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V. Borka Jovanović1 , D. Borka1 and P. Jovanović2
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Abstract. Here we use the samples of spiral and elliptical galaxies, in order to
investigate theoretically some of their properties and to test the empirical rela-
tions, in the light of modified gravities. We show that the baryonic Tully-Fisher
relation can be described in the light of f(R) gravity, without introducing the
dark matter. Also, it is possible to explain the features of fundamental plane
of elliptical galaxies without the dark matter hypothesis.
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1. Introduction

In this review we want to make a comparison between ΛCDM, MOND and the
modified gravities regarding some empirical relations connecting the properties
of galaxies. For these investigations, the samples of many galaxies, spiral as well
as elliptical, are used. As we were able to explain some features of galaxies in
the light of modified gravities, our investigations are showing that we do not
need any dark matter hypothesis.

The modified theories of gravity have been proposed like alternative ap-
proaches to Einstein theory of gravity: (Fischbach, 2004; Capozziello & De Lau-
rentis, 2011; Nojiri & Odintsov , 2011; Nojiri et al., 2017; Borka et al., 2021). In
this work we consider f(R) gravity, specifically power-law fourth-order theories
of gravity (Capozziello et al., 2007). f(R) gravity is a straightforward extension
of General Relativity (GR) where, instead of the Hilbert-Einstein action, linear
in the Ricci scalar R, one considers a power-law f(R) = f0nR

n in the gravity
Lagrangian (Zakharov et al., 2006, 2007; Capozziello et al., 2007; Capozziello &
De Laurentis, 2011; Borka et al., 2012; Zakharov et al., 2014). In the weak field
limit, a gravitational potential is of the form (Capozziello et al., 2007):
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Φ (r) = −GM
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, (1)

where rc is the scale-length parameter and it is related to the boundary condi-
tions and the mass of the system and β is a universal parameter related to the
power n. It is possible to demonstrate that the relation:

β =
12n2 − 7n− 1−

√
36n4 + 12n3 − 83n2 + 50n+ 1

6n2 − 4n+ 2
. (2)

holds (Capozziello et al., 2007). For the case n = 1 and β = 0 the Newtonian
potential is recovered.

Being n any real number, it is always possible to recast the f(R) power-law
function as

f(R) ∝ R1+ε . (3)

If we assume small deviation with respect to GR, that is |ε| � 1, it is possible
to re-write a first-order Taylor expansion as

R1+ε ' R+ εRlogR+O(ε2) . (4)

2. Observed empirical relations of galaxies

Galaxies can commonly be divided into four main types (Binney & Tremaine,
2007):

– Spiral galaxies;

– Elliptical galaxies;

– Lenticular galaxies;

– Irregular galaxies.

In this work we will study main global observables of spiral and elliptical
galaxies.

2.1. Main global observables of spiral galaxies

Most spiral galaxies consist of a central concentration of stars, known as the
bulge, flat rotating stellar disk (with gas and dust) and surrounding near-
spherical halo of stars. Main global observables of spiral galaxies are total lu-
minosity L, its flat rotational velocity vc, the mass of the stars M∗ and mass of
the gas Mg. Typical circular speeds of spirals are between 100 and 300 km/s.
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The rotation rate of spirals in the flat part of the circular-speed curve is related
to their luminosity by the Tully-Fisher law (Said, 2023).

Let us here mention the ratio of the mass of a galaxy to its total luminosity,
i.e. mass-to-light ratio (Υ = M/L). This is an important concept of spiral
galaxies which shows us what kind of matter makes up most of the luminous
population of the galaxy. A high Υ may indicate presence of dark matter, while
a low Υ indicates that most of the matter is in the form of baryonic matter,
stars and stellar remnants plus gas.

2.2. Main global observables of elliptical galaxies

Main sources of luminosity in elliptical galaxies would be: stellar plasma, hot gas,
accreting black holes in the cores of galaxy bulges (see e.g. Sparke & Gallagher
(2007) and references therein).

Surface brightness I is flux F within angular area Ω2 on the sky (Ω = D/d,
where D is side of a small patch in a galaxy located at a distance d). I is
independent of distance d: I = F/Ω2 = L/(4πd2)× (d/D)2 = L/(4πD2), where
L is luminosity (see e.g. § 1.3.1 in Sparke & Gallagher (2007)).

According to luminosity, their classification is the following:

1. Massive/luminous ellipticals (L > 2× 1010 L�). They have lots of hot X-ray
emitting gas, very old stars, lots of globular clusters, and are characterized
by little rotation.

2. Intermediate mass/luminosity ellipticals (L > 3× 109 L�). Their character-
istic is power law central brightness distribution. They have little cold gas
and moderate rotation.

3. Dwarf ellipticals (L < 3 × 109 L�). Their surface brightness is exponential.
There is no rotation (Borka Jovanović et al., 2019).

Surface brightness of most elliptical galaxies, measured along the major
axis of a galaxy’s image, can be fit by de Vaucouleurs profile: I(r) = Ie ×
10−3.33((r/re)1/4−1). De Vaucouleurs profile is a particularly good description
of the surface brightness of giant and midsized elliptical galaxies (Ciotti, 1996;

Cardone, 2004). The Sersic r1/n profile: I(r) = Ie× 10−bn((r/re)1/n−1) (the con-
stant bn is chosen such that half of the luminosity comes from r < re), which
generalizes the de Vaucouleurs profile, is also well suited to describe the surface
brightness distribution of dwarf ellipticals for n = 1 (Ciotti, 1996; Cardone,
2004).

2.3. Data

In order to compare theoretical results with observations, we use data reported
in Table I of Ref. Burstein et al. (1997). We used effective radii, effective lumi-
nosities and characteristic velocities of galaxies, galaxy groups, galaxy clusters
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and globular clusters. For circular velocity vc from that table in case of ellipti-
cals is vc = σ0. The total number of galaxies that we take into account is 1150,
while among them there are 400 elliptical galaxies.

We also used the data for the observed Baryonic Tully-Fisher relation of gas
rich galaxies obtained by McGaugh (2011), and listed in Table 1 of our Ref.
Capozziello et al. (2017).

3. Tully-Fisher relations in the light of Rn modified gravity

There are several different forms of the Tully-Fisher relation, depending on
which properties are related: the measurements of mass, luminosity or rotation
velocity.

3.1. The Tully-Fisher relation

The Tully-Fisher relation (TFR) is the following empirical relation that
correlates the intrinsic brightness of a spiral galaxy, measured by its total lu-
minosity L, and its dynamical properties, measured by its maximum rotational
velocity Vrot (Said, 2023):

L ∝ V 4
rot. (5)

Tully & Fisher (1977) proposed the use TFR as a distance indicator to measure
the distances of spiral galaxies independent of their cosmological redshifts. Tully
and Fisher applied their TFR to derive distances to the Virgo and Ursa Major
clusters and they obtained a Hubble constant of H0 = 84 km s−1 Mpc−1 for
Virgo and H0 = 75 km s−1 Mpc−1 for Ursa Major (Tully & Fisher, 1977).
Since then TFR plays an important role in the Hubble constant measurements,
and this methodology typically involves the following steps (Said, 2023): the first
step is to select a sample of galaxies with well-measured rotational velocities and
luminosities; the second step is to calibrate the TFR for this sample of galaxies
(measuring the slope, intercept, and scatter of the relation for the sample), and
in that way calibrated TFR can be used to infer the distances to other galaxies
with similar properties; the final step is to plot the derived distances against
redshift in order to measure H0. TFR is also used for measuring the peculiar
velocities of galaxies, and thus it represents an important tool in observational
cosmology.

Although the physical origin of TFR is still not fully understood, it is widely
accepted that TFR is a direct consequence of gravitational physics and the dy-
namics of galactic rotation. In addition, the standard ΛCDM cosmological model
predicts that rotational velocities of spiral galaxies are in large part determined
by gravitational attraction of their dark matter halos. Thus, in ΛCDM cosmol-
ogy TFR is a consequence of both visible and dark matter mass.
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3.2. The Baryonic Tully-Fisher relation

Another important and closely related scaling relation is the Baryonic Tully-
Fisher relation (BTFR) which connects galaxy’s baryonic massMb (Mb being
the sum of its stellar and gas masses: Mb = M∗+Mgas) with its rotation velocity
Vrot. BTFR follows from TFR due to the fact that luminosity L traces baryonic
mass Mb through the mass-to-light ratio, and thus it takes the following form
(McGaugh et al., 2000):

Mb ∝ V 4
rot. (6)

BTFR has a smaller intrinsic scatter than the original TFR and poses a chal-
lenge to the standard ΛCDM model since, as illustrated in Figure 1, this model
predicts a higher intrinsic scatter of ∼ 0.15 dex and a lower slope of ∼ 3 com-
pared to the observed scatter of ∼ 0.10 dex and slope of ∼ 4 (Lelli et al., 2016).
This discrepancy imposes the need for further investigation of galaxy dynamics
and mass distribution.
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Figure 1. Comparison between the BTFR obtained by error-weighted fits from a

sample of the galaxies with accurate distances from Lelli et al. (2016) (blue solid line

with light blue band denoting the intrisic scatter of 0.1 dex), and BTFR in ΛCDM

cosmology (black dashed line). Observed BTFR and BTFR in ΛCDM cosmology are

plotted using the Eqs. (6) and (8) from Lelli et al. (2016), respectively.

On the other hand, a more robust prediction for BTFR is obtained in the
frame of the Modified Newtonian Dynamics (MOND), a modified theory of
gravity proposed by Milgrom (1983) which modifies the Newtonian dynamics at
low acceleration in order to provide an alternative to dark matter. In MOND,
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galaxy’s baryonic mass is at the same time its total mass, and BTFR with power-
law exponent exactly equal to 4 is a direct consequence of the modification of
gravitational force law at low acceleration (McGaugh, 2011, 2012).

4. The fundamental plane in the light of Rn modified gravity

The analogue empirical relation to TFR in the case of elliptical galaxies is
known as the Faber-Jackson relation which, together with the virial theorem,
results in a more general correlation between their effective radii, average surface
brightnesses and central velocity dispersions known as the fundamental plane
(FP). When written in logarithmic form, FP describes a plane in the three-
dimensional phase space of these galaxy properties which appears to be tilted
by an angle of ∼ 15◦ with respect to the expected plane predicted by the virial
theorem (see e.g. Borka Jovanović et al., 2016, and references therein). This
discrepancy, together with small thickness of FP, represents a puzzle, and it is
usually assumed to be caused by the non-homology in the dynamical structures
of the systems and mainly driven by the dark matter.
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Figure 2. Comparison between best fit BTFRs of gas-rich galaxies (for a sample of

galaxies used in (McGaugh, 2011)), in MOND, Rn gravity for n = 1.25 (corresponding

β is 0.358) and ΛCDM. All values we calculated, except for open circles which are

observed data from (McGaugh, 2011).

In case of elliptical galaxies there are three main global observables: the
central projected velocity dispersion σ0, the effective radius re, and the mean
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Figure 3. Fundamental plane (log scale for x-axes) of elliptical galaxies with cal-

culated circular velocity vtheorc , and observed effective radius re and mean surface

brightness (within the effective radius) Ie, for rc/re = 0.05 and β = 0.4. Black solid

line is result of 3D fit of FP (the obtained calculated FP coefficients are a = 1.41 and

b = -0.51).

effective surface brightness (within re) Ie. The empirical fact tell us that some
global properties of normal elliptical galaxies are correlated and this correlated
plane is referred to as the FP (Bender et al., 1992, 1993; Busarello et al., 1997):

log(re) = a× log(σ0) + b× log(Ie) + c. (7)

We want to recover FP using f(R) gravity, which means to find connection
between the parameters of FP equation and parameters of the f(R) gravity
potential (Borka Jovanović et al., 2016, 2019):

– re is in correlation with rc;

– σ0 is in correlation with vvir (virial velocity in f(R)), and

– Ie is in correlation with rc (through the rc/re ratio).

However, some recent studies demonstrated that both BTFR of spiral galax-
ies and FP of ellipticals could be also recovered in the frame of the modified
f(R) theories of gravity without need for the dark matter hypothesis (see e.g.
Borka Jovanović et al., 2016; Capozziello et al., 2017, 2018, 2020, and references
therein). The comparison between the observed and best fit baryonic Tully-
Fisher relations of gas-rich galaxies in MOND, Rn gravity and ΛCDM, we show
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in Figure 2. Fundamental plane (log scale for x-axes) of elliptical galaxies with
calculated circular velocity vtheorc , and observed effective radius re and mean
surface brightness (within the effective radius) Ie, for rc/re = 0.05 and β = 0.4
are given in Figure 3. The obtained calculated FP coefficients are a = 1.41 and
b = -0.51.

5. Discussion and conclusions

In this paper we use f(R) theories of gravity, particularly power-law Rn gravity,
and demonstrate that the missing matter problem in galaxies can be addressed
by power-law Rn gravity. Using this approach, it is possible to explain the Fun-
damental Plane of elliptical galaxies and the baryonic Tully-Fisher relation of
spiral galaxies without the DM hypothesis. Also, we can claim that the effective
radius is led by gravity and the whole galactic dynamics can be addressed by
f(R) theories. Also, f(R) gravity can give a theoretical foundation for rotation
curve of galaxies (Yegorova et al., 2012; Cattaneo et al., 2014). We have to stress
that obtained value for parameter β from galactic rotation curves or BTF differs
from parameter β obtained using observational data at planetary or star orbit
scales (Borka et al., 2012). The reason for this result is that gravity is not a
scale-invariant interaction and then it differs at galactic scales with respect to
local scales.

Also, we investigated some forms of TFR in the light of f(R) gravities. These
investigations are leading to the following conclusions:

- f(R) gravity can give a theoretical foundation for the empirical BTFR,
- MOND is a particular case of f(R) gravity in the weak field limit,
- ΛCDM is not in satisfactory agreement with observations,
- FP can be recovered by Rn gravity.
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