Schwinger limit: ∼1018 V/m, or the
magnetic field is well below∼4 109 T,QED (QFTof electromagnetic fields) can be safely ignored aswe do in
the current work.Having said that we notice, however, thatQEDalsoworks at low energy. A small shift of the
hydrogen energy levels (Lamb’s shift) is not described by classical electrodynamics only byQED.Moreover,
spontaneous emission is believed to be described byQEDand not classical electrodynamics.

5. In the current work it is shown that (classical) gravitational forces will suffice to describe galactic rotational
curves. Hence, we do not need to consider any other field even in aweak classical form and certainly not its
high fieldQFT effects.

6. The physics of the solar system can be described to a very accurate level without the use of QFT, planet
trajectories are described to high accuracy by simply usingNewtonian gravity.More refined effects in the
solar system such as the anomalous precession ofMercury’s perihelion are explained by general relativity
without the need to useQFT.

7. The galactic system is many orders of magnitude larger than the solar system, hence there is not even the
slightest chance thatQFTwill be relevant (given that evenmolecular physics can be explainedwithout it).

Finally, we notice that both the equations of weak field general relativity (which is retarded gravity) andQFT
satisfy Lorentz symmetry. In this sense one can think of retarded gravity as afield theory on aflat Lorentzian
background.

8. Conclusion

It is interesting to note the similarity betweenRetardation Theory’s potential with that ofMannheim’s
Conformal Gravity early linear potential [27, 28], a theory which seeks to replace GR and has been very
successful reproducing rotation curves:

* * *( ) ( )r
c

r

c
r

2
65

2 2

f
b g

= - +

wheref*(r) is the potential per unit solarmass andβ* =GMe/c
2, to that of equation (4). If onewere to equate

this with equation (4) then γ*would equal * ̈GM c4g = - .
While other theories and paradigms seek tomodify or replace current existing theories, Retardation Theory

does not strive to changeGeneral Relativity nor theNewtonian limit of GRwhen it is appropriate. The theory
seems elegant, with only two free parameters whose origin is clear, with good results reproducing RC for our
sample (and indeed for amuch large sample) and preliminary correlation of change inmass fluxwith star
birthrate index (which relates to the change in SFR and thereforemass outflows), indicating the effect ofmass
outflowon rotation curvesmay be significant.We believe the theory has great potential for future research and
are currently studying additional aspects of the theory.We alsomention that using theweak gravitational field
we have also obtained recently an improvement regarding the estimation ofMercury’s perihelion precession
[31, 32] but this is on a completely different scale.
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