
Duško Borka
1Department of Theoretical Physics and Condensed Matter Physics (020), Vinča Institute of 

Nuclear Sciences - National Institute of the Republic of Serbia, University of Belgrade, P.O. Box 
522, 11001 Belgrade, Serbia
E-mail: dusborka@vinca.rs

Constraining theories of gravity by velocity 
distribution of elliptical galaxies

V Meeting on Astrophysical Spectroscopy A&M DATA - Astronomy and Earth Observations 

mailto:dusborka@vinca.rs


A&M DATA 2023 Borka Duško et al. 2

Coworkers:

Vesna Borka Jovanović1, 
Salvatore Capozziello2,3 

Predrag Jovanović4

1Department of Theoretical Physics and Condensed Matter Physics (020), Vinča Institute of 
Nuclear Sciences - National Institute of the Republic of Serbia, University of Belgrade, P.O. Box 

522, 11001 Belgrade, Serbia
 2Dipartimento di Fisica ‘‘E. Pancini”, Università di Napoli ‘‘Federico II”, Compl. Univ. di 

Monte S. Angelo, Edificio 6, Via Cinthia, I-80126, Napoli, Italy
3Scuola Superiore Meridionale, Largo S. Marcellino 10, I-80138, Napoli, Italy

4Astronomical Observatory, Volgina 7, P.O. Box 74, 11060 Belgrade, Serbia



A&M DATA 2023 Borka Duško et al. 3
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Motivation I

● Generally, our main aim is to explain the observed astrophysical 
phenomena on different astrophysical scales: the Solar System, binary 
pulsars, galaxies, clusters of galaxies, and the large-scale structure of the 
Universe using gravitational potentials derived from Extended Gravity 
Theories (ETGs) without considering the presence of dark matter (DM).  

● We believe that that astrophysical structures could be naturally explained 
without DM since no final evidence of this ingredient has been found, up 
to now, also with very high precision experiments as those running at 
CERN. 

● In this study our motivation is to explain theoretically stellar kinematics 
and photometry of elliptical galaxies using gravitational potentials derived 
from Extended Theories of Gravity, without DM hypothesis.
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Flat Rotation Curves of Spiral Galaxies 

B -observation
A - Newtonian
      prediction

Sofue Y. and Rubin V., Rotation Curves 
of Spiral Galaxies, Annual Review of 
Astronomy and  Astrophysics, Vol. 39, p. 
137-174 (2001).

V. F. Cardone and S. Capozziello, 
Systematic biases on galaxy haloes 
parameters from Yukawa-like 
gravitational potentials, Mon. Not. R. 
Astron. Soc. 414, 1301 (2011).
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Motivation II

● Also, our aim is to constrain parameters of the gravitational potentials 
derived from modified gravity models in absence of dark matter. In our 
investigations, from available sample of observational data, we use surface 
brightnesses, effective radius and velocity dispersion in order to constrain 
the different gravity parameters.

● In particular, we used the power-law version f (R)  R∝ n, Yukawa-like, 
Hybrid and Non-local Gravity model in the weak field limit.

● It is well known that besides the spiral galaxies, elliptical galaxies could 
also have so called missing mass problem, where an extra mass is required 
to explain the observed differences between their dynamical masses and 
luminosities. 
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Fundamental plane of elliptical galaxies I
● - the global properties of elliptical galaxies are connected, and empirical 

relation which shows this connection is called fundamental plane:

● re - effective radius: encloses half 
of the total luminosity emitted by a 
galaxy

● vc – central velocity dispersion
● Ie - mean surface brightness 

within re
● a,b,c - coefficients

● - some object can be represented as a point in the parameter space re,vc,Ie
● - when presented in logarithmic form, we obtain a plane
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Fundamental plane of elliptical galaxies II

● The three FP parameters: surface 
brightness Ie, effective radius re and 
circular velocity vc (linear scale), for 
a sample of elliptical galaxies listed 
in Table 1 from Burstein et al. 1997.

● The FP parameter space 
presented by logarithms of 
the three parameters: log Ie, 
log re and log vc.
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Fundamental plane of elliptical galaxies III
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Fundamental plane of elliptical galaxies IV
● There is so-called "tilt" of FP, with respect to the expected virial plane:

- prediction of the Virial Theorem (VT): a = 2, b = -1

● The (scalar) virial theorem connects the potential energy V and the kinetic 
energy T of a stationary self-gravitating system by the relation 2T + V = 0 
(e.g. Landau & Lifshits 1976).

● - empirical result (Bender et al. 1992): a =1.4 , b = -0.85
 (using the Virgo Cluster elliptical galaxies as a sample)

● When presented in logarithmic form, the two planes appear to be tilted by 
an angle of ~ 15°.

(see G. Busarello, M. Capaccioli, S. Capozziello, G. Longo, E. Puddu, The 
relation between the virial theorem and the fundamental plane of elliptical 
galaxies, Astron. Astrophys. 320, 415-420 (1997))
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Fundamental plane of elliptical galaxies V: 
Recovering fundamental plane

- to recover fundamental plane (FP) using Rn gravity means to find 
connection between values of FP equation and values of Rn potential. In that 
sense, every of the three addends we connect with certain parameters:

1. addend with re: correlation between re and rc (rc - parameter of the Rn 
gravity)
2. addend with σ0: correlation between σ0 and vvir (vvir - virial velocity in Rn)
3. addend with Ie: correlation between Ie and re (through the rc/re  ratio)

- correction term in gravitational potential for spherically symmetric 
extended systems (Capozziello et al., MNRAS 375, 1423, 2007, eqs. (22)-
(24))

- for the mass distribution we take Hernquist profile:
ρ(r) = a M / (2 π r (r + a)3), where a = re/(1 + √2)
(L. Hernquist, ApJ 356, 359 (1990))
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The singular isothermal sphere model
● For modeling the stellar kinematics, i.e. in order to describe the mass 

distribution in elliptical galaxies, we assume that the mass distribution 
within them is described by the singular isothermal sphere (SIS) model:

 We are using following substitutions:
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Extended Theories of Gravity (ETGs)
● Extended Theories of Gravity have been proposed like alternative 

approaches to Newtonian gravity in order to explain galactic and 
extragalactic dynamics without introducing dark matter.

● In the case of f(R) gravity, one assumes a generic function  f of the Ricci 
scalar R (in particular, analytic functions) and searches for a theory of 
gravity having suitable behavior at small and large scale lengths. 

● We adopt f(R) gravity which is the straightforward generalization of 
Einstein’s General Relativity as soon as the function is f(R) ≠ R.

● We start from the action:

See review in: S. Capozziello, M. De Laurentis, Extended Theories of 
Gravity, Phys. Rep. 509, 167-321 (2011).
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Velocity distribution of elliptical galaxies in the framework of Rn 
Gravity model
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Velocity distribution of elliptical galaxies in the framework of 
Rn Gravity model II

● Newtonian
contribution

● correction
term due 
to Rn

Circular velocity vc as a function of effective radius re for a sample of galaxies 
listed in Table 1 from Burstein et al. 1997.
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Velocity distribution of elliptical galaxies in the framework of 
Yukawa-like Gravity model
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Velocity distribution of elliptical galaxies in the framework of 
Hybrid Gravity model
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Velocity distribution of elliptical galaxies in the framework of 
Non-local Gravity model
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Observational data I
● - we use some physical properties of stellar systems: among 1150 observed 

galaxies, there is a sample of 401 ellipticals 
● - observational data publicly available (as ASCII format) among the source 

files of the arxiv version of the paper Burstein et al., AJ 114, 1365 (1997):
● https://arxiv.org/format/astro-ph/9707037, see ’metaplanetab1’

● column (5): log vc   (km/s)
● column (6): log σ0   (km/s)
● column (7): log re    (kpc)
● column (8): log Ie    (Lsun/pc2)

● vc - circular velocity (observed)
● σ0 - central velocity dispersion 
● re - effective or half-light radius
● Ie - mean surface brightness within re

● σ0 - derived (consistent values for all stellar systems)
● Note: for elliptical galaxies, the circular velocity inside effective radius 

is vc(re) = σ0, while for other stellar systems it is vc ≠ σ0 

Burstein, D., Bender, R., Faber, S., Nolthenius, R., 1997. Global Relationships 
Among the Physical Properties of Stellar Systems. Astron. J. 114, 1365–1392. 



A&M DATA 2023 Borka Duško et al. 20

Observational data II
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Observational data III
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Fig. 1. (left): Galaxy masses Me as a function of effective radius re, for elliptical and other types of 
galaxies (for the sample of galaxies listed in Table 1 from Burstein et al. (1997)). (right): Right panel 

shows a zoomed part of the figure, for re less than 10 kpc.
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Observational data IV
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Fig. 2. (left): Galaxy luminosities Le as a function of effective radius re, for elliptical and other types 

of galaxies. (right): Right panel shows a zoomed part of the figure, for re less than 10 kpc. Data are 
from Burstein et al. (1997).
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Results I-Rn Gravity model

Fig. 3. Circular velocity vc as a function of effective radius re for elliptical galaxies, for different values 

of ratio between Rn gravity scale-length and effective radius rc/re: 0.001, 0.01, 0.1 and 1. For every of 

these ratios, the four values of β are presented: 0.2, 0.4, 0.6 and 0.8. Notice: all vc values we calculated, 
except for blue full circles which are data given in Table 1 from Burstein et al. (1997).
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Results II-Rn Gravity model

Fig. 4. The same as in Fig. 4, but for the following rc/re ratios: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 
0.08 and 0.09.
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Results III-Yukawa-like Gravity model
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Fig. 5. Velocity dispersion  σtheor as a function of the effective radius re for elliptical Newtonian velocity 
dispersion inside the effective radius, σ

0
 , is taken from Burstein et al. (1997)., and parameter α: 0.01, 0.1 

and 1. galaxies, for four different values of the λ · re product: 0.01, 0.1, 1 and 10. 



A&M DATA 2023 Borka Duško et al. 26

Results IV-Yukawa-like gravity model II
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Fig. 6. The same as in Fig. 3, but for negative values of α : −0.01, −0.1, −1.
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Results V-Hybrid Gravity model
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Fig. 7. Velocity dispersion σtheor as a function of the effective radius re for elliptical galaxies, for four 

different values of the m
φ
 · re product: 2, 4, 6 and 8. The Newtonian velocity dispersion at the effective 

radius σ0 is taken from Burstein et al. (1997). Theoretical values of velocity dispersion σtheor are calculated 
for the three values of Hybrid Gravity parameter φ

0
 : 0.01, 0.5 and 5.0
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Results VI-Non-local Gravity model
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Fig. 8. Velocity dispersion σtheor as a function of the effective radius re for elliptical galaxies, for four 

different values of the rx : 0.001, 0.01, 0.10 and 1.00 kpc. The Newtonian velocity dispersion σ0 at the 
effective radius is taken from Burstein et al. (1997). Theoretical values of velocity dispersion σ theor are
calculated for the three values of non-local Gravity parameter rf : 0.001, 0.01 and 0.1 kpc. Value of  fc 

is 

0.9.
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Results VII-Non-local Gravity model

Fig. 9. The posterior probability distributions of the parameters of Non-local gravity model. The 
contours reported 68% confidence level for all studied parameters.
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Conclusions
● We compared theoretical predictions for circular velocity in above 
mentioned gravity models with the corresponding values from a large 
sample of observed elliptical galaxies. In our investigations, from this 
sample of data, we use surface brightnesses, effective radius and velocity 
dispersion. 

● In this way, we are able to constrain the different gravity parameters. 

● We showed that the gravity parameters are scale-length depending on the 
gravitational system properties. 

● Also, we showed that analysed modified gravity models are able to 
reproduce the stellar dynamics in elliptical galaxies. 

● These gravity models fit the observations very well, without the need for 
a dark matter. We believe that the approach we are proposing can be used 
to constrain the different modified gravity models.
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Future work: FP from SDSS - DR18
● SDSS (Sloan Digital Sky Survey) - Data Release 18

● DR18 is the first data release for the 5th phase of the SDSS (described in 
Almeida et al. 2023).

● Saulder 2019

● SDSS DR15

● arXiv:1905.12970v1

(Fig 12: the expanded FP)

● FP distances to over 317000 
early-type elliptical galaxies 
up to a redshift of z = 0.4
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 MCMC analysis of data
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Observational data V



A&M DATA 2023 Borka Duško et al. 36

Observational data VI

This paper has been withdrawn by Christoph Saulder [Submitted on 30 
May 2019 (v1), last revised 25 Nov 2021 (this version, v2)] 

Distance measurements to early-type galaxies by 
improving the fundamental plane

Christoph Saulder, Ian Steer, Owain Snaith, Changbom Park 
Using SDSS DR15 to its full extent, we derived fundamental plane distances to over 317 000 early-type galaxies up to a redshift of 0.4. In addition to providing the largest sample of 
fundamental plane distances ever calculated, as well as a well calibrated group catalogue covering the entire SDSS spectroscopic footprint as far a redshift of 0.5, we present 
several improvements reaching beyond the traditional definition of the fundamental plane. In one approach, we adjusted the distances by removing systematic biases and selection 
effects in redshift-magnitude space, thereby greatly improving the quality of measurements. Alternatively, by expanding the traditional fundamental plane by additional terms, we 
managed to remove systematic biases caused by the selection of our SDSS spectroscopic galaxy sample as well as notably reducing its scatter. We discuss the advantages and 
caveats of these various methods and calibrations in detail. We found that improving the fundamental plane distance estimates beyond the established methods requires a delicate 
balancing act between various systematic biases and gains, but managed to reduce the uncertainty of our distance measurements by about a factor of two compared to the 
traditional fundamental plane. 

Comments:

Paper got rejected and we have to admit there are some serious flaws in 
section 3.5 and 3.6 that propagate through the rest of the paper

https://arxiv.org/abs/1905.12970v1
https://arxiv.org/search/astro-ph?searchtype=author&query=Saulder%2C+C
https://arxiv.org/search/astro-ph?searchtype=author&query=Steer%2C+I
https://arxiv.org/search/astro-ph?searchtype=author&query=Snaith%2C+O
https://arxiv.org/search/astro-ph?searchtype=author&query=Park%2C+C
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