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Abstract

The observations across different scales of the Universe often diverge from the predictions of
General Relativity. These discrepancies between theoretical expectations and observational data
leave a large room to explore and study alternative gravity models. Therefore, the phenomeno-
logical analysis of alternative gravity theories at astrophysical scales also becomes crucial for
assessing their consistency. In this thesis, we explore a few alternative gravity models in the
galactic scales expanding into two regimes: the ultra-diffuse galaxies (UDGs) and the rota-
tionally supported galaxies. For the former, we study the velocity dispersion data from three
UDG:s. For the latter, we analyze the galaxy rotation velocities from the Spitzer Photometry and
Accurate Rotation Curves (SPARC) database. For UDGs, the alternative gravity model param-
eters are statistically fitted to the velocity dispersion (VD) observations. Observed UDGs like
NGC1052-DF2 and NGC1052-DF4, which exhibit minimal dark matter and align with Newto-
nian dynamics, are analyzed using a couple of f(R) gravity models and Renormalization Group
correction to General Relativity (RGGR). For this, we assume that the motion of galaxies within
the cluster follows isotropic motion, i.e., the radial and tangential anisotropy components are
equal. The chosen gravity models are consistent with the observational VD of both the UDGs
when parameters are constrained locally and globally. The same analysis is extended to the
dark matter-dominated UDG, NGC1052-DF44, however here we focus on the radial anisotropy
of the VD. In particular, for NGC1052-DF44, we compare three alternative gravity models-
Modified Newtonian Dynamics (MOND), f(R) gravity, and RGGR with a dark matter scenario
modeled using a Navarro-Frenk-White (NFW) halo and investigate the role of anisotropy in
explaining modified kinematics. We find that only two alternative gravity models out of the
three considered, viz. MOND and RGGR remain competitive with the NFW DM profile. Ad-
ditionally, the anisotropic VD scenario with constant anisotropy suggesting a tangential motion
is found to be statistically comparable with the conventional isotropic motion. Moving ahead

to the second part of the thesis, we use the SPARC data and examine the galactic kinematics
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under two alternative gravity frameworks: RGGR and a Yukawa Modified Gravity (YMOG).
YMOG considers a general Yukawa term added to the Newtonian gravity model. We analyze
the consistency of these models and investigate how the free-model parameters correlate with
galaxy morphology. Additionally, we assess the goodness of fit using the standard empirical re-
lations such as the Radial Acceleration Relation (RAR) and the Baryonic Tully-Fisher Relation
(BTFR). Our analysis shows that both models, that is, RGGR and YMOG, compete well with
an alternative NFW DM model.
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Chapter 1

Introduction

General Relativity (GR), proposed by Einstein in 1915 [[1] is a theory of gravity that de-
scribes the curvature of spacetime caused by mass and energy, offering important insights across
different scales [2, [3]. On a local scale, such as our solar system scales, GR explains phenom-
ena like Mercury’s perihelion precession, gravitational time dilation critical for GPS accuracy,
and light deflection observed during solar eclipses. On astrophysical scales, GR governs the
behavior of extreme compact objects such as black holes (BH) and neutron stars (NS), predict-
ing phenomena like accretion disks, relativistic jets, and gravitational waves (GW) from binary
BH-BH, BH-NS or NS-NS mergers [4, 5], and generating the image of the BH at the center
of the M87 and Sgr A* galaxies [6]. On cosmological scales, GR underpins the structure and
evolution of the Universe, describing the Big Bang, cosmic expansion via the Friedmann equa-
tions [[7], and the role of dark energy in accelerating this expansion. Across these scales, GR
remains indispensable in interpreting observations and guiding our understanding of the fun-
damental nature of the Universe. Since its inception, GR has undergone rigorous experimental
and observational testing and has consistently been validated across a wide range of scales, as
mentioned above. The theory, therefore, is always regarded as a very robust theory of gravi-

tation. However, despite its success, there are strong indications that the theory is incomplete
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[8]. There are certain phenomena that GR alone cannot fully explain and, therefore, it faces
many challenges, such as the singularity problem [9], incompatibility with quantum mechanics
[10], unprecedented expansion of the Universe [7]], and large velocities at galactic scales that
go against stable structure formation for clusters and galaxies [11} 12, [13} [14]. These discrep-
ancies typically have prompted the exploration of modification of the theory of gravity going
beyond GR. It may be mentioned in this context that one of the motivations for considering
modified theories of gravity, along with other issues, is the persistent observational evidence
for dark matter (DM) and dark energy (DE), both of which remain invisible and undetectable
by conventional means, yet are believed to constitute a significant portion of our Universe’s
mass-energy content. One of the most notable challenges comes from observing galactic ro-
tation curves (RC). Standard gravitational intuitions prompt that the outer regions of galaxies,
far from the central mass, should experience lower velocities in their rotation due to the lack
of significant gravitational influence from the galactic core. However, observations reveal that
objects, even in the outermost regions of galaxies, move at unexpectedly high speeds, leading
to the hypothesis of a missing mass. The DM component can account for this discrepancy. In
addition to the baryonic matter (composing 3% of the energy budget), DM is responsible for the
flatness of the observed rotational velocity of the galaxies and large velocity dispersion (VD) in
the clusters famously known as the missing mass problem [15, 16]. While GR can incorporate
the effects of DM through its gravitational influence, the nature of DM itself remains elusive.
This motivates alternative models, which can propose that gravity behaves differently at low
accelerations, potentially negating the need for DM in explaining the observed rotation curves.
On the cosmological front, GR in the ACDM framework provides a description that describes
a homogeneous and isotropic nature of spacetime in an expanding Universe, famously known
as the Friedmann-Lemaitre-Robertson-Walker (FLRW) Universe. However, ACDM, despite its
success, suffers from the discrepancy between observation and simulation, such as core-cusp,
missing satellite, and too-big-to-fail problems [17, [18} (19} 20, 21} 22| 23], to name a few. The
accelerated expansion of the universe, observed through redshift measurements of distant super-
novae and the cosmic microwave background, the Hubble tension are some of the issues where
modified gravity theories gain attention [24, 25]]. In the context of GR, the introduction of DE is
necessary to explain the observed acceleration. However, alternative models of gravity, such as
f(R) theories or braneworld cosmology, suggest that the acceleration could be due to a modifi-

cation in the gravitational laws at large scales [26]], potentially offering a deeper understanding
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of cosmic expansion without invoking the mysterious dark energy component.

The present thesis focuses on the galactic scales and explores the kinematics in differ-
ent modified gravity scenarios. The galactic RC traces the radial kinematics of stars from the
center to the outer radius [12} 13, [14]. On scales of galaxies, where velocities are typically
much smaller than the speed of light (¢), GR is well-approximated by Newtonian gravity, which
predicts that the orbital velocity decreases with the square root of the radial distance from the
center (v o< 1/4/r). Measurements of the net circular velocity within galaxies provide crucial
information about the distribution of total mass present. Early studies revealed that the baryonic
mass within the galaxy or cluster of galaxies [11, (12,13} 14, 27] is insufficient for a hierarchical
structure formation [28, 29, 30]. The alternative scenarios involve introducing a weakly inter-
acting, invisible component, the DM, which is Occam’s razor to the solution for the missing
mass problem. Thus, in addition to the baryonic mass, DM contribution also affects the overall
kinematics of the galaxy [31} 32, 33| 34]. Fritz Zwicky, in his observation of the Coma cluster,
was the first to measure the anomalous large velocity within the cluster, hence coining the term
"dunkle materie" (DM) [11]. A similar observation of the flatness of the circular velocity in the
outer region of spiral galaxies was compiled by Vera Rubin in her famous 1980 article [35]. One
of the DM profiles that has been extensively looked into is Navarro-Frenk-White (NFW), which
is obtained from the N-body simulations of particles [36]. However, the NFW model predicts
a cuspy profile at the central region of the galaxy. In contrast, the observations of low surface
brightness galaxy suggest a core-like distribution, thus suffering from the core-cusp issue [37].
The other proposals to the DM profile include DC14 [38| 139, 40, 41]], which, unlike NFW, in-
corporates the effects of baryonic feedback. Alternatively, the phenomenology of a cored DM
profile, such as the Burkert profile, provides a promising fit to observational data [42, 43} 44]].
As already mentioned at the beginning of this discussion, an alternative solution to these galactic
kinematics issues involves modifying the Einstein-Hilbert (EH) action [26} 45]], which governs
spacetime dynamics in GR. This approach adds terms, such as scalar, vector, or tensor fields, to
the Ricci scalar in the action. Few other exemplary modifications to GR include Kaluza-Klein
theory [46]47], Weyl’s unified field theory [48]], Einstein-Cartan theory [49,|50]. The modifica-
tion proposals may also include theories allowing a varying nature of the gravitational coupling
constant with space and time, such as Brans-Dicke theory [51,152]. Similarly, theories such as
higher derivative Gravity by Stelle demonstrate that the issue of non-renormalizability of GR

can be evaded at the one-loop level when higher derivative terms are coupled to matter fields
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[S3]. Along a similar timeline, theories involving modification to the action of GR by replac-
ing the Ricci scalar with a generalized f(R) functional form also gained momentum [54, 55].
Another widely discussed extension to GR, the Gauss-Bonnet gravity [56]], includes the higher-
order curvature terms obeying the Lovelock theorem. The important point to note, in the context
of our work on galactic kinematics, is that all the alternative gravity theories mentioned above
share a common feature: the modified weak-field potential valid on galactic scales introduces
an extra contribution to the Newtonian gravity potential, which may depend on specific free
parameters fundamental to the model. The study of alternative theories of gravity has shown
promising results in explaining various observations on galactic scales [26, 57, 58, 59,160, 61]].
In fact, these observations can also be used to constrain the alternative gravity models; for
example, the observed mass distribution and gas dynamics of the galaxy clusters can provide
insight into the behavior of the models on large scales and constrain the parameters for the al-
ternative gravity theory [62, 63, 164, 165, [66]. Similarly, low surface brightness (LSB) galaxies
are expected to be dominated by a large amount of DM. LSB galaxies are such that their surface
brightness is significantly fainter than the background and have a central brightness of roughly
o > 23 mag/arcsec? [67]. Thus, understanding the modified kinematics for a gravity model on
galactic scales is crucial to determine its validity [63, 68, 69, [/0]. Beyond the galactic scales,
the increased robustness of the recent observational data also helps us understand the alterna-
tive gravity model. This can even lead to the rejection of modified gravity models otherwise
successful. For example, observations of GW put a stringent constraint on the graviton mass,
thus rejecting theories predicting massive interacting particles [71, 72, 73]. The study of these
modified gravity scenarios look into both the model building and the phenomenology aspects.
Our work, in particular, focuses on the phenomenological aspects of such models in observable
galactic systems. It may be stressed that modified gravity theories should not be presented as
replacements for GR but rather as extensions or alternatives in specific contexts where the clas-
sical framework shows limitations. By exploring potential modifications to gravitational laws,
one can aim to reconcile the observed discrepancies, whether by introducing new matter (DM),
new forces (DE), or new principles of gravity itself. Thus, while GR remains an indispensable
tool for understanding our Universe, the requirement for modified gravity theories reflects the
limitations of GR in addressing certain cosmological, astrophysical, and galactic phenomena,
urging the exploration of a more comprehensive theory of gravity that can account for all ob-

served scenarios.
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In particular, our work involves a few selected modified gravity models from the literature, such
as modified Newtonian dynamics (MOND), f(R) (with a couple of specific functional forms),
Yukawa MOG (YMOG), and renormalization group correction to general relativity (RGGR).
These gravity models depend on certain free parameters tested against the observations. For
example, one of the gravity models viz. MOND [63, 74, [74], defined by an acceleration scale,
is extensively studied in the literature. MOND successfully explains a wide range of observa-
tions [75) (76l [77]. The other model, generally termed the f(R), replaces the Ricci scalar (R)
in the action of gravity by a generalized f(R) functional form. Depending on the choice of
this generalized functional form, the parametrization may differ among different f(R) models.
This includes models such as Starobinsky [/8], Hu-Sawicki [[79], to name a few. However, the
f(R) models must obey certain stability criteria and be free from ghosts, which restrains the
functional form of the f(R) model [80]. We also probe the phenomenological gravity model
incorporating the Yukawa-like correction to Newtonian gravity [81, 182, [83]]. Such an expres-
sion is commonly found in the weak-field potential limit of many alternative gravity models
and is modeled using coupling and scale parameters [82]. The literature also suggests the
prospect of quantum gravity models such as renormalization group correction to general rel-
ativity [61) 84, [85) 86, 187, 188, 89], that studies the running of the coupling parameter with
energy scale. The model focuses on the infrared behavior of the RG running to understand
the kinematics on the astrophysical scales. However, the RG flow of G is expected to con-
verge to a non-Gaussian fixed point, consistent with asymptotic safety, thus evading the issue
of non-renormalizability of GR. General to all these models, for an alternative gravity model
to be called fundamental, it must satisfy the observations at different scales of the Universe.
Additionally, the precise nature of the experiments reveals that GR is validated on the solar sys-
tem scales that restrict the alternative gravity models to regain a correct Newtonian limit. This
motivates the implementation of screening mechanisms [90, 91}, 92| 193] that are looked into for
many gravity models to ensure their validity at the solar system scale. The mechanism is a theo-
retical construct that suppresses the effect of the modified gravity in high-density environments

such as solar systems, thus regaining the correct GR limit.

As mentioned earlier, the work in this thesis focuses on the galactic regime where we tested the

alternative gravity models to study the kinematics of ultra-diffuse galaxies (UDGs) and rota-
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tionally supported galactic systems. UDGs are relatively small galaxies that are sub-categories
of the Low Surface Brightness (LSB) galaxies, where the dynamics are measured using VD.
Regarding the rotationally supported galaxies, we use the Spitzer Photometry and Accurate Ro-
tation Curves (SPARC) data containing the mass models for a large collection of rotationally
supported galaxies, along with the net RC and the individual baryonic component velocities.
Both systems are used for testing the consistency of the alternative gravity models. The con-
sistency of the gravity model is quantified using statistical tools such as goodness of fit and
Bayesian Information Criteria (BIC). The two versatile regimes, i.e., UDGs and SPARC, to test
the models provide us with a wide range to check the viability of the constrained parameters. In
particular, to the rotationally supported galaxies, we further corroborate our claims towards the
models by looking into certain empirical relations, viz. radial acceleration relation (RAR) [94]]
and baryonic Tully-Fisher relation (BTFR) [95]] that are satisfied by the observational data from
the SPARC. Additionally, to quantify our claim towards the favorability of alternative gravity
models, we compare our results with a DM paradigm, where the NFW profile expresses the
density of the halo. Hence, we divide the thesis discussion into two main parts. In the first part,
we discuss the VD analysis of the UDGs for the alternative gravity models. In the latter part,

we focus on the RC analysis of alternative gravity in the SPARC galaxies.

The kinematics of the UDGs are probed in the context of the specific choices of MOND, f(R)
model, and RGGR. In particular, we look into both DM-dominated and deficit UDGs. The DM-
dominated DF44 [96] also looks into the impact of three anisotropy scenarios on the modified
kinematics. The results clearly show that the three gravity models are consistent with observed
VD kinematics. Among the different choices for the anisotropic parameters, isotropic motion
is favored for all three gravity models. A comparison of the YMOG case with an NFW profile
clearly shows that both MOND and RGGR behave equally well with the DM profile, whereas
f(R) is slightly disfavored. In contrast to DF44, the kinematics of DM-deficit galaxies such
as DF2 [97], and DF4[98]] are analyzed in the perspective of f(R) and RGGR. As both these
DM deficit galaxies are of similar sizes, we perform a global as well as local analysis for the
alternative gravity models. We find that the gravity models can be accommodated to explain the

current observations of both galaxies.

The second part of the thesis focuses on a detailed RC analysis of the SPARC galaxies for
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RGGR and YMOG. We also verify the results by studying empirical relations RAR and BTFR.
A comparison of the RGGR model with a DM profile shows that the gravity model behaves
equally well with the observations. In contrast to local analysis, as in the case of RGGR, we
look into a global study of the YMOG model. Our analysis shows that when the galaxies are
grouped based on the morphological type, a global fit for the Yukawa model is consistent with
the observed RC. We also verify the consistency of the global analysis with empirical relations
such as RAR and BTFR. An additional check of the YMOG model includes a comparison with
the observed normalized additional velocity (NAV)[99].

In this chapter, we introduce the necessary ingredients for the following thesis discussions in
brief detail, for example, the galactic systems, the different gravity models, and the empirical
relations. In the following Sec[I.T| we provide a brief discussion about the galactic systems
that are looked into to study the behavior of alternative gravity models. Both UDGs and the
SPARC galaxies are briefly described. In the Sec[I.2] we discuss the gravity models probed in
the present thesis, i.e., MOND, YMOG, f(R), and RGGR. Sec briefly discusses the tech-
nique employed to constrain the model parameters of the gravity models. The final section

Sec[I.4]discusses the outline of the present thesis.

1.1 Galactic kinematics

The subsection discusses the different galactic kinematics relevant for studying alternative grav-
ity models. A key step in understanding the galactic kinematics is the classification of galaxies
[100, 101]]. In galactic scenarios involving frequent mergers over a time scale comparable to
the Hubble time, systems may evolve into a spheroidal structure known as elliptical galaxies.
The observed decline in the star formation activity for such galaxies suggests that the galactic
systems are predominantly composed of old stellar systems. The second major class is spiral
galaxies, where the gas collapses into a rotating disk. Compared to the elliptical galaxies, spiral
systems contain more gas and dust and are thus observed to show new star formation. Most
galaxies observed in the Universe contradict the strict dichotomy, i.e., they have a disk structure
with a central bulge superimposed at the center and a diffuse gas. Depending on the presence

of bulge structure and the spiral arms, the galaxies are classified based on the Hubble system.
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Elliptical galaxies are subclassified from EO (nearly spheroidal, ellipticity e = 0) to E7 (highly
elongated, e = 0.7), where ¢ = 1 — b/a with a and b being the semi-major and semi-minor
axes, respectively. The morphology additionally consists of the lenticular galaxies (S0), which
occupy an intermediate position between the ellipticals and spirals. In the Hubble tuning fork
diagram, spiral galaxies are classified based on the size of the central bulge and the tightness
of the spiral arms. Type Sa spirals consist of galaxies having tight spiral arms and a prominent
bulge. In types Sb and Sc, the bulge size gets smaller, and the spiral arms become progressively
looser. Among the spiral types, there are galaxies having a bar-like structure in addition to the
disk and bulge structure as mentioned above. Such galaxies, in addition to the specified notation
incorporating the size of the bulge and spiral arms, are represented via SB.

The third category includes irregular galaxies, which, in contrast to elliptical and spiral galax-
ies, show a lot of evolution in brightness due to stellar activity, thus lacking coherent structure.
Such systems appear chaotic with high SFR due to large gas content when compared to spiral
and elliptical galaxies. They do not have a well-formed bulge and even contain a diffuse disk
component. A more recently recognised class includes ultra-diffuse galaxies (UDGs). Such
galaxies exhibit low surface brightness and large physical radius. UDGs are categorised as a
subclass of the LSB galaxies and are predominantly composed of DM. However, the studies
have observed a few UDGs that are completely devoid of DM. These galactic systems thus be-

come an interesting place to test the consistency of alternative gravity models.

In the following section, we provide a detailed description of the galactic systems we probe
to study modified gravity models, i.e., UDGs and rotationally supported systems. Additionally,
the kinematics necessary to model the observed and stellar dynamics is also discussed for the

two systems.

1.1.1 Ultra-diffuse galaxies and VD

The structure formation in a ACDM universe proposes the presence of a DM halo surrounding
a galaxy to form a stable galactic system. Similar is the case with UDGs [97]], whose struc-

ture is similar to that of dwarf spheroidal galaxies, which are diffuse, gas-poor systems with
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low surface brightness (uy ~ 22 — 25 mag arcsec2) and an older stellar population. UDGs are
galaxies with low surface brightness dominated by globular clusters, and their galactic kinemat-
ics is probed using VD [102,1103,1104]. Such galaxies are known to be a subclass of low-surface
brightness galaxies where the estimates for the effective galactic radius is much larger than the
ones expected from systems having a median stellar mass of 6 x 107 M, [97]. The structure

2 and

of UDGs resembles dwarf spheroidal with central brightness p(g,0) = 24 mag arcsec™
effective radius r, = 1.5 kpc [97]]. The dynamics of such systems having large-size yet diffuse
galaxies are expected to be dominated by large amounts of DM. Thus, studying the modified
kinematics of UDGs in an alternative gravity framework helps to check the consistency of the
model. For the present thesis, we study the dynamics of three UDGs in the light of alterna-
tive gravity models. Among the three UDGs, two, i.e., NGC1052-DF2 and NGC1052-DF4,
are found to have almost no DM content present within [98] [105], implying that the Newto-
nian kinematics can satisfactorily explain the observed VD. The kinematics for the third UDG,
namely, NGC1052-DF44, is observed to be dominated by DM [96]]. Such contrasting LSBs
provide an insightful region to test and validate alternative gravity models [[106, 107, 108} 109];

in our study, we have chosen the following models: MOND, f(R), and RGGR.

For UDGs, the measurement of rotational motion is challenging due to their low surface bright-
ness. Thus, the technique of VD is utilized to model the total mass distribution of baryonic
matter within. Observationally, VD measures the broadening of the spectral line as objects
move within the galaxy. Analytically, VD can be evaluated using the Jeans equation for a
spherically symmetric mass distribution. Under the simplest assumption that the motion of the
objects within the galaxy is isotropic, i.e., the radial and tangential motion is equal, the solution

to the VD is provided by

L)/roop(r/)a(r’)dr'. (1.1)

2 _
oln) = p(r

where p(r) is the density profile for the UDG. For the case of UDGs, the baryonic distribution,
hence, p(r), can be approximated by a single density profile, namely, Sersic [110]. Also, a(r)
is the acceleration due to gravity. In the case of an alternative gravity model, the expression
for the acceleration gets modified, having an additional term to the Newtonian potential. The

modified acceleration and the mass modeling might include certain free parameters constrained
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Figure 1.1: VD for the DF44 galaxy in Newtonian gravity. The red dots with error bars represent
the observational VD data points for the DF44 galaxy [[111]. The black dashed line corresponds

to the analytical VD evaluated for an isotropic motion of the galaxy.

from the observations.

Among the three UDGs probed in the present thesis, the kinematics of DF44 is affected by the
presence of a large amount of DM within. The baryonic contribution to the DF44 galaxy comes
from the globular clusters. The DF44 is one of the largest UDGs observed within the Coma
cluster. The radially measured VD for the galaxy is observed to be 41f§ km/s (r < 5.1 kpc),
which estimates a large mass-to-light ratio of 48Jjﬂ My /Le [111]. The large value for the
mass-to-light ratio suggests a discrepancy between the dynamical and luminous mass within
the galaxy and infers the presence of DM. To model the baryonic component of the spheroidal
DF44 galaxy, one assumes a Sersic profile, with the Sersic index n = 0.94 and resr = 4.7 kpc
[96]]. The red dots with the error bar in Fig[I.T|show the observed data points corresponding to
the DF44 galaxy. An analytical modeling using the projected VD component of Eq[I.T| where
the acceleration a(r) is assumed to be Newtonian is shown via a black dashed line. The plot
clearly shows a huge discrepancy between the observed and the measured VD in the Newtonian

framework, where the contribution is only due to the baryonic mass present.

The kinematics for DF44 has been previously looked into concerning alternative gravity mod-
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els, which suggests a possible explanation for the large observed VD without including the
presence of DM [107, 109, [112, [113} [114]. For our analysis, we aim to test the viability of
alternative gravity models to explain the kinematics of DF44. In this regard, we test three alter-
native gravity models, i.e., MOND, f(R), and RGGR, to study the modified VD kinematics of
the galaxy. To model the VD for DF44, we study three different assumptions for the anisotropy,
which quantifies the direction of the motion of objects within the galaxy. If the velocity disper-
sion is similar in all directions, the motion is isotropic. Whereas if the stars within the galaxy
move faster in the radial direction than in the tangential direction, the anisotropic motion is
defined as radial and vice versa. Similarly, the choice for anisotropy can be position-dependent,
such that it varies with the radial distance of the galaxy. For the present thesis, we analyze each
gravity model for three specific choices of the anisotropy motion, i.e., isotropic, a constant, and
a radially dependent Osikpov Merritt profile [115]. We additionally compare our analysis with
a well-tested DM scenario where it is assumed that an NFW halo influences the kinematics of

DF44.

Contrary to the dynamics of DF44, the UDG, namely NGC1052-DF2, showed almost no pres-
ence of DM in them [98, [105]. The net dynamical mass for the 10 globular clusters enclosed
within the DM-deficit galaxy DF2 estimated using the mass estimator method (MTE) [[116] is
predicted to be 3.4 x 10M, (within the radius of 7.6 kpc) [117]. The baryonic mass estimated
from the assumed Sersic profile is 2 x 108 M, [103] and is almost similar to the dynamical
mass. The observed ratio Mpy/Mgelrar 1S of (1), which is almost 400 times lower than the
values for the typical galaxies enclosed by DM halos [105]. The observed VD for the DF2 is
less than 10.5km/s at 90% CL. The luminosity distribution is parameterized using the Sersic
profile [100, [110] with Sersic index n = 0.6, axis ratio b/a = 0.85 and half-light radius as 2.2
kpc. Another UDG observed within the same group, NGC1052, i.e., NGC1052-DF4, shows a
similar no DM nature [98]]. The spectroscopy and imaging confirmed the presence of 7 glob-
ular cluster-like objects within. Similarly, for DF4, the luminosity is estimated by the Sersic
profile with Sersic index n = 0.79, axis ratio b/a = 0.89, and major-axis half-light radius 1.6
kpc. Similar analysis for DF4 showed intrinsic VD measurement of about 4.2Jj‘2‘:‘21 km/s. The
ratio of Mpn/Mgeeniar computed from the VD observation is again of the &'(1), suggesting the
existence of a second galaxy lacking DM [98]]. The literature for both the UDGs explores many

alternative gravity models to accommodate the VD kinematics for both the DM-deficit UDGs
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(106, 107, 108} 109} 112} [118, [119]. In our analysis, we showed that the choice of two gravity
models, viz., specific functional forms for f(R) and RGGR, is consistent with the observed VD

limit for both galaxies.

1.1.2 Rotationally supported galaxies and RC

The dominant contribution for a rotationally supported galaxy comes from the disk, which ex-
tends up to a few kiloparsecs (kpc) with a bulge superimposed at the center. In addition to the
stellar part, the galaxy consists of diffused gas that extends throughout. The velocity distribution
of each component (disk, bulge, and gas), along with the net observed velocity for 175 rotation-
ally supported galaxies, is compiled within the SPARC catalog [120]. The measurements for
the stellar components are done at near-infrared (3.6 um), keeping the mass-to-light ratio ()
for disk and bulge constant. Also, the diffuse atomic gas present within the galaxy is measured
from the Doppler shift of 21 cm HI/Ha line. The catalog contains the mass models of galaxies
covering a broad range with varying luminosities, morphologies, rotation velocity, gas content,
etc. [120]. The morphological type represents the position of the galaxy on the Hubble sequence
[121]. The sequence incorporates a broad category of galaxies such as ellipticals, spirals, and
late-type. The features of a galaxy, such as bars and bulges, are also significant in grouping
the galaxy into different types. Depending upon the bulge size and structure of spiral arms,
the SPARC is divided into 4 morphological types. It is also to be noted that the catalog does
not include any galaxy with a barred structure. The different morphologies are represented via
Hubble type (H), which for the catalog ranges between H : 0 — 12 [121]]. The first Hubble cate-
gory ranges with H : 0 — 2 belongs to the early type, which contains galaxies of type SO, Sa, and
Sab, respectively. Such galaxies are distinguished by the presence of a prominent bulge at the
center and tightly woven spiral arms. The second morphological type consists of spiral galaxies
(H : 3 —6), where features such as bulge and tightness of spiral arms start decreasing. The next
two categories include late-type (H : 7 —9) and starburst (H : 10 — 12). These types contain
almost no visible bulge at the center of the galaxy. The last category, i.e., starburst galaxies,

are known to have no spiral structure in the outer parts and are characterized by their diffused
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Figure 1.2: Rotation curve for UGC03546 galaxy. The gray dots with error bars in the plot are
the radially varying observed circular velocity from SPARC [120]. The dotted, dotted-dashed,
and dashed lines correspond to the baryonic components, i.e., disk, bulge, and gas, respectively.
The net baryonic contribution evaluated using Eq[T.4] (74, % = 0.5) is represented by the blue

solid line.

shape. The starburst galaxies are also known to have a higher star formation rate. It is to be
noticed that as the range of Hubble number increases, there is an observed decline in the size
of the central bulge, tightness of spiral arms, and resolution of distinctly visible arms decreases.
Thus, this catalog represents a wide spectrum of galaxies and makes a versatile ground to test
different alternative gravity models. The catalog has been extensively looked into for a variety
of DM and alternative gravity models [[122, 123} (124, 125, 126, 127} 128, 129, [130, 131} [132].
The objective of such analyses is to explain the discrepancy in the observed circular velocity
and baryonic contribution by studying the RC of the galaxies. For the choice of DM models,
the additional contribution comes from the choice of DM profile, which, in addition to baryonic
matter, contributes to the overall kinematics of the galaxy. Alternatively, the kinematics in the
weak-field limit for gravity models such as MOND, f(R), and STVG, to name a few, are probed
to explain the observational data. A comparison of the model with the data from the catalog

helps to constrain the model parameters of the theory .

Rotation Curve: RC is the radial variation of the net circular velocity measured from the
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center of the galaxy to the outer parts. RC measures the dynamical mass distribution within
the galaxy. The missing mass problem on the galaxy scale suggests that the baryonic mass of
the galaxy is insufficient when compared with the dynamical mass estimated from the observed
circular velocity of a galaxy. For a rotationally supported galaxy, such as the Milky Way, the
major components responsible for the baryonic mass include a disk, a bulge superimposed at the
center, and diffused gas. The velocity estimate can be measured by knowing the density profile
of each of the components. Thus, for a given density profile, by solving the Poisson equation,
one can estimate the velocity contribution coming from a given component. Due to the linearity
of the gravitational potential, the net baryonic contribution will be the sum of individual com-
ponents. For a disk component, the generally assumed convention involves an exponentially

varying radial profile [133]
S4(r) = Zoe ™, (1.2)

where X is the central density of the disk and r; is the disk scale length. Given the free
parameters to model disk components (Xg, r;), one can evaluate the velocity and potential
contribution for a galaxy [133]]. Similarly, the bulge component of a galaxy takes a spheroidal

shape. Hence, the density profile can be approximated as a Hernquist profile [134],

pr(r)=—L— (1.3)

where pg is the central density for the bulge, and ry is the bulge scale length. For the given es-
timates of the bulge parameters (po, 7;), the solution from the Poisson equation for the density
profile in EqI.3]evaluates the potential distribution for the bulge component. However, the gas
present within a galaxy is diffused throughout. Thus, it becomes difficult to assume a univer-
sal profile for the gas component that can fit all the galaxies consistently. However, assuming
an exponentially varying radial profile similar to Eq[I.2]is a good approximation to model the
potential for the gas component. Thus, the baryonic modeling of a galaxy requires knowledge
of the mass distribution of different galaxy components. Given the density of each component,
one can estimate the net velocity of the baryonic component. Similarly, the net observed ve-

locity of a galaxy can be traced using HI or H o emission lines from the objects present in the
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galaxy. The H o emissions are detected in the inner regions of a galaxy and measure the velocity
contribution due to ionized gas related to star formation. Alternatively, the HI extends beyond
the visible disk and thus is crucial in determining the velocity in the outer regions where the
effects of DM dominate. Thus, the Doppler shift of both lines (HI & H ) traces the net circular
velocity at different points within the galaxy.

The measurements in the SPARC catalog, in addition to the total observed circular velocity
Vobs () With error bars O (r), contains the radial variation of the velocity for individual bary-
onic components of a galaxy. The net Newtonian contribution arising from the stellar (disk,

bulge) and gas components of a galaxy is defined as

Vear(F) = Ya Vaig () F o Viutge (7) + Veas (7)] veas (7); (1.4)

where vgisk (7), Vbulge () and vgas(r) represent the disk, bulge, and gas velocity components for
a particular galaxy in the SPARC catalog. Following the convention from the catalog, it may be
noted that the two baryonic components (disk, bulge) are scaled by a factor y; and %,, respec-
tively, which measure the mass-to-light ratio for the disk and bulge part. The ¥'s corresponding
to each baryonic component quantifies the relation between the mass of the component and the
luminosity. From the study of the stellar population model [135, [136] and from the minimum
scatter of BTFR [137], the value of Y3 = 0.5 is found to be optimal. For the present thesis, both
the parameters (¥4, %) in Eq[I.4] are scaled independently for each galaxy and, hence, for our
analysis, are referred to as the local parameters for a model. Each term in EqJI.4] refers to the
net potential contribution for a given component, which can also be negative, depending upon
the effective influence from the mass within and outside of a given radius. Such a nature has
been observed mostly at the inner radius of the gaseous component. The discrepancy of vops(r)
with the baryonic contribution (vp,) can be witnessed clearly from the SPARC catalog. To pro-
vide an example, we have chosen a specific galaxy, UGC03546, from the catalog and plotted
different baryonic velocity contributions to RC, following Eq[I.4] (fixing Y3, % = 0.5). We also
plotted the total velocity due to Newtonian contribution using a blue solid line. The observed
points with error bars are shown with gray dots. FiglI.2] clearly shows the discrepancy of the

Vobs () With the vy, (7).

SPARC imposes certain selection criteria on the galaxies to be studied. This includes the re-
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moval of galaxies with a Quality factor (Q) greater than 2, which suggests the data includes
asymmetries and non-rotational motions. Additionally, we remove face-on galaxies with i < 30°
from our analysis of alternative gravity models, as their orientation makes it challenging to de-
rive accurate rotation curves. This leaves 153 out of 175 galaxies that can be looked into in the

alternative gravity framework.

Under the assumption that gravity on the galactic scale is modified, the kinematics of objects
within the galaxy have an additional contribution that depends on the choice of the model to
explain the visible discrepancies between vophs and vp,e. To study the kinematics of SPARC
galaxies, we look into two alternative gravity scenarios, namely RGGR and YMOG. The mod-
ified dynamics for a galaxy in the RGGR and YMOG framework, in addition to the baryonic
part (vpar), contains a contribution constrained by free parameters that depend on the choice
of the gravity model. Thus, comparing the observed velocity with the modified framework
can check the consistency of the gravity model. Additionally, the free parameters of the cho-
sen model are constrained using a Bayesian technique based on Monte Carlo Markov Chain
(MCMC) algorithm. Using the best-fit parameters from the RC analysis, we also study the two
empirical relations, viz RAR and BTFR, that hold true for the observational data from SPARC,

as discussed in detail in the following section.

1.1.3 Empirical relations

Empirical relations such as RAR and BTFR are scaling relations that define laws governing
galaxy evolution by relating the physical properties of the galaxy. These empirical relationships
are universal as they correlate the observed quantities of the galaxy that are independent of any
underlying gravity and DM models. Thus, the tightness of the modified RAR and BTFR for a

certain gravity model with the fundamental relations helps to test the alternative theories.
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Figure 1.3: The observed RAR from SPARC observations taken from [[138]]. The red solid line
is the mean RAR obtained using Eq[T.5] The individual data points from the observational data
of 153 SPARC galaxies are represented by a blue-color scale. The black dashed line represents

the root mean square scatter.

1.1.3.1 RAR

The analysis of SPARC data shows that the total baryonic acceleration (apa(r) = v2,.(r)/r)

2)

cannot explain the net observed acceleration (dgbs(r) = V5,

(r)/r)) but follows a certain an-
alytical relation known as RAR [94]. It is also regarded as a scaling law that is significant
for probing galaxy dynamics as it provides a universal characteristic to the mass distribution in
galaxies, independent of their Hubble type or size. This analysis is also true for the 153 galaxies

of the catalog irrespective of their morphological types, thus indicating a new dynamical law

governing galaxy kinematics. The empirical RAR obtained from SPARC is defined as [94]

abar(r)

dops () = 1 —exp(— /—abar(r)/a*)y

(1.5)

where a. is the acceleration scale parameter and has best-fit value a, = 1.2 X 10719 ms—2. Fora
rotationally supported galaxy, the net centripetal acceleration is defined in terms of the observed
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velocity in the SPARC catalog

v%bs(r) ‘ a(PtOt(r) (16)

aonr) = "0 — | ER

where @ is the total potential, i.e., total force per unit mass acting on a point particle. On
the other hand, ap,(R) is the linear sum of the acceleration for different baryonic components

(disk, bulge, and gas) within the galaxy and can be estimated from the SPARC data using

Apar (1) = = 3, (1.7)

 Ve(r) M Vaisk (1) + % V%ulge(r> [V (1) Veas (1) 3 ‘8%ar(r) :
r 7

Both the net circular velocity (vobs (1)) and individual baryonic components mentioned in Eq
and Eq[I.7] are known from the observations in SPARC. The plot in Fig[T.3] taken from [138]
represents the observational RAR obtained from the SPARC data. The red line in the plot
shows the analytical RAR derived using EqlT.5] Additionally, the individual data points shown
via a blue-color scale relating to the observed and baryonic acceleration are obtained from the
SPARC. The plot shows that there indeed is a relation between the two observed quantities,
i.e., baryonic and net acceleration compiled in the catalog. This makes the relation empirical
as it assumes no prior knowledge about the DM or alternative gravity models and stems from
the observational data in SPARC. The relation has been extensively studied in the context of
alternative gravity models such as Scalar Tensor Vector Gravity (STVG), MOND, and Weyl
gravity, to name a few [139, 1140, (141} [142]]. For our analysis of the RGGR and YMOG model,
we aim to test and compare the behavior of the modified acceleration provided by the alternative

gravity model.

1.1.3.2 BTFR

The second empirical relation, namely, the BTFR, shows a tight correlation between the dy-
namics of the galaxy and the baryonic distribution. BTFR suggests that the stellar mass of the

galaxy has a power law dependence on the flat part of the circular velocity,

M = AV}, (1.8)
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Figure 1.4: The observed BTFR relating the baryonic mass and flat velocity measured at 3.2 R;.
The black dots with error bars are the observed data points [120]. The red solid line is the best

fit to the observation, which returns the slope of the line as 4, i.e., M, =< Vjﬁ‘ .

Here, My, refers to the baryonic mass (disk, bulge, and gas) contained within the galaxy, and V;
is the velocity measured along the flat part of the RC. BTFR is highly sensitive to the radius at
which flat velocity is measured and various definitions for measuring the flat velocity are possi-
ble [143]. Thus, the observations compiled in SPARC help to accurately compile the baryonic
mass (scaled by mass-to-light ratio) and the flat velocities corresponding to different measure-
ment choices. The plot in Fig[T.4]relates the baryonic mass with the flat velocity (measured at
3.2R;) obtained from the catalog for a set of 153 SPARC galaxies. The black data points with
error bars are the corresponding baryonic mass versus flat velocity at 3.2R; in the log-log scale.
The red solid line fits the observed data points using the BayesLineFit [[143] package. The
choice of 3.2 R; ensures that for a pure exponential disk, 80% of the luminous contribution can
be experienced at the radius. This also helps to evade the problem where the RC is observed to
have a rising nature in the outer radius instead of the expected flatness. Thus, the optimal value
of the free parameters (A,x) as obtained from the study of the SPARC catalog are estimated
to be A =50 M@km_4s4, x =4 [95]. Similar to RAR, BTFR is also known to be empirical
in nature as it assumes no underlying gravity model and is strictly obtained from the SPARC
data. BTFR also acts as a cosmic distance indicator, as the luminosity emitted from a galaxy

indicates its distance from the observer. Thus, BTFR is probed to constrain the Hubble constant
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(H), concluding that H < 70 is rejected with 95% CL [144]. The relation is also studied to
provide insights into the evolution and formation of the galaxies and test cosmological models
(145, 146]. The tight relation between the observed baryonic mass and measured flat velocity
helps to understand the galactic dynamics by probing the effects of the DM or gravity model in
shaping the RC.

Analyzing the behavior of the alternative gravity models requires knowledge of V¢ correspond-
ing to the particular model. The modified velocities for the RGGR and YMOG frameworks
depend on free parameters constrained by the RC fitting. Therefore, if alternative gravity mod-
els such as RGGR and YMOG explain the RC of galaxies, the My, versus model-dependent
predicted velocity should also follow the observed BTFR. This additional check for the alterna-

tive gravity theories verifies the phenomenological consistency for both models.

1.2 Gravity Models

In this subsection, we focus on different alternative gravity models used in the present thesis,
namely, MOND, f(R), YMOG, and RGGR. Brief descriptions of the models, along with the
existing constraints, are discussed. This is useful as in the later chapters, we study the validity

of these gravity models against the observational data (UDGs & SPARC).

1.2.1 Modified Newtonian Dynamics (MOND)

MOND ([/4] proposes a modification to the Newtonian dynamics below an acceleration scale
typically denoted as ag. Whereas at acceleration significantly above ag, Newtonian gravity is
regained. Thus, at the small acceleration scales where the net acceleration (g) is much smaller

than ay, i.e., g < agp, the modification takes the following form [63],

8 = VN0, (1.9)
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here, gy is the acceleration contribution from the baryonic components. For a test particle
moving in circular motion around a massive object of mass M, the radial velocity component

balances the centripetal acceleration and is thus defined as

2
GM.
MR et (1.10)
r r
where v, is the net circular velocity. The weak-field velocity thus simplifies to
v‘g:aoGM. (L.11)

The above equation shows that the velocity is independent of radius and asymptotically reaches
a constant velocity that depends on the mass of the object. The equation is equivalent to the
baryonic Tully-Fisher relation that suggests that the baryonic mass contained has a power law
dependence with the flat velocity measured in the outer region of the galaxy. However, the stan-
dard Newtonian gravity is regained for regions where the acceleration is much greater than ag
(g > ap). The transition from one acceleration region to another is accounted for by introducing
an interpolating function in the equation. Hence, the net modified acceleration a in the MOND

framework is defined as [74]
u (i) 2= an, (1.12)

where U (%) defines an interpolating function such that for the regions where a >> agy, we
regain the correct Newtonian limit. The fundamental constant ag defines the transition between
Newtonian and MOND gravity. In the above equation, The best-fit value to the global scale
parameter obtained from the fit to the RC of spiral galaxies gives ag = 1.14 x 1078 cm/s?. For

our analysis, we assume a standard form for the interpolating function, given by [74]

p(x) = (1.13)
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Thus, for a scenario where the internal acceleration (a) within the galaxy is large such that the

external effects can be neglected, the effective MOND contribution is [74]

1/2

1/2
GM, a 2a0\*
a(r) = J:IZOND :71\% 14 <1+ (a_;) ) , (1.14)

here ay is the Newtonian acceleration (o< 1/r?) dependent only on the baryonic component of
a galaxy. The study of MOND on galactic scales for both spiral [[75,[76l] and elliptical galaxies
[147] shows a promising fit for the observations. The model is consistent with the empirical
RAR obtained from the SPARC observations [94]]. However, the model fails on relativistic
scales for observations such as Gravitational Waves and lensing. Thus, relativistic MOND is
making headway as it aims to extend the successes of standard MOND and reconcile them with

high gravitational fields and large velocity regimes [148),[149].

Due to the fundamental nature of the MOND parameter, the model has been widely tested.
It was successful to study mass discrepancy in tidal dwarf [150], RC [75, [76], wide binaries
[151, 152]], and many more. Contrary to the expectation, the VD dynamics of DM-deficit
galaxies such as DF2 and DF4 are inconsistent with the standard MOND model [[105} [118]].
However, incorporating the effect of the host galaxy NGC1052 on the dynamics of the galaxy
(EFE MOND) is studied to have a promising fit with the observational VD [77, [106]. Alterna-
tively, for the DM-dominated DF44 galaxy, the EFE from the host Coma cluster fails to explain
the large VD observations of the galaxy. In contrast, a standard MOND scenario fits the ob-
servational VD for DF44 well [113]]. For our analysis, we focus on studying the kinematics of

DF44 for the standard MOND scenario as an alternative to DM.

1.2.2 Yukawa Modified Gravity (YMOG)

One alternative gravity scenario tested for an extensive collection of rotationally supported
galaxies is Yukawa MOG [82, |83]]. The net gravitational potential (®) experienced by a test
particle in this YMOG model is influenced by Newtonian (¢n) and Yukawa-like (Pvyyx) po-
tential that is scaled by a strength parameter f3, i.e., ® = ®n + B Pyuk. The effect of Yukawa
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correction arises in the models where the force between particles is exchanged by massive scalar
field my. Thus, the Yukawa nature, whose effect is similar to the fifth force of scalar nature,
can be tested on galactic scales. For the present gravity model, the combination of baryon and
DM interaction influences the net contribution of potential. If oy, apys is the coupling constant
for baryons and DM, the effective potential experienced by a visible particle is thus the sum of
baryon-baryon (ch) and baryon-DM (o4, 0pnm) effect. However, the local gravity experiments
constrain the baryon-baryon interaction to be negligible, i.e., ch < 1, implying that the fifth
force is screened on the solar system scales; hence, a similar effect persists for all galactic sys-
tems [153)]. Thus, the impact on RC from the fifth force is only due to the effect of DM. This
leads to the standard Newtonian contribution from the baryonic and DM content with an ad-
ditional effect from the scale-dependent Yukawa term that does not follow the Gauss theorem,

defined as follows [154]]

(V2 —17%)® = 4nGppy, (1.15)

where ppyy is the density profile for the DM, G is the gravitational constant, and A is the range
of the fifth force, i.e., related to the mass of scalar field (o< 1/my). As mentioned earlier, it is to
be noted that the fifth force is coupled only to the DM content. The solution to Eq[I.15|returns

the modified potential with the Yukawa-like correction, i.e.,

(r) = —G/ |f(_r;),| (14 Be " \a3r, (1.16)
here, p(x) is the matter density, which includes the contribution from both baryonic (stellar,
gas) and DM. Also, the coupling parameter 3 can be attractive or repulsive depending on the
positive or negative signs that are allowed for the model. The model probed is not unique, and
such a nature can also be found in the theories where a scalar, vector, or tensor field mediates
the fifth force. Among the earlier works on the model, a Yukawa nature exists in the weak-field
potential solution from the exchange of vector bosons. Such a model favors a repulsive coupling
with the matter density, hence coined as “antigravity” [[155]. Along the same lines, [154] shows
that such a repulsive force is successful in creating flatness at the outer radius (0.4 < r < 2.51)
if the coupling parameter f3 exists within the range (—0.95,—0.90). A similar repulsive nature

is proposed for an STVG model where a fifth force exists due to an exchange of massive vec-
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tor bosons [69, 156, [157]]. The model successfully explains the cosmic microwave background
radiation in a baryon-dominated universe and is also studied to explain the RC observations for
high surface brightness (HSB) and low surface brightness (LSB) galaxies. It is to be noted that
none of the models discussed yet include any contribution from DM. Furthermore, the solu-
tion to the f(R) lagrangian using Parameter Post Newtonian formalism yields a Yukawa-like
suppression [158]. A similar fourth-order gravity analysis includes a repulsive and attractive
combination of Yukawa terms that successfully explains the RC only by including the DM
component [[159]]. The Yukawa model is also looked into for a larger set of galaxies present in
the HI nearby galaxy survey (THINGS) catalog [160]]. The present thesis is influenced by the
work done in [83,161]], where a mixed scenario incorporating the effect of DM and YMOG is
looked into. In fact, analysis [161] with a group of LSB galaxies finds that a repulsive nature
of the coupling parameter can satisfactorily explain the observational data. It is to be noted that
the DM profile chosen here has a power-law dependence and is the only source for the baryonic
mass distribution. On the contrary, a similar study for a random set of SPARC galaxies is shown

to favor an attractive coupling nature of the fifth force [83]].

In our analysis, we aim to look into the kinematics of SPARC galaxies to study the RC and
constrain the Yukawa parameter in the YMOG framework. The objective of our phenomeno-
logical study is to look for the fundamental physics of the Yukawa parameters (8, A) for a
collection of galaxies. A random selection of 40 galaxies has shown a positive result towards
the fundamental nature of the coupling parameter 3 [83]]. To further verify the claim, we group
the SPARC based on its morphological type and study if such nature persists for a larger subset
of galaxies. For this, we compare the observed circular velocity for a subset of a particular

morphological type in SPARC with the YMOG contribution written as

2(r) = Vear + VREW (1) + Vinog (1), (1.17)

%
where vy, is the baryonic velocity contribution arising from the stellar (disk, bulge) and gas
components of the galaxy as described by Eq Also, vNpw and vy are the velocity contri-
butions from the DM and Yukawa contributions, respectively. For a choice of DM profile, the

potential, hence velocity contribution, can be evaluated by substituting a choice of DM profile

in Eq[I.T5]
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1.2.3  f(R) gravity

f(R) can be considered one of the most extensively studied alternative gravity models. Here,
the Ricci scalar in Einstein-Hilbert action is replaced with a R+ f(R) or a generalized f(R)
functional form [54, [162]]. The literature suggests many f(R) models, which satisfy different
observational regimes of the Universe [26]. These different choices for the functional form
add to the complexity of the theory. The f(R) gravity has been shown to explain the cos-
mic acceleration without invoking Dark energy (DE) [163] [164]. The model has also been
looked into to study the kinematics of the galaxies, clusters of galaxies, and gravitational lens-
ing [165, 166,167, [168]. However, there can be models such as f(R) o 1 /R, which consistently
explains the acceleration of the Universe without the need for DE but suffers from instability, as
discussed by Dolgov and Kawasaki [80], which limits the viable forms for the gravity model.
The f(R) has been tested at different observational astrophysical regimes to constrain the grav-
ity model parameter. This includes the study of modified distances to Cepheid variables [169],
redshift distortions [170], differences in stellar and gas RC of isolated dwarf galaxies [171]],
searching for fundamental parameters using screening mechanisms in SPARC [92], to name a

few.
In what follows, we will briefly introduce the f(R) gravity models. For a more detailed dis-

cussion and review, we refer the reader to [26, [70]. For the f(R) model, the action of gravity

becomes,

o = [ d'x/=gf(R)+ Za (1.18)

Varying the action of gravity with respect to the metric g,y results in [26, 172]]

G —#{1 F(R)— RF (R 4 (R)uy — Df'<R>}+ i (1.19)
R 12 e 7 (R) '

where Gyv = Ryv — (R/2)guy is the Einstein tensor. The prime convention used in the above
equation denotes the derivative with respect to the Ricci scalar R. Depending on the choice of
the functional form of f(R), one can solve Eq to evaluate the potential in the weak-field
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limit valid on the galactic scales. Needless to say substituting f(R) = R in Eq returns
the standard Einstein equation (G,y = 0) in case of vacuum solution. Considering the stability
criteria mentioned above, we look into two cases of f(R). The first model assumes a generalized
functional form which is Taylor expanded about a flat background (R = 0). Similarly, a specific
form of f(R) that is o< R" is chosen and analyzed for the second model. Solving the equation
of motion for the specific choices of f(R) returns a solution with an additional term to the
Newtonian potential dependent on free parameters that are constrained from the observations
as discussed. Below, we briefly discuss two f(R) models that were used in different choices of

the thesis, and we denote them by model A and model B, respectively.

1.2.3.1 f(R) gravity (model A)

Among the many choices for the functional form, we select a generic choice of f(R) gravity

model that assumes a Taylor expansion about the Minkowskian background (R = 0) [165, 173]]
o0 5 O .

f(R) =}, 0 i (1.20)

!
i=0 b

where f!s are the coefficients associated with the i power of Ricci scalar in the expansion.
The solution for the model is shown to result in a Yukawa-like correction in the weak-field limit
for a general f(R) form. The resultant solution valid for the galactic scales yields a modified

potential given as [[173]

GM \ 1+ 8¢ /%
¢(r)=—(1+5) +f . (1.21)

In the above Eq.(1.21), the additional Yukawa-like term is characterized by & and A. Also, as
can be seen from the equation above, for a point like baryonic mass M, the Newtonian part is
scaled by a factor 14%8 Here, 0 is the coupling that determines the nature of the additional force
and can be attractive or repulsive depending on the sign of the parameter. Following [174], we
consider § to be negative and within the range —1 < 6 < 0, implying the repulsive nature of
the Yukawa force. Substituting § = 0 in Eq.(1.21)) returns the GR case where potential varies
as 1/r. The parameter A is the scale length and corresponds to the size of the system under

analysis. Thus, A is not a universal parameter. However, the f(R) model that is looked into
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still satisfies the consistency conditions to be a valid theory of gravity. This gravity model has
been looked into different regions ranging from galactic cluster dynamics [168]] to studying the
VD of elliptical galaxies [[175]. The analysis shows that the Yukawa model can potentially ex-
plain the kinematics on astrophysical scales without any need for DM. The phenomenological
parameter § obtained lies within the range (—0.7,—0.9). The scale parameter A is also found
to be dependent on the size of the systems. The Yukawa-like form for the modified potential is
similar to the phenomenological YMOG model discussed above. However, the YMOG model

is considered in a mixed scenario where DM and YMOG contributions are incorporated.

For the study of UDGs, we assume the scenario where f(R) explains the dynamics in the pres-
ence of only the baryonic matter with no need for DM. For this, we look into the kinematics of
DM-deficit galaxies, assuming that the VD motion is isotropic. Similarly, the gravity model is
also probed for the DF44 galaxy to check the consistency of the gravity model, which gives an
alternative explanation for the DM-dominated galaxy. For our analysis, we aim to constrain the

f(R) parameters &, A for all three UDGs.

1.2.3.2 f(R) gravity (model B)

The second choice for the f(R) model that we have worked with replaces the Ricci scalar (R) in
the E-H action by a power-law form given as foR" [68]. Here, n is the slope of the Lagrangian
for the action of gravity, such that n = 1 returns the standard GR case, and fj is a constant.
Substituting the given functional form in EqJI.19] and solving the equation of motion in the

weak-field limit for the spherically symmetric system yields the potential,

B
1+ (L) ] : (1.22)
Ie

G is the Newtonian gravitational constant, r. is the scale radius determining where the devia-

GM

¢(r):—7

tions from Newtonian gravity become significant, and 8 controls the shape of the modified term

and is related to the power law n as follows,

12 —Tn—1—+/36n*+12n% — 8302 +50n+ 1

B 6n2 —4n+2

(1.23)
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As B relates to the power (n) of the chosen action of gravity, which is expected to be univer-
sal, thus the model parameter (f) is treated as a global value. However, r. is a scale that is
dependent on the mass of the galaxy and, hence, varies with a system that is probed. Under the
conditions that the gravity is Newtonian on the Solar system scales and the potential converges
at large distances, f3 is constrained in the range 0 < 8 < 1 [68]]. The modified potential obtained
for the R" choice still shows an asymptotically decreasing behavior similar to the Newtonian
model. However, it returns a higher contribution to the net circular velocity, which can explain

the inconsistency in RC at a large radius.

A sample of 15 LSB galaxies with HI/Ha observations of RC is studied to have a consis-
tent fit with the observations where 8 = 0.817 (n = 3.5) and r, being a local variable is con-
strained depending on the scale of the system [68, [176]. Similarly, the rotation curves of the
spiral galaxies are reasonably explained for the above gravity model [[177]. This model has also
shown a promising fit with observations of Type Ia Supernovae and constraints on PPN param-

eters [178 179, [180].

In the present thesis, we study the kinematics of the DM-deficit UDGs under the assumption
that the net potential is modified as given by Eq[I.22] Our analysis constrains the model param-
eters and aims to show that the choice of gravity model is consistent with the observed VD data

for DF2 and DF4.

1.2.4 Renormalization group correction to general relativity (RGGR)

One of the alternative formulations to modify gravity involves a quantum gravity extension,
such as the Renormalization Group correction to general relativity (RGGR) 61} 186, (181}, [182,
183] 1184} 1185, [186l]. This approach suggests that the gravitational constant (G), traditionally
considered a fundamental constant, exhibits energy dependence. This energy dependence, anal-
ogous to the running of couplings in quantum field theories, could resolve some inconsistencies
when attempting to quantize gravity, such as the emergence of non-renormalizable infinities.
However, such quantum corrections also give rise to a source of arbitrariness because of the

dependence of the corrections on the scale parameter that needs to be correlated to the phys-
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ical quantity. For instance, applying Appelquist and Carazzone theorem [86, |87, [187] within
the framework of asymptotic safety for a four-dimensional quantum gravity model results in
RG evolution for a higher derivative model [188, [189]. The common theme observed among
the different approaches of the quantum gravity model is a logarithmic variation of the cou-
pling parameter G. Following [89, 185, 190} [191]], our approach studies a general covariant
approach to quantum corrections, where the scale parameter depends on the potential energy of
the astrophysical system. Previous studies with logarithmic variation in G along with the radial
dependence of the scale parameter show a promising fit to the observed RC for both point-like

(61,1184, [185]] and extended [89, 190, [191]] baryonic mass distributions.

The observations in the far infrared region established G as a constant [26]. However, this
might not be true if one looks at GR as a field theory in curved spacetime. The beta function
for the gravitational coupling constant G is chosen to have a logarithmic dependence on the
energy scale (i) of the Universe. From the dimensional argument, one unique choice for the

beta function has been taken to be of the following form [89} 192]

dG™! — oy Mglanck
du ch

B—p =Gy, (124)
where Vv is a phenomenological parameter fixed from observational data, and Gy is the bare
value of the gravitational coupling parameter. The logarithmic dependence of G with the energy

scale as obtained from the solution of Eq[I.24] becomes

Go

Gy = —2—,
1+ vln“—i
My

(1.25)

here L is the energy scale defined such that G(y) = Go. As the variation in G is small, the
exact value of g is inconsequential. For the far-infrared (IR) region, where the coupling pa-
rameter G is known as a constant, the GR limit is regained by substituting v = 0. Thus, the
coupling parameter G in the Einstein-Hilbert action of gravity follows the RG flow given in
Eq For observations in galactic scales the variation in v is of the order 10~ [193]]. A sim-
ilar B function can also be defined for the cosmological constant (A(tt)) present in the action of

gravity. However, due to the negligible effect on the astrophysical scales, it is generally ignored
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from the RC analysis of the galaxies [89].

To study the RGGR model on the scales of galaxies, it is required to relate the parameter u
with the energy scale of the system. For example, on the cosmological scales, t is shown to re-
late to the energy scale of the Universe, i.e., Hubble constant (H) [60]. Similarly, for the galactic
scales, u has a functional dependence on the potential energy of the system. The choice relating
the gravitational potential with the energy scale is such that we regain the correct Newtonian
limit and satisfy the well-defined Tully-Fisher relation. The conditions constrain the relation to

have the following form [60]

Lo (on\”
B (N 26
L&) 120

where o is a mass-dependent phenomenological parameter constrained by the observations and
¢p is the value of the Newtonian potential at the bare value of the coupling constant (Gy), hence
a constant. Also, @y is the Newtonian potential corresponding to the baryonic mass of the
galactic system. Therefore, we have two free parameters in the model, viz. v and a. The
two free parameters of the model, va = v follow a close to linear relation with the baryonic
mass of the galaxy for a selection of rotationally supported galaxies [190, [193]. For the given
B-function of G and the choice of energy scale parameter, the solution for the circular velocity
valid on galaxy scales is [89, [190]

2_

VRGGR (") = Veur(7) (1 - ¢;(Vr)), (127)

where vy, (r) is the Newtonian contribution to the velocity, ¢ is the speed of light. The de-
pendence of the phenomenological model parameters on mass or running of gravitational cou-
pling parameters with defined energy scales suggests that the free parameter changes with the
scale of the problem and, hence, is not universal. However, the phenomenological study of the
RGGR model on elliptical and disk galaxies shows the best-fit value of V lies in the range of
107% — 108 and favors the observed dynamics of the galaxies that were looked into [[190, [192].
In fact, a phenomenological study for a selection of galaxies [193]] finds the v to have a nearly
linear relation with the baryonic mass. Additionally, the constraints obtained on the solar system

scales suggest the parameter V to be of the order of 10~!7 [192]]. The limit is much smaller than
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the galaxy rotation curve estimates. This, however, is expected as the parameter V is found to
have a linear dependence on the baryonic mass of the system. Compared to the spiral galaxies,
the mass contained within the Solar system is about ten times less, thus making the value of v
at solar system scales consistent. Similarly, in the case of Ultra-diffuse galaxies, whose masses
are comparatively smaller than the rotationally supported galaxies, the evaluated v turns out to

be 108 [194].

For our analysis, we look into the kinematics of UDGs and SPARC in the RGGR framework.
We additionally constrain the model parameter v for the galactic system probed and study the
claim of linearity of the free parameter with the baryonic mass. In our analysis, we aim to check

the consistency of the gravity model with observational data from the galaxies.

DM profile: The consistency of the alternative gravity models with the observational data can
be verified by comparing their phenomenology with an alternative perspective. For this, in most
of the present work, a comparative analysis is performed using a choice of DM profile. For the
purpose of this thesis, we have used the well-known NFW profile throughout different chapters
whenever we compared our results from alternative gravity models with DM results [36} [195].

The NFW profile has the following form [36]]

_ Ps
pou(r) = )

(1.28)

where, py is the characteristic density and r; is the scale radius. From the N-body simulation of
the DM particle, the free parameters of the NFW model are found to have a relation such that
the concentration parameter ¢ = ryoo/ry and virial mass Moo = (47/ 3)200pcr,-tr§00. Thus, the

free parameters of the NFW halo can be related to ¢ and M as follows,

200 A Peri
= , 12
T g (1.29)
1 M\
_ (Mo 1.30
ST <4n200pm,) ’ (1.30)
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here, p. is the critical density having the magnitude 143.84 M., /kpc3. Also, to reduce the
number of DM parameters, we use the ¢ — M relation, which is valid for galaxy-sized halos

(83, 1196]

c(Magg) = 10999 ( (1.31)
here, A is 0.671 [197]. Using the relation in EqJ1.31] the contribution from the DM density
profile can be seen to be dependent only on a single parameter, i.e., M»p9. Thus, the choice of
¢ — My relation reduces the number of free parameters that must be constrained from the RC
observations and is also a valid approximation for the galactic scale that is probed in the thesis.

The velocity contribution for the DM-density provided in EqJI.28|thus takes the following form,

47rGr3p r r
2 r ) . r
vaEw (1) = { . +log (1+ - )} : (1.32)

r s

In the above equation the parameter pg and 7 are related to a single parameter M5gg via EqJ1.29]
[1.30] and Eq[I.31] respectively. Thus, for our analysis, we require a single parameter My that

needs to be constrained from the observations.

1.3 Methodology

The alternative gravity models discussed above rely on free parameters that need to be con-
strained using observational data. To achieve this, we employ computational methods grounded
in Bayesian inference. In the present thesis, for most scenarios, we utilize the Monte Carlo
Markov Chain (MCMC) algorithm to sample the posterior distributions of the model parame-
ters. MCMC provides a powerful framework for exploring high-dimensional parameter spaces.
MCMC generates a statistically representative array of parameter values by creating a Markov
chain that asymptotically converges to the target posterior distribution. The sampler allows for
a robust estimation of both the best-fit parameters and the credible intervals. The efficiency of
the MCMC depends on the choice of the proposal distribution. The features of the MCMC al-

gorithm include quantifying the parameter uncertainties, along with their degeneracies and cor-
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relations. This proves to be crucial for distinguishing and comparing competing gravity models.

A general structure that defines an MCMC for a given observational data set & involves a
product of the posterior probability Z(01%) and priors 7(0) for unknown set of parameters 0

and is defined as

P(6|9) < Z(D|0)n(0), (1.33)

where .Z(D|0) is the likelihood, which determines the probability of data for a given model
with free parameters, and 7(6) represents the priors imposed on the free parameters. Assuming
that the errors on the observed circular velocity follow a Gaussian distribution, the likelihood

for each galaxy is written as

L\ 2
L= (2yr)fn/2 {Hﬁ(ri)l} —— _% Z (vg,obs(ri) —Vtot(ri,9)> |

i=1 i=1 o(r)

here, n represents the number of observational data points over which the likelihood is summed.
Also, v,ps(r) and o,,-(r) are the observational datapoint defined at a given radius and the cor-
responding uncertainties. The analytical velocity v, (r, é) computed at a certain radius for a
given set of free parameters is model-dependent. The net circular velocities or velocity dis-
persion in the case of UDGs for an alternative gravity scenario are expressed in terms of their
respective free parameters. These free parameters in velocity v (7, 6 ) are phenomenologically
constrained by comparing with the observational circular velocity. As an example, for the DM
model discussed in the [I.2.4] of SeclI.2] the NFW choice includes a single parameter M that

needs to be constrained.

Regarding the choice of priors 77:(5 ), different assumptions can be employed depending on the
knowledge of the model parameters. In the present thesis, we consider two types of priors for
the parameter estimation i.e., flat and Gaussian priors. This allows us to test the sensitivity of
the parameter constraints to prior assumption. In context of the SPARC dataset (as discussed in
[I.1.2)), the parameters such as mass-to-light ratio for both disk () and bulge (%) are assumed

to have no radial dependence on the galaxy. These parameters are treated as free variable and
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are constrained using MCMC sampling. Thus, in case of flat priors, the parameters are varied in
the range [0.3, 0.8] [83, 198, [199]. For the Gaussian priors, the parameters y,; and ¥, are consid-
ered to have a mean value of 0.5 and a standard deviation of 0.1. To ensure the convergence of
the Markov chain, we run the sampler for a sufficient number of steps such that the acceptance
fraction lies within the range 0.2 — 0.5 [200]. Additionally, by estimating the autocorrelation
time (7) for each galaxy, we discard T number of steps as burn-in before performing posterior
analysis. To achieve convergence, we run a sufficient number of steps, i.e., 50 7 as specified in

emcee [200].

Additionally, to quantify the preference of one model over the other, we consider the Bayesian
Information Criteria (BIC), which approximates the Baye’s factor and penalizes models with a

greater number of free parameters. BIC is defined as [201]

BIC = —210g %:(D|6) +2klog(n). (1.34)

Here, k is the number of parameters for a given model. Also, n represents the number of data

points in each galaxy. To compare the two models, say, model I and II, we evaluate,

ABIC = BICy; — BIC;. (1.35)

The measure of ABIC, if less than 2, implies inconclusive preference between the two models.
Similarly, the value of ABIC that is between 2 — 6 implies a positive inclination towards I. Values

of ABIC greater than 6 are considered to have a strong inclination toward the I model.

1.4 Outline of the thesis

The thesis is organized into two parts: studying the kinematics of the UDGs and the rotationally

supported galaxies.

The first part of the thesis focuses on the kinematics of LSB galaxies. For this, we look into

the VD kinematics for two kinds of UDGs, i.e., DM dominated (DF44) and DM deficit (DF2
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and DF4). In Chapter[2] we aim to study the kinematics of the DF44 galaxy for three different
choices for the alternative gravity models: MOND [63]], f(R) [175], and RGGR [190]. DF44
is observed to have almost 98% of the total dynamical mass as DM [96]]. To model the VD
for an alternative gravity model, we additionally consider the effect of anisotropy on the overall
kinematics of the galaxy. For this, we consider three different choices for the anisotropic mo-
tion, i.e., isotropic, a constant anisotropy, and a radial profile given by Osikpov- Merritt [202]].
We additionally constrain the free parameters for the mass modeling and the choice of gravity
model using the emcee package [200]. The emcee package is a sampler that is utilized for the
Bayesian parameter estimation. For all three gravity models, we observe that the choice of radial
profile is the least preferred among the three. We additionally evaluate the preference between
the choice of isotropic and constant anisotropy, which suggests that the result is inconclusive,
favoring both models. For the constant anisotropy case, we allow the priors, including both the
radial and tangential profiles. In the case of DF44, for all three gravity models, statistics prefer a
tangential choice. As the constant anisotropic case is consistent for all the models, we compare

it with an alternative DM scenario assuming an NFW profile.

In Chapter |3| we discuss the consistency of the alternative gravity models to explain the ob-
served VD of the DM-deficit galaxies, NGC1052-DF2 and NGC1052-DF4. The two UDGs,
namely, NGC1052-DF2 [[105] and NGC1052-DF4 [98]], are observed to have smaller VD. The
measured VD for DF2 is 10.5 km/s at 90% CL, which is comparable with the Newtonian kine-
matics. The net dynamics of these UDGs are well explained solely by the baryonic matter
present within. Hence, they are mentioned as the DM-deficit UDGs. In our analysis, we look
into the consistency of two alternative gravity models, i.e., f(R) and RGGR, with the observa-
tional VD for both the DM-deficit UDGs. The free parameters of the models are constrained
statistically by comparing the VD kinematics in a modified framework with the observational
data of both galaxies independently. The modified VD kinematics for both UDGs are studied,
assuming the simplest case where the motion is isotropic. Alternatively, as both UDGs have
similar characteristics, the model parameters, such as the coupling parameter in generic f(R),
n for the power law choice, or mass-dependent parameter for the RGGR, are be constrained
globally. Our findings show that when the UDGs are analyzed independently, the gravity mod-
els, i.e., f(R) (both generic and power-law) and RGGR, are consistent with the observations.

Similarly, for the case where we study both UDGs globally, the model parameters are found to
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be similar to the local case and are consistent with the observational VD.

The second part looks into the kinematics of rotationally supported galaxies for two choices
of alternative gravity models. The first gravity model probed in Chapter 4] is RGGR, studied
independently for the 153 qualifying SPARC galaxies. The RGGR model [89, [190] looks into
the energy scale variation of the gravitational coupling parameter G. The weak-field potential
valid on a galactic scale introduces an additional term to the Newtonian potential dependent on
the potential energy and a mass-dependent free parameter. The free parameters of the model
are constrained independently for each galaxy using the Bayesian method, i.e., emcee [203].
We additionally compare the RGGR model with an alternative NFW scenario. The RGGR
model turns out to be consistent with the observational RC data and is a competitive choice
for a gravity model in comparison to NFW. We additionally justify the linear variation of the
phenomenological model parameter with the baryonic mass of the galaxy. Thus, as we go from
early-type galaxies to starburst, we see a decline in the magnitude of the free parameter, i.e.,
early-type galaxies showing a larger value than the starburst. In our analysis, we also look
into the two empirical relations satisfied by the SPARC galaxies, namely RAR and BTFR. Our
analysis for the eligible SPARC galaxies showed that both relations behave satisfactorily in the
RGGR framework.

The second model chosen for studying the SPARC galaxies, as discussed in Chapter [5 is
YMOG. Yukawa-like term is dependent on the coupling and scale parameter of the Newto-
nian potential, and this fifth force interacts only with the DM component. For the DM profile,
we assume the well-studied NFW profile and constrain the model parameters of the fifth force
morphologically for different kinds of galaxies in the SPARC. The parameters belonging to the
baryonic and DM components are constrained locally for each galaxy. We find that the YMOG
is consistent with the observational RC when galaxies are grouped and studied based on their
morphology. We notice that for the spiral and the late-type galaxies, the coupling parameter
is much smaller in magnitude when compared to the early types. Furthermore, we also check
the consistency with the RAR and BTFR. We additionally verify the consistency by comparing
it with the observational normalized additional velocity (NAV) [99]. We find that YMOG is
consistent with the observations only if the global parameters vary with the morphology of the

galaxy. Finally, we compile the summary of our work in Chapter[6]
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Chapter 2

Velocity dispersion of DM dominant

ultra-diffuse galaxies

2.1 Introduction

The ultra-diffuse galaxies (UDGs) are galactic systems having low surface brightness that, in
many cases, host excess globular clusters relative to normal dwarf galaxies [[102} 1104, 204]]. This
type of galaxy shows both extremes of DM content: some may consist entirely of DM, while
others appear to be almost free of DM. The formation history of UDGs still remains an open de-
bate, with proposals calling them failed galaxies that were unsuccessful in achieving the stellar
population due to tidal stripping [205], AGN feedback [206, 207], gas stripping [208], galaxy
harassment [209], etc. The globular clusters within the UDGs suggest the presence of DM halo,
implying that the net kinematics is inconsistent with the velocity dispersion (VD) contribution
solely from the baryonic components (except for galaxies which are having extremely low or
no DM content, such as NGC1052-DF2 & NGC1052-DF4). One of the largest UDGs observed
within the Coma cluster, NGC1052-DF44 (henceforth DF44), having 9438 globular clusters,

TH-3746_196121010 37



suggests that 98% of the mass of the galaxy is composed of DM [96]. The mass-to-light ratio of
481?}1 Mg /L measured within the half-light radius suggests that the total mass present within
DF44 (~ 10'2 M) is comparative to the Milky Way galaxy [96]]. The phenomenological study
of the DF44 galaxy in the context of the DM model can successfully explain its kinematics.
More precisely, the study with a generalized Navarro Frenk White (g-NFW) [210]] and DiCintio
[38]] density profile can explain the kinematics of DF44 satisfactorily [211]]. Nevertheless, the
kinematics of DF44 is also found to be consistent when probed in the context of alternative

gravity models [107, (109, 112, 212].

In this chapter, our analysis aims to look into the consistency of a few selected alternative
gravity models in explaining the radial VD measurement. The background literature on DF44
shows that gravity models such as standard MOND, Weyl conformal gravity, and Scalar-Tensor-
Vector gravity (STVGQG) fit the observations well [112}113]]. The analysis in the context of stan-
dard MOND, with the UDG mass solely responsible for dynamics, reveals excellent fits, in line
with the existing literature [112]. Alternatively, the external field effect (EFE) of the Coma
cluster where the galaxy DF44 is embedded may impact the kinematics of the galaxy in the
case of MOND. However, [212] showed that incorporating the EFE of the Coma cluster fails to
explain the observed kinematics of the galaxy. A similar conclusion was derived for 10 other
UDGs within the cluster. The proposal to resolve the inconsistency of EFE with DF44 includes
a screening mechanism, higher mass-to-light ratio, inconsistency in the distance measurement,
tidal disruption, etc. [212]]. Among different scenarios, it was shown that an out-of-equilibrium
radial infall of DF44 in the Coma cluster may give rise to an observed higher VD or a sup-
pressed EFE for the UDG [114]. Similarly, gravity models, such as Degenerate Higher-Order
Scalar Tensor (DHOST) [[107] and non-local gravity [109]], are also looked into to explain the
kinematics of DF44. It is to be noted that the majority of the analysis on UDG kinematics is
in the context of the radial evolution of the VD following the isotropic model. In our analy-
sis, we focus on the impact of deviation from this conventional VD evolution by introducing
anisotropic evolution. This anisotropy aspect of the problem becomes important for statistical
testing of the alternative gravity models. In this regard, we consider MOND [63, [74, [112] as
our reference while comparing alternative gravity models. We analyze three different choices
for the anisotropy parameter (viz. radial anisotropy, tangential anisotropy, and zero anisotropy)

to explain the observed DF44 VD. We find that a tangential anisotropic motion of the objects
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is preferred for DF44. Among the three scenarios, the radial anisotropic choice is the least pre-

ferred and is quantified using Bayesian Information Criteria (BIC).

Corresponding to MOND, the acceleration scale parameter is constrained from the prior ob-
servations [213, 214]. Hence, the study only includes mass modeling parameters to be fitted.
Based on the technique applied for the phenomenology of standard isolated MOND study, we
look into two distinctive alternative gravity models. One model assumes a generic functional
form f(R) in contrast to the Ricci scalar (R) in the EH action of gravity. Rather than defining a
particular form, this model assumes a general expansion of R about a flat background [26, [215]].
The choice of the particular f(R) model involves constraining two model parameters, which
include coupling and scale radius. On the contrary, the other model is the RGGR (89, 190] that
studies the energy scale dependence of the coupling parameter of the theory. On the astrophysi-
cal scales, the major contribution to the kinematics arises from the variation of the gravitational
coupling parameter. The solution to the potential valid on the galactic scale is dependent on the

potential energy of the system and a mass-dependent free parameter.

This chapter is organized as follows. Section [2.2] discusses the analytical method to study the
kinematics of UDG and mass distribution of NGC1052-DF44. The section 2.3] discusses the
three alternative gravity models we look into to explain the dynamics of DF44. The methodol-
ogy employed to constrain the model parameter is discussed in Section [2.4] Lastly, we discuss

the results obtained and the conclusion of our study in Section [2.5]and [2.6] respectively.

2.2 VD : Formalism

The velocity dispersion (o) is a measure of the net galactic kinematics [216]]. Observationally,
VD is measured from the broadened spectral lines as objects move within the galaxy. The
radial evolution of the VD is modeled using the Jeans equation for a spherically symmetric

mass distribution [[100],

2.1
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where p(22) is the mass density distribution, ¢(~2) is the gravitational potential of the galaxy.
The deviation from radial isotropy is measured in terms of the anisotropy parameter &(%2),

defined as

(2.2)

Here, 0,(2) and og(22) are the radial and tangential components of the VD. Depending on
the sign of & (), the motion of the object within the galaxy can be either radially (§ > 0) or
tangentially (§ < 0) dominated. However, for an isotropic motion of objects in the galaxy, the

radial and tangential components are equal, i.e., & = 0.

The right-hand side of the Jeans equation involving the gravitational potential of the galaxy
¢(~2) can be estimated in the context of Newtonian gravity and for the choice of spherically

symmetric mass distribution p(%2),

d¢(2) _ GMy(~ AL
on A2 /zz/ 4mp(aT)r"dn

where G is the Newton’s gravitational constant and My is the mass within the radius r. Thus, for
a choice of & (), solving Eq[2.1] one can obtain 6(2) given the p(~) for the galaxy. However,
the astrophysical observations do not measure the VD but rather the projection of the radial
component of the VD on the line of sight (670s). The o705 from a 2-D projected distance r to

the point of observation is expressed as [217]]

Gzos(ﬂ:%(/rwdaap(az_r / dn s Va2 /12—(1"2))’

where I(R) is the surface density of the galaxy probed. The computation of Eq.(2.3) for a given

gravity model has a large time complexity. Therefore, to improve the computing time, a reduced

analytical form for LOS VD, numerically equivalent to Eq[2.3]is used [L15]

r r

20s(r) = ZG/ n yzf(’z ) M) 2.3)
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Figure 2.1: The VD for DF44 when the underlying gravity is Newtonian or with an NFW DM
halo. The red dots with error bars are the VD data and the effective errors on the observations
as defined in [111]] for the DF44 galaxy. The plot represents the Newtonian kinematics of the
DF44 galaxy for three different choices of the anisotropic profile. The black dashed, blue dotted,
and orange dotted-dashed line highlights the & = 0 (isotropic), & = 0.6 (radial), and & = —0.6
(tangential) scenarios, respectively. In addition, the plot also shows the case for a DM profile
represented by a solid green line, which shows a consistent fit for the observational data. The

density profile for the DM halo is NFW with M>qy = 0.70 x 10'! M.

where ¢ is a kernel function, j(-2) is the projected luminosity density and M () is the dy-
namical mass contained within the galaxy. For the case of GR without DM, the mass function
is a standard Newtonian mass My . Similarly, for the alternative gravity models, a mass function

can be determined from the additional components added to the Newtonian potential.

In the case of alternative gravity models, the potential, in addition to Newtonian contribution,
will have an extra component depending on the choice of the gravity model. These components,
in total, will result in the net dynamics of the galaxy. In this paper, we aim to study the kinemat-
ics of DM-dominated DF44 in the context of different gravity models. This requires modeling

the distribution of the baryonic content of the galaxy.
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Mass model for DF44:
The baryonic contribution for the DF44 galaxy comes from the globular clusters present within.
Under the assumption that the structure of the galaxy is spheroidal, the surface brightness can

be modeled using the Sersic profile [96] defined as

ua):mmm[—ﬁ<”'>uq. 2.4)

Teff

Here Iy is the central surface density, n is the Sersic index, and B determines the shape of
the Sersic profile, which is related to n via B ~ 21 — 0.33 4-4/405n + 46 /255151 + 0'(n~3)
[119, 218]]. The mass modelling estimates for DF44 gives the Sersic parameter n = 0.94 and
rerr = 4.7kpc [96]. Also, the total luminosity of the stellar mass contained within the fiducial
distance of 100 Mpc of DF44 comes out to be Lot = 2.33 X 108L@. Given Ly, the central sur-
face brightness Iy in the Sersic profile is calculated from the integrated total luminosity profile,

ie.,2m [y rI(r) dr = Lio.

However, the measured deprojected luminosity density j(r), obtained from the Sersic profile

is given as [219, 220]

—Dn 1/n
() = Jo (af) exp(—f) , 2.5)

where a; = %, Pnie fi— 06% + 0'02# [219] and [y = The mass density

Ltol
4xnT[(3—pp)nja3
(p(22)) in the context of M(~2) is obtained by scaling the projected luminosity density with the

constant mass-to-light ratio (7;) of the stellar system, i.e.,

p(r) = rj(r). (2.6)
For our statistical analysis, ¥ is treated as a free parameter having no radial dependence.

Finally, the kernel function in Eq.(2.3) depends on the nature of the anisotropy parameter. We
study the galactic kinematics for three criteria: £ = 0, & constant other than zero, and a radially

dependent &. Regarding the radially dependent anisotropy profile, we consider the Osikpov-
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Merritt model &(2) = 27—

profile. In this case, the kernel function is expressed as [202],

u2+1/2 u2+u w2—1 1/2 1
%<M7ua)—(ug+l)3/2( p 2+1 2“ = 2.7)

where u = 2 /r and u, = r,/r as defined in Eq The simplest assumption is the isotropic

2 [202, 221]], where r, defines the scale radius of the anisotropy

motion of the objects in the galaxy, i.e., & = 0. We also treat & as a free parameter that ranges
for positive (radial) and negative (tangential) anisotropy.
For the case where & is treated as a constant, the kernel function % in Eq.(2.3) is written as

[202]

H (1) = % %! ﬁ%ﬂj% (%5 +1/2, 1/2) — (R (%5 —1/2, 1/2)} :
(2.8)
here %(x,a,b) is the incomplete Beta function.
Now, we assume the scenario where the dynamics of DF44 can be explained using Newtonian
gravity. The LOS VD in such a framework for different anisotropy models is shown in Fig[2.1]
The black dashed line in the plot shows an isotropic model, i.e., & = 0 with . = 1. Similarly,
the plot also represents the case where the underlying motion in the Newtonian background has
a constant anisotropy. The blue dotted and orange dotted-dashed line in the plot is a case for ra-
dial anisotropy, i.e., & = 0.6, and tangential anisotropy with & = —0.6, respectively. Indeed, the
plot clearly shows that Newtonian gravity alone is insufficient to explain the observational VD
for DF44, opening up a scenario for alternative gravity or DM. The plot additionally refers to a
most commonly studied scenario assuming a DM halo contributing to the Newtonian dynamics.

For this, we look into a well-studied cuspy profile, i.e., NFW [36], assuming the following DM

Ps
22

radius, respectively. Both the model parameters (p;, r5) can be correlated to the concentration

density distribution, pypw (2) = where p; and rg are the characteristic density and

parameter (¢ = rpo0/rs) and virial mass (M) (see for more details). Using the similar
approach as specified in [211] to model DM halo and keeping %, as an additional free param-
eter, we obtain the constraints on & and Mg to be —0.8 and 3.98 x 1010 Mg, (c fixed from
¢ — My relation [222]]). The constrained parameters (&, Myq) are of similar order as reported

n [211]. The radial variation of the VD in the DM framework is shown via a green dashed line
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in Fig The evaluated sze , for the particular DM case is 0.75. The green solid line in Fig
representing the DM case shows that NFW is a consistent choice for the observational VD of

DF44.

Thus, DF44 becomes the perfect system to check the alternative scenario of the gravity models
in comparison to the DM. In the following, we study and analyze the consistency of the selected
three alternative gravity models, i.e., MOND, f(R), and RGGR, to study the kinematics of the
DF44 galaxy. In addition to the gravity model parameters, we have model parameters describ-
ing the mass content, such as ¥ and the anisotropy parameter (&), that are also fitted with the

observations.

2.3 Gravity models

The modification to the net potential on galactic scales provides an alternative description to the
observed discrepancy between the stellar and the total dynamical mass of a galaxy. In view of
this, we would look into the kinematics of a specific ultra-diffuse galaxy, viz. DF44, from the
perspective of three alternative gravity models. The models we focus on are MOND, f(R), and
RGGR. The phenomenological study of a DM-dominated galaxy such as DF44 in the presence
of modified gravity can provide an alternative scenario to explain the overall kinematics without
any need to invoke the DM component and, therefore, provides an alternative approach toward

studying UDGs that are DM-dominated.

Milgromian Newtonian Dynamics (MOND)

MOND is characterized by an acceleration scale (ag) as discussed in Sec[I.2.1] The acceleration

in the MOND framework for the galactic scales is [63, [74],

1/2

1/2
GMyonp(n)  a 2a0\°
a(ﬂ):T():\/—% 1+<1+(a—1\?)>
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Here, ay is the Newtonian acceleration (o< 1/22), and ag = 1.14 x 1078 cm /s? [[74]. We need to
determine the modified mass function associated with the alternative gravity model to analyze
the behavior of LOS VD in an alternative gravity framework as defined in Eq2.3] The mass
contribution associated with the MOND framework (My;onp) has an additional contribution
dependent on the acceleration scale and can be evaluated from the above equation. Substituting
Muyonp in Eq2.3|evaluates the radial line of sight variation of VD in an alternative framework.
Although MOND has no free parameters in the model, our analysis includes a mass-to-light
ratio Y. and anisotropy parameter that we aim to constrain statistically. We compare three
different anisotropic models associated with the analytical VD profile as discussed in Sec[2.2]
The previous literature of MOND that studies the kinematics of DF44 [112] assumes a Sersic-
like density model scaled by a mass-to-light ratio to model the UDG. In our work, we give
a more robust analysis by utilizing an equivalent reduced form for LOS VD and studying the

favorability of three different anisotropic profiles, as discussed above.

f(R) gravity (model A)

The f(R) gravity model selected, replaces the Ricci scalar (R) in the action of gravity with a
generalized functional form of f(R) [26} 215] (see Sec|1.2.3.1| for more details). The solution
for the potential in the weak-field limit adds a Yukawa-like term to the Newtonian potential

given as

Y

 GMygg(2) _ ( GM \ 1+8e /%
- 1+6 N

where 9 is the coupling parameter that is assumed to vary within the range (—1,0) [175] and A

is the scale length, which is characteristic of the size of the galaxy.

Similar to the case of MOND, we examine the modified kinematics of the DF44 galaxy in
the f(R) framework. The modified kinematics in the presence of an alternative gravity model
is evaluated by substituting the effective mass of the system in the presence of modified gravity
model M, in Eq However, unlike MOND, the f(R) model has two free parameters, 6 and

A, which need to be constrained. Additional parameters to be constrained from observations
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are mass modeling parameters such as ¥, and an anisotropy parameter (dependent on the profile

discussed in Sec[2.2).

RGGR

The third model we analyze with respect to DF44 is a quantum gravity model called Renormal-
ization Group correction to General Relativity (RGGR). The RGGR model [89, [190] studies
the running of coupling parameters present in the action of gravity on the astrophysical scales.

The solution for the equation of motion for the logarithmically varying G (Sec|1.2.4) returns

o
arGGr(%) = GM%(;R(/Z) =an(2) <1 - ﬁi)) ,

an(2) and ¢y (22) in the above equation are the Newtonian acceleration and potential contribu-

tion, respectively. Also, the gravity model is constrained by two phenomenological parameters,

1.e., v and o, which can be coupled into a single component, i.e., V = va. In the above equation,

On(2) is the Newtonian potential, which in isolated cases corresponds to the potential energy

of the galaxy alone. However, DF44 is embedded in the Coma cluster, which might influence

the potential energy of the DF44 galaxy. The effect is similar to the violation of the Strong
Equivalence Principle (SEP) in MOND.

All three scenarios for modified gravity models stated in this section reduce to Newtonian grav-
ity at a certain limit. The dependence of the alternative model on the baryonic mass component
of a galaxy necessitates the modeling of the galaxy under consideration, which incorporates the
free parameters (¥ and &). On top of the mass-model parameters, depending on the gravity
model, we have additional free parameters that need to be constrained from the observational
VD data for DF44. Our analysis uses a Bayesian technique to scan the parameter space for each

gravity model uniquely.
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2.4 Methodology

The constraint on the model parameters for a given gravity model when compared with the
observational VD for DF44 is computed via Markov Chain Monte Carlo (MCMC) sampler
[203] as discussed in Sec[I.3] Assuming that the errors in the observations follow a Gaussian

distribution, the likelihood is defined as

2(0) = (2m) N/ {l]—vlcerr(ri)l}e)q?{—% i (Gabs(l’i) — GLOS(I’i,e))Z}, 0o
i=1

i=1 Gerr(ri)

where N is the number of observational datapoints and o,,, represents the uncertainity on the
observations for a given distance r;. Also, O,ps(ri) corresponds to the VD observations, and
o10s(r;) is the analytical LOS VD calculated at r; for the alternative gravity model as defined in
Eql2.3] The LOS VD in the modified gravity framework has free model parameters (6) corre-
sponding to the mass distribution model (¥;, &) and from the chosen alternative gravity model.
In the case of MOND, the scale parameter qg is fixed from the observations, hence we only
study the behavior of mass modeling parameters. The parameters for the f(R) gravity include
the coupling parameter 3 and scale radius r.. Alternatively, the RGGR model has a single

mass-dependent parameter V, phenomenologically constrained from the observations.

This chapter aims to test the gravity models for all three scenarios of anisotropy profiles as
discussed in Sec[2.3] The simplest scenario assumes that the tangential and the radial compo-
nents of the anisotropy parameter in Eq are equal (isotropic motion), i.e., & = 0 and motion
of the objects in the galaxy is truly radial. An alternative case assumes that the anisotropy pa-
rameter is a constant between (—oo, 1). The negative values of £ indicate that the kinematics of
the object in the galaxy is dominated along the tangential orbit. Alternatively, & = 1 indicates
that the orbits of the clusters are completely radial. For the third case, we assume the anisotropy
profile to have an Osipkov-Merritt form as given in Eq[2.2] This radial profile introduces a free
parameter, scale radius (r,). Thus, in addition to gravity model parameters and mass to light

factor, we have additional parameters coming from the choices of & in the definition of VD.

For our sampler, we assume flat priors on the parameter space that is varied in a wide range.
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For the scenario where & is treated as a constant, the parameter varies within a wide range
of (=10, 1). This choice for the variation in £ incorporates the anisotropy parameter’s radial
and tangential behavior. Similarly, for the third case where £ (r) has a radial dependence, the

anisotropy profile is parameterized by scale radius 7, and is varied across the scale of the galaxy.

To compare the three scenarios and infer the preference of one over the other, we take the help
of Bayesian Inference Criteria (BIC)[201] (see Sec[I.3|for a detailed discussion). To quantify

the favorability of the model (say A and B), we evaluate

ABIC = BICp — BICy (2.10)

A positive difference between the BIC of the two anisotropy scenarios hints towards the prefer-
ence of the first model over the second. According to the criteria, if the difference is less than
2, it suggests that both the models are performing equally well, and the result is inconclusive.
Alternatively, if the difference is more significant than A, it suggests an inclination toward the
second model with ABIC between 2 — 6, implying a positive inclination, and greater than 6 is

considered a strong inclination toward the second model.

Model X BIC
MOND | 0.39 11.68
f(R) 0.89 20.67

RGGR 0.45 15.77
NFW 0.75 17.69

Table 2.1: The table summarizes the goodness of fit and BIC for the DM and the alternative

gravity models for a constant anisotropic parameter.

2.5 Results for DF44

For the analysis of three gravity models probed, we employ an MCMC technique to scan the

posterior parameter space corresponding to the model. This requires setting the prior range for
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the model parameters corresponding to each gravity model. In the present analysis, we assume
a flat prior space on each parameter space as compiled in Table[2.5] Depending on the gravity

mode, we run a burn-in of 0.1 and ensure that the acceptance fraction lies within 0.2 —0.5.

For our analysis, the gravity models are probed assuming three distinct variations of the VD
kinematics. For the reference, here we show the corner plots for the MCMC runs only for the

case where anisotropy is assumed to be a constant.
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Figure 2.2: The analytical VD radial profile assumes that the underlying gravity is MOND.
The red dots with error bars represent the observational data for DF44 [[111]. The dashed black
line shows the VD profile for an isotropic & = 0 model in the MOND scenario. The orange
dotted-dashed line represents the case for a constant anisotropy, and the green dotted line shows

the VD for a radial anisotropy profile as discussed in Eq

MOND

Our analysis looks into MOND for different choices of the anisotropy parameter as discussed

in Sec[2.2] For the first case, the VD kinematics is assumed to be isotropic, i.e., & = 0. Thus,
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Figure 2.3: The posterior distribution for the MOND model. The parameters corresponding to

the model involve only the mass-to-light ratio ¥, and &.

the model has a single free parameter 7, that is constrained from the data. For the particular
scenario, the best-fit value obtained for ¥ is 1.02. Substituting the best-fit value, a dashed blue
line in the left panel of Fig [2.2] shows the radial variation of VD in the MOND framework.
The red dots with the error bar constitute the observational dataset for DF44 [96]]. Similarly,
the second case assumes & as a constant with no radial dependence. Thus, depending on the
signature of £, the dynamics of the galaxy can be radial (§ > 0) or tangential (§ < 0) in nature.
Constraining the two free parameters {7, &}, we obtain mass-to-light ratio %, = 1.45 and § =
—0.51. The negative value of & highlights the tangential nature of the anisotropy profile. The
variation of VD for the second case obtained by substituting the best-fit value is plotted via a
dashed blue line in the middle panel of Fig[2.2] Here, we also show the posterior distribution
of the parameter pair (¥, — &) in Fig. The contour clearly indicates a well-defined regions of

maximum likelihood. The third case for the radially dependent anisotropic profile introduces
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& v | x2, | BIC
520 1.02 | 0.64 | 9.49

& =const =—0.51 | 1.45 | 0.41 | 11.68
E(r)(ry =5.67) 1.00 | 3.96 | 36.54

Table 2.2: The constrained best-fit model parameters in MOND. The three scenarios in the table
represent the different choices for the anisotropy parameter with & = 0, E=const, and & (r) as the
isotropic, constant, and Osikpov-Merritt profile. The acceleration scale for the MOND model

(ap) 1s fixed from the observations. The )(rze , measures the goodness of fit for each case.
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Figure 2.4: The radial VD variation for DF44 galaxy under the assumption that the underlying
gravity is f(R). The three different anisotropy profiles studied, i.e., § =0, & = const, and £ (2 ),
are shown via black-dashed, orange dotted-dashed, and green dotted lines, respectively. The red

dots with the error bar correspond to the observational VD data points for the DF44 [111]].

the free parameter (r,), determining the scale radius of the anisotropy profile. For this case, the
radial VD is shown in the last panel of Fig [2.2] with the obtained best-fit values are %, = 1.02
and r, = 5.73 kpc. The summarized constrained parameters obtained for all different choices
of anisotropy are also compiled in Table[2.2]

Table also contains the measured szed inferred from the best-fit MOND parameter for
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the three choices of the anisotropy model, together with the BIC values. From Table[2.2] we
observe that the ¥, obtained in all three scenarios are similar and are consistent with the previous
analysis done in [112]. The difference in BIC between the radial and constant anisotropy case
(ABIC = 25.03) points towards the preference of the latter choice. However, a comparison of
the isotropic and best fit constant anisotropy case yielding a small ABIC = 2.1 hints that the

preference of one model over the other is inconclusive.

f(R) gravity

The f(R) model we study assumes a general Taylor expansion of the functional form about
R = 0 background. The weak-field potential obtained for the model is characterized by two
parameters, i.e., the coupling parameter 6 and the scale radius A. In addition to these gravity
model parameters, we have the usual mass-to-light ratio (%) and anisotropy parameter & (r)
and are also constrained statistically. The suggested variation of the coupling parameter 0 lies
within the range (—1,0) and A is scaled within the size of the galaxy. Additional priors on the

parameters § and A remain the same as discussed in Sec[2.4]

§ % 8 | Alkpe) | Xxng | BIC

E=0 1.56 | —0.89 0.81 1.09 | 19.47

& = const = —0.15 | 1.66 | —0.92 2.85 0.62 | 20.67
E(r)(ra=439) |[249] —081| 3.49 |2.13|28.25

Table 2.3: The model parameters constrained for the f(R) model in case of DF44. In addition to
the model parameters, the table contains sze , for the individual case. We additionally measure

the BIC to compare the favorability among the different anisotropy models.

Similar to the case of MOND, the f(R) model is also treated for three different assumptions
of the anisotropy parameters &. For the first isotropic case i.e., & = 0, the analysis depends
on three free parameters. The best-fit value obtained for the model parameters i.e., { ¥, 0, A}
evaluates to {1.56, —0.89, 0.81 kpc}. For an alternative case where & is treated as a constant,
the model parameters, i.e., {£, %, 8, A} obtained are {—0.15, 1.66, —0.92, 2.85}. The corre-
sponding posterior distribution of the parameter space is shown in Fig[2.5] The negative value

for the anisotropy profile suggests a preference towards a tangential profile. The third scenario,
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assuming a generalized radial anisotropy profile, adds the scale-dependent parameter r,. The
best-fit values obtained for these parameters {r,, ¥;, A, 6} result in {4.39, 2.49, —0.81, 3.49}.
The parameters corresponding to the three different cases discussed above are also tabulated in
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Figure 2.5: The posterior distribution for the choice of Yukawa gravity model.

anisotropy f(R) gravity model is shown in Fig.. The three panels show the radial vari-
ation of VD in f(R) model with different assumptions for the anisotropy parameter, i.e., & =0
(left), & = const (middle) and & (r) (right). The dashed blue line in each plot shows the VD
modeling for the f(R) gravity obtained by substituting the best-fit values corresponding to the
choice of the anisotropy profile. As can be seen from Table the szed is smaller for the case
where anisotropy is treated to have no radial dependence. Note that although the second and
third scenarios have a similar number of free parameters, the change in BIC suggests an incli-
nation toward a constant anisotropic case. Additionally, the isotropic and tangential anisotropy

modeling behave equally well with the observation that can be quantified from the difference in
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Figure 2.6: The radial VD obtained for DF44 when the underlying gravity is RGGR. The red
dots with the error bar correspond to the observational VD data points for the DF44 [111].
The plot shows the VD modeling for three assumptions of anisotropy. The black dashed line
represents the isotropic case; the orange dotted-dashed line is for the constant anisotropy, and

the green dotted line represents the radial anisotropy case.

BIC (ABIC ~ 2).

RGGR gravity

The solution to the weak-field limit potential in RGGR introduces a mass-dependent phe-
nomenological parameter V. The previous studies for the RGGR model suggest v to be in
the order of 10~ for spiral and elliptical galaxy RC data [89, [190] and 10~8 for UDG VDs
[194]. Based on these results, for our study, we assume flat priors on the RGGR parameter
ranging from [1078-107%]. Additionally, priors on the VD parameters such as (%, &) remain
similar to those discussed in the previous two alternative gravity models. For our analysis of the
DF44 galaxy, we probe the kinematics for two RGGR frameworks, i.e., an isolated scenario and

under the influence of external effects, as discussed below. For the standard RGGR scenario,
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& v | vx1078 | x2, | BIC

E=0 1.45 2.46 0.43 | 11.82

& =const. = —0.27 | 1.51 2.57 0.37 | 15.77
E(r)(ra=5.56) | 144 | 179 | 1.53|22.36

Table 2.4: The best-fit model parameters for the RGGR gravity model. The table contains the

constrained values obtained for gravity (V) and mass-model (&, ¥.) parameters.

the potential energy contribution is comprised of the matter density of the DF44 galaxy alone.
Similar to the previous models, we study three different assumptions of the anisotropy parame-
ter. The first case with & = 0 involves two model parameters, i.e., v and mass-to-light ratio (%),
to be constrained from the observations. The best fit parameters evaluated from our study give
Y. = 1.45 and V as 2.46 x 1078, For the second scenario, where the anisotropy parameter & is
treated as a constant, the estimated values of the three free parameters, i.e., (&, ¥4, V) come out
as (—0.27, 1.51, 2.57 x 1073 ). The corresponding posterior distribution of the free parameters
belonging to the constant anisotropy scenario are depicted in Fig[2.7] For the third choice of
radial anisotropy (Eq, the best-fit values for { %, V, r,} are 1.44, 1.79 x 108, and 5.56 kpc
respectively. Indeed, the constrained V is an order lesser than obtained from the study of spiral
and elliptical galaxies but is consistent with the study of other UDGs [194]]. The best-fit model

parameters obtained using the sampler are also listed in Table [2.4]
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Figure 2.7: The posterior distribution relating the parameters belonging to the RGGR model.

A comparison of the radial VD profile obtained for standard RGGR scenario from statis-
tical analysis with the observational data is shown in Fig[2.6] The three assumptions for the
anisotropy profile are plotted independently with the left-most panel corresponding to & = 0,
the middle panel for & = const case, and the right-most panel studying the radial behavior
& (r) of the anisotropy parameter. Like the other MOG models studied previously, the constant
anisotropic case favors a tangential profile. We also report the BIC using the best-fit parameters
obtained for the three choices of the anisotropy model. The measured ABIC clearly shows that
the radial anisotropic choice is the least favored among the three models. Additionally, between
the isotropic and the tangential model, ABIC hints towards a slight favorability of the & = 0

choice rather than the constant anisotropic model.

To summarize, the study of the kinematics of DF44 in light of three gravity models, i.e., MOND,
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f(R), and RGGR, shows many important features. While comparing all three models, ABIC
points towards the fact that the radial dependence choice of &(r) is the least favorable. Using
the best-fit r, obtained for all three models, the radial variation for the Osikpov-Merritt profile
within the size of the galaxy is shown in Fig2.8] It is also to be noted that when the anisotropy
parameter is constant for all three models, the best-fit value points towards a negative value, i.e.,

the tangential behavior.
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Figure 2.8: The radial Osikpov-Merritt profile for three modified gravity models. The blue
dotted line depicts the anisotropy variation for the MOND model. Similarly, the green dotted-

dashed and pink dashed line represents the f(R) and RGGR model, respectively.

DM scenario

To check the favorability of the alternative gravity models, we compare them with the alternative
NFW scenario. As the constant anisotropy case for all three gravity models shows a consistent
fit with the DF44 observations, we compare the MOG analysis with a similar DM scenario to

study the favorability of the models.
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Model X2 BIC
MOND 0.39 11.51

f(R) 0.89 22.05
RGGR | 0.5 15.88
NFW | 0.5 17.69

Table 2.5: The table summarizes the goodness of fit and BIC for the DM and the alternative

gravity models for a constant anisotropic parameter.

For the DM halo, we found the best-fit value of the anisotropy parameter to be —0.8 and 3.98 x
10190, for Mago, with x2, = 0.75. The BIC evaluated using these best-fit DM parameters
gives 17.69. The details of the goodness of fit and BIC measured for the three gravity models
and the NFW scenarios are also compiled in Table. [2.5] The three MOG models, along with the
NFW scenarios for the tangential anisotropy case, are shown in Fig[2.9] The gray dashed line
in the plot represents the case of the NFW DM halo. Similarly, the blue, pink, and green dashed
line represents the MOND, RGGR, and f(R) models, respectively. All the MOG models shown
in Fig[2.9for a constant anisotropic choice highlight that the three MOG models are competing
choices for the kinematics of DF44 when compared with the DM scenario. A comparison of
ABIC between the MOND scenario having a constant anisotropy with the DM model shows
that the former is a preferred choice to explain the VD kinematics for DF44. Alternatively,
the measured ABIC with RGGR suggests that both models perform equally well. However, a
comparison with the f(R) model shows a slight preference for the NFW DM halo.

2.6 Summary

The large VD measurements for the DF44 galaxy, when compared with Newtonian kinemat-
ics, suggest a significant content of DM to explain the observed discrepancy. In this work, we
explain the observed VD by assuming a modified gravity scenario in the context of three alter-
native gravity models, i.e., MOND, f(R), and RGGR. Our analysis aims to constrain the model
parameters corresponding to each gravity model. Furthermore, we require certain parameters

(7, &) to model the VD, which are additionally constrained from the observations. The con-
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Figure 2.9: The plot compares the three alternative gravity and NFW DM models for the con-
stant anisotropic case. The blue, pink, and green dashed lines correspond to MOND, RGGR,
and Yukawa models, respectively. The gray dashed line in the plot represents the alternative

DM scenario.

sistency of a gravity model is quantified by a factor of xrzed. Additionally, we evaluate BIC to

check the favorability of one anisotropy scenario with another.

In the case of three MOGs, a comparison of xrzed for the anisotropy cases (isotropic, constant,
radial) shows that a choice of radial profile fits poorly with the observations. This can also be
observed from the difference in BIC between the scenarios. It is also noted that for all three
gravity models, the szed is slightly improved or remains similar as one moves from isotropic
to a constant anisotropy case. However, the difference in BIC between the two cases (§ = 0
and & = const) shows that the results are inconclusive to favor one model over the other for
the MOND and f(R). Similarly, for the RGGR model, the isotropic model has a slight edge
over the tangential choice of the anisotropy parameter. For the case of f(R) model, the )(rzed for
isotropic versus & = const case shows that both the models fit equally well with the observa-
tions of DF44. A small difference of ABIC between the two scenarios shows that the result is

inconclusive to favor a certain model. An additional point to be noted is that for the constant
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anisotropy case for all three MOG models, our analysis shows that the tangential profile is pre-

ferred over the radial choice.

The RGGR model has a single mass-dependent parameter V. For the isolated RGGR case,
the best-fit value obtained for the parameter is an order less than constrained by the spiral or el-
liptical galaxies. However, the claim is consistent for the ultra-diffuse as they are comparatively
smaller. Also, similar to the other two gravity models, the ABIC measured suggests that the ra-
dial anisotropy profile is the least favorable among the three choices for the anisotropy. Finally,
in this analysis, we compare our choice of gravity models with an NFW DM halo model. The
comparison of BIC evaluated for each case suggests MOND as a preferred choice. However,

the DM model has a slight edge over the f(R) model, whereas RGGR performs equally well.

Thus, the present chapter explains the observed VD for a DM-dominant DF44 in the context of
three alternative gravity models. However, some UDGs are observed to show no DM contained
within them. The observed VD for such galaxies is similar to the measured Newtonian one.
This suggests that the dynamical mass contained within the galaxy is equivalent to the baryonic
matter. Thus, the consistency of such systems, when probed in the context of MOG, provides a

test for alternative gravity models.
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Chapter 3

Velocity dispersion of DM deficit

ultra-diffuse galaxies

3.1 Introduction

The structure formation for a cosmological ACDM model suggests that a galaxy is enclosed
within a DM halo whose size is much greater than the disk scale within [223| 224]. Therefore,
the observation of the DM-deficit nature of two UDGs, i.e., NGC1052-DF2 (hereafter DF2)
[105] and NGC1052-DF4 (hereafter DF4) [98]], with the Dragonfly Telescope (DTA) [97, 1209]
made an exciting place to explore modified gravity models. The two UDGs are dominated by
globular clusters, with DF2 and DF4 containing 10 and 8 respectively [98, [105]. However,
comparing the measured dynamical and stellar mass probed using VD shows that such galaxies
do not require the additional DM component to explain the kinematics. Thus, such systems
become an attractive avenue for studying the behavior of the alternative gravity models and
looking into the constraints on the model parameters of the theory. The study of MOND [2235]]

for DF2 and DF4, incorporating the external effects of the host galaxy, shows that the model can
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consistently explain the kinematics of UDGs [106, 226, 227]]. Similar VD analysis of gravity
theories such as Scalar Tensor Vector Gravity (STVG), Emergent, and Weyl Conformal shows
that the dynamics are consistent and lie within the 10 range of the observational data for both
the UDGs [119, 228, 229, 230]. The gravity models, such as DHOST, also show potential for
explaining the gravity models [[107, [108].

Our analysis aims to study and constrain the model parameters of two well-known gravity
models viz f(R) and Renormalization Group correction to General Relativity (RGGR). The
f(R) gravity model replaces the Ricci scalar (R) in the action of gravity with a functional form
of R [26, 54, 55, 231]]. The stability of the model and the presence of unwanted ghosts put a
specific constraint on the choice of the f(R) form [80, 232]. Keeping this in mind, we study the
kinematics of both the UDGs for two choices of the functional form of f(R). The first choice
assumes a generic expansion of f(R) about the Minkowskian background (R = 0) [173, [175].
The weak-field potential for the model adds a Yukawa-like term to the Newtonian contribution
and is dependent on the coupling and scale parameters. Alternatively, we also look into the
weak-field limit of the gravity model with f(R) «< R" where n > 1 is the lower limit for the
slope of the functional form [68, 176, [177]. The weak-field limit of the model introduces a
slope-dependent radial term to the Newtonian potential. The solution for both gravity models
introduces free parameters, which are constrained by comparing the modified VD kinematics
with the observational data. The third alternative model that is looked into studies the renormal-
ization correction of the coupling parameter of gravity, namely RGGR. The model probes the
variation of the gravitational constant (G) with the scale of the Universe [61, [89]. The weak-
field solution for the G running introduces a free parameter, i.e., V, that scales linearly with the
mass of the galaxy [190]. The variation in ¥ within the range of 10~ is shown to explain the
kinematics of spiral and elliptical galaxies [89, 190, [191]. Thus, in this analysis, we look into
the consistency of UDGs (DF2 and DF4), whose size is much smaller than a typical spiral and

elliptical galaxy, and study the behavior of the mass-dependent v parameter.

The structure of the chapter is as follows. Sec[3.2] discusses the analytical VD formalism for
the UDGs. Here, we also summarize the observational data and the mass modeling of DF2
and DF4. The following Sec3.3|looks into the alternative gravity models studied. Lastly, we

discuss the methodology and summarize the results of our analysis of DF2 and DF4 in Sec[3.4]
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A brief discussion about the summary of the chapter is written in Sec[3.5]

3.2 VD formalism and mass modeling for DF2 & DF4

The VD (o(2)) for a spherically symmetric system is defined using Jean’s equation Eq2.1|
as discussed in Sec[2.2] To probe the kinematics for UDGs (DF2 & DF4) in an alternative
gravity framework, we assume an isotropic system (& = 0), implying equal radial and tangential
components. For the assumption that the system is isotropic, the expression Eq[2.1] for VD

reduces to,

However, as discussed in Sec[2.2] the physically relevant quantity measured in astrophysical
observation is the projection of the above-mentioned radial VD on the line joining the observer
and the center of the system, termed the line of sight (LOS) velocity dispersion. Thus, o7 pg for
an isotropic system expressed in terms of the radial VD and the density profile of the system is
written as

2

= 22p()
I

3.1

g
OLos(r) =

The LOS VD is a function of r, which is the projected distance from the center of the galaxy.
Therefore, given the weak-field limit potential for a gravity model, one can compute the radial
acceleration, which evaluates VD (o (22)) for a given mass density of the galaxy. For a given
modified gravity, the LOS VD is compared with the observational data, which helps to constrain
the free parameters of the model. For the first part of the study, we analyze the dynamics of DF2
and DF4 in light of two gravity models, i.e., f(R) gravity (with two different choices for the
functional form) and the RGGR gravity model. The LOS VD modeling for both UDGs requires

an estimate of the radial mass density profile. The density profiles for DF2 and DF4 are found
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Figure 3.1: Radial variation of LOS VD for DF2 (left) and DF4 (right) shown using a blue
dashed line, assuming the underlying gravity to be Newtonian with no DM component. The red
dots with the error bars are the observational VD measurements for individual globular clusters
present within both the galaxies [98, [105)]. Additionally, we show the 10 (orange), 20 (blue),

and 30 (green) deviations of VD [226] from observations.

to be similar and can be approximated as [[119]

40p0 112743
p(r)~ g exp (— LOJ , (3.2)

where pg is the characteristic surface mass density and r; is the effective radius. Both the ultra-

diffuse galaxies are at a distance of about 20 Mpc [98 [103]], resulting in the density parameters
(po, rs) for DF2 to be (1.25 x 107 Mu/kpc?, 2 kpe) and (1.15 x 107 M /kpc?, 1kpc) for DF4.

Given the density profiles, for a gravity model, one may estimate the VD for the system.

To begin with, we probe the standard gravity paradigm described by Newtonian gravity from the
observational data for the two UDGs. The acceleration for a spherically symmetric system in
Newtonian gravity is written as <a(/2) = —% f(;q' 4rp (r)rdr ) Here, G is the gravitational
constant, and p(~2) is the approximate density distribution of UDG as given in Eq.. The
LOS VDs evaluated for both the galaxies are shown in Fig[3.1] The left panel is for DF2, and
the right one shows the case for DF4. The blue dashed lines in both panels show the estimated
radial variation of LOS VD. Additionally, the orange, blue, and green shaded regions are the

1o and 20 and 30 regions on the predicted VD measurements [226]. The red dots with error
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bars are the observations of the individual globular objects present within the galaxy, i.e., 10

such objects for DF2 [105]], and 7 objects for DF4 [98§].

The UDGs mentioned above, due to the lack of DM, are the best candidates to probe the pa-
rameter space for different alternative gravity models, resulting in LOS VDs different than the
Newtonian curves shown in Fig[3.1] In particular, a(/2) will have an additional term for the
modified gravity in the weak-field limit compared to the Newtonian scenario. We use this mod-
ified expression for acceleration to estimate the velocity dispersion and constrain the gravity

model parameters from the UDG observations.

3.3 Gravity models

The DM-deficit nature of both the UDGs leaves scope to check the consistency of gravity mod-
els. In this chapter, we study the kinematics of the two UDGs by choosing two types of gravity
models viz., f(R) gravity and Renormalization Group corrected General Relativity (RGGR).
The validity of these gravity models is probed by scanning the free model parameter space

against the UDG velocity dispersion observations.

f(R) gravity

In an alternative approach to ACDM, we can assume E-H action to have a general f(R) form
instead of Ricci scalar R [54,1162]. To look into the kinematics of DF2 and DF4, we study two
cases of f(R), also discussed in Sec[I.2.3] The first model assumes a generalized functional
form that is Taylor expanded about a flat background. Similarly, a specific form of f(R) that is

o< R" is chosen and analyzed for the second model.

f(R) gravity (model A) : For the first choice, following [165,[175]], we consider a model with
a general Taylor expansion of the functional f(R) form about the Minkowskian background.
The solution for the potential in the weak-field limit, as discussed in Sec]1.2.3.1]is ¢(2) =

-/ /A . . .. .-
— (fi—]%) Hif—/ where 0 is the coupling constant, determining the nature of the additional
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force arising from the exponential term, and A is the scale length, which is the characteristic
of the size of the galaxy. Both the model parameters can be statistically constrained for DF2
and DF4. The parameter § is considered to be negative and within the range —1 < 6 < 0
[174]], implying the repulsive nature of Yukawa force. The previous study suggests that the
phenomenological parameter § is constrained within the range (—0.7,—0.9) [175]. The scale
parameter A is dependent on the size of the systems and, hence, varies with the galaxies that are

probed.

f(R) gravity (model B): The second f(R) model that is looked into replaces the
Ricci scalar (R) in the action by a power-law form given as fyR" [68]. Solving the equation
of motion in the weak-field limit for the spherically symmetric system yields the potential,
o(2) = —g—/’;f {1 + (’;—i)ﬁ}, where G is the Newtonian gravitational constant, r. is the scale
radius and f3 is related to the power (n) of the model as described in Eq Under the condi-
tions that the gravity is Newtonian on the Solar system scales and the potential converges even
at large distances, 3 is constrained in the range 0 < B < 1 [68]. Additionally, r. is the scale
radius at which the modified gravity takes effect. Thus, the scale radius varies independently

with the galactic system studied.

RGGR

Following [89], Renormalization Group corrections to General Relativity (RGGR) incorporate
the effect of running G with the energy scale of the Universe. Similar to the discussion in
Secl1.2.4] and for the study of DF44 in Chapter2] for the logarithmically varying G, with the
energy scale i the solution for the modified potential in the weak field limit is @p;cp(2) =
oy () (1 — %), where v and o are coupled into a single free parameter V. Also, @sir(72)
and ¢4 (~2) are the RGGR and Newtonian acceleration due to gravity, respectively. For the
spherically symmetric galaxy such as UDGs, Newtonian potential,

On(2) = — (% —|—47TG//:°p(r')r'dr/> :

r
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The chapter aims to probe the dynamics of both UDGs in the context of the alternative gravity
models discussed above. For a MOG model, the galaxy’s kinematics are modified, adding to
the Newtonian term. Such additional components depend on some free parameters that are

constrained by comparing the model with the observational VD data.

3.4 Methodology and Results

Methodology : The analysis aims to verify the consistency and constrain the parameters of
alternative gravity models to explain the kinematics of the galaxies DF2 and DF4. The parame-
ters of the gravity model are constrained by defining a likelihood function for each galaxy under
the assumption that errors follow a Gaussian distribution similar to the definition expressed in
Eq[2.9] For the analysis of both UDGs, o10s(ri, 0, p) is the analytical LOS VD calculated at
every radius for the choice of gravity model as defined in Eq[3.1} In this definition, the parame-
ters O represent the global ones, while p is solely dependent on the individual galaxy property
and are the local parameters of the gravity model. The kinematics for both the UDGs are looked
into for two different alternative gravity models viz. f(R) (model A and B) and RGGR. For the
f(R) gravity the global parameters are 8={d} and 6={f3} for model A and B respectively. The
local parameters for model A and B are {p}={A} and {p}={r;}, respectively. Both of these
parameters depend on the size of a galaxy. Contrary to the f(R) model, RGGR gravity has a
single mass-dependent free parameter, i.e., @={V}. However, the mass being similar for both
the UDGs, one may treat the V as a global parameter in this study. To compute the global pa-
rameters, we now define the total likelihood function. The observations for both the galaxies
being independent of each other allow the total likelihood function to be defined as the product

of the likelihood function for each galaxy

2
2(0,p)=[]<0,p), (3.3)
j=1

The free parameters of the gravity models vary in the range discussed in Sec[2.3] The best-fit
value for the parameter 8 and p are found by minimizing the log-likelihood function for the

model parameters.
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Figure 3.2: Comparison of the Newtonian radial variation of VD (blue dashed curve) for both
the UDGs with the f(R) gravity model A. The black solid line is the velocity dispersion for
f(R) gravity model A from individual likelihood analysis of the DF2 (left) and DF4 (right).
The red dot-dashed lines depict the best fit LOS VD from the total likelihood (TL) analysis.

Other details of the plots remain the same as given in Fig@

Results : To study the dynamical behavior and constrain the model parameters of the two
DM-deficit UDGs in the context of alternative gravity models, we compare the estimated LOS
VD with the observational data. We perform the statistical analysis in two different ways. The
first scenario independently constrains all the model parameters for both galaxies, which we
interpret as the local estimate. For the other scenario, the global parameters for a model are
fitted from both the UDG analyzed together. Meanwhile, the local parameters, like the scale

parameters, are fitted individually for each UDG.

f(R) gravity

f(R) (model A) : The parameter & for the f(R) model A is interpreted as coupling the bary-
onic matter with the Yukawa term and signifies the deviation from Newtonian gravity. For our
analysis, the free parameter varies in the range (—1,0). The other parameter A is the scale radius
and is assumed to lie within the size range of the UDGs. The optimized model parameter values
are estimated using likelihood minimization. The best fit (3, A) obtained for individual analysis

of DF2 and DF4 are (—0.82, 6.16 kpc) and (—0.83, 5.39 kpc), respectively. Table [3.1] shows
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these results as the local fit parameters. As both UDGs (DF2 and DF4) have almost similar

Gravity model Model parame- | NGC1052-DF2 | NGC1052-DF4
ters
Local | Global | Local | Global
o —-0.82 | —0.89 | —0.83 | —0.89
f(R) model A
A (kpc) 6.16 6.80 5.39 6.50
B 0.65 0.60 0.50 0.60
f(R) model B
re (kpc) 0.30 0.40 0.25 0.35
RGGR v x 1078 0.30 0.16 0.10 0.16

Table 3.1: The model parameters for different alternative gravity models fitted for DF2 and DF4
are shown above. The local columns in the table contain best-fit values for the analysis with the
individual galaxy likelihood. The global column fit values are for the total likelihood. For the
global analysis, the parameters 6, B, and V in their respective models are considered as global,

and the parameters A and r, remained local to individual galaxies.

mass and size, the coupling and scale parameters, as seen in Table [3.1] are also similar. For
the global analysis that incorporates both UDGs, ¢ is treated as the global parameter while the
scale dependence parameters (Apra, Apr4) vary independently for each galaxy. The global fit
value for the coupling parameter 6 turns out to be —0.89 and Appy, = 6.8 kpc and Appg = 6.5
kpc. Table shows these fit parameters as global. Comparing our result for the global pa-
rameter from UDGs with the study of elliptical galaxies [175]], it is observed that o lies within
the expected range, i.e., (—0.7,—0.9) from the previous phenomenological study. Also, since
different galaxies have varying sizes, A is different, but the order of the parameters does not
change drastically. This signifies that the study of DF2 and DF4 is consistent with the previous

analysis done on the gravity model.

Using the best-fit parameters obtained from our statistical analysis, we plot the line-of-sight
VDs in Fig. [3.2] The DF2 results are shown in the left panel, and the DF4 results are in the
right panel. The solid black curves in Fig[3.2] show the local LOS VD results. The red dashed
lines in the plots represent the global scenario with the fit parameters optimized from the total
likelihood. The solid blue line shows the Newtonian VD contribution. The 16 and 20 and 30

regions on the predicted VD measurements [226] are also demonstrated by the orange, blue,
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Figure 3.3: Comparison of the Newtonian radial variation of VD (blue dashed curve) for both
the UDGs with the f(R) gravity model B. Radial VDs for the f(R) model are shown by solid
black lines when both galaxies, i.e., DF2 (left) and DF4 (right), are treated independently. The
VDs from the global analysis using total likelihood (TL) with both the UDGs are shown using
the red dot-dashed lines. Other information about the Newtonian contribution and observations

in the plots remains the same as in FigP;fl

and green shaded regions, respectively. The red dots with error bars are the observations of
the individual globular objects in the galaxy. Our estimated VDs for all the different fit sce-
narios come within the 10 region. Comparing the LOS VDs in both galaxies, we observe that
the difference between the alternative model and Newtonian gravity is smaller than in the DF4
galaxy. In general, the VD plot shows that f(R) gravity is a feasible choice and can explain the
kinematics for both the DM deficit UDGs. The agreement of our results with the observations

is valid for the individual and global likelihood analysis of the f(R) model.

f(R) (model B) : This f(R) model is also described by two free parameters (3, r.). The di-
mensionless parameter 3 varied in the range (0, 1) and has a quadratic relation with the power
n as given in Eq[I.23] The parameter r. can be interpreted as the local scale parameter varying
within the size of the galaxy. The fitting parameters (3, r.) obtained from the likelihood analy-

sis (local & global) are summarized in Table [3.1]

For DF2 and DF4, the fit values (B, r.) for the individual likelihood analysis obtained are
(0.65,0.30 kpc ) and (0.50,0.25 kpc), respectively. Correspondingly, the value of n evaluated
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for DF2 and DF4 from Eq[1.23]is 1.92 and 1.46, respectively. For the global analysis of the
combined UDGs, the B obtained is 0.60 ( n = 1.72). In addition, the scale parameters varied
locally for DF2 and DF4 are 0.40 kpc and 0.35 kpc, respectively. Comparison of the global pa-
rameter 3 from our study and analysis of LSB (8 = 0.8) [68] shows that the difference between
the two is not large. Also, the scale parameter r. dependent on the mass of the galaxy is within
the same range as obtained from the study of other LSBs. Thus, the kinematics of the UDGs

are consistent with the earlier work on the choice of gravity model f(R) « R".

From the obtained best-fit parameters, the radial variation of LOS VD is shown in Fig[3.3]
The black solid and red dashed lines in Fig[3.3| are the local and global VD contributions for
the R" gravity model for DF2 (left) and DF4 (right). The blue dashed lines in both plots are the
VD contribution when underlying gravity is taken to be Newtonian. For both UDGs, the black
and red dashed lines lie within the 10 region of the LOS VD observation. Thus, a model with a
specific R" functional form for f(R) can also be accommodated to explain the dynamics of our
chosen UDGs. The global and local fits for the second choice of the f(R) model agree with the

observed kinematics of the two UDGs.

RGGR

In the case of RGGR gravity, potential in the weak-field limit is a function of a single free
parameter V. The v parameter is found to have a nearly linear dependence on the mass of the
galaxy. DF2 and DF4, having similar baryonic mass, are expected to have similar values of V.
Therefore, for the global analysis, we treat V as a single parameter optimized for both galaxies.
The individual likelihood analysis for both DF2 and DF4 evaluates v to be 0.30 x 10~8 and
0.10 x 1073 as can be referred from Table Additionally, V is also constrained from the
global likelihood for both UDGs and is found to be 0.16 x 1078, As both the UDGs have low
mass in comparison to typical galaxies, the estimated V is at least one order smaller than the
previous analysis of spiral galaxies where Vv lies in the range 107 — 1078 [193]]. This small
value of v parameter is correlated with the UDG mass, which is much smaller than a typical

spiral or elliptical galaxy [190, [193].
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Figure 3.4: Comparison of the Newtonian radial variation of VD (blue dashed curve) for both
the UDGs with the RGGR gravity. Radial VDs for the RGGR model are shown by solid black
lines when both galaxies, i.e., DF2 (left) and DF4 (right), are treated independently. The VDs
for the global analysis from total likelihood (TL) for both the UDGs are shown using the red
dot-dashed lines. Other information about the Newtonian contribution and observations in the

plots remain the same as in Fig@

The line of sight VDs for the likelihood fitting is also represented in Fig[3.4] Similar to the
previous figures, the DF2 and DF4 cases are shown in the left and right panels, respectively. In
both panels, the VDs for the local individual likelihood results are shown by solid black lines.
Similarly, the red dot-dashed line shows the LOS velocity dispersion curves for the global sce-

nario. The solid blue lines represent the LOS VD contribution from Newtonian gravity.

As seen from Fig[3.4] the RGGR gravity contributions from both analyses lie within the 16
region of the observations (orange area). The fact that the underlying alternative gravity model
of RGGR can explain the dynamical behavior of the UDGs remains true for both the global and

local analysis.

3.5 Summary

The DM-deficit nature of UDGs such as DF2 and DF4 paves the path to probe the kinematics

for modified gravity models. The kinematics of these UDGs can be explained with normal stel-
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lar matter without invoking the need for DM. In this chapter, we probe the line of sight VD for
such galaxies for two alternative gravity models, i.e., f(R) gravity (a chosen f(R) form and a
general case) and RGGR gravity. The likelihood analysis has estimated the free parameters of
the gravity models. While constraining the model parameters from both UDGs, we treat certain
parameters as global ones and find the fit from both galaxies. The case of f(R) gravity is studied
from two perspectives. The first model chooses a functional form f(R) and adds a Yukawa-like
term to the Newtonian potential. The second choice takes an effective power law form for the
f(R), resulting in a radius-dependent power term (o< rB) to the Newtonian potential. Studying
the DF2 and DF4 galaxies for the two f(R) scenarios shows that the best fit VD curve lies within
the 10 region of the observation. Similarly, for the RGGR model, a potential-dependent term
is added to the Newtonian gravity. The free parameter of this model increases in a nearly linear
manner with the mass of the galaxy. Hence, the free parameter (V) for the two UDGs having
almost similar mass is in the same order. The optimized VD fitted with the free parameters
also lies within the 10 range of observations. Thus, all the alternative gravity models in this

discussion are found to be reasonable while explaining the VD data.

In summary, the observed luminous content within both UDGs is sufficient to understand the
kinematics. Thus, GR without DM is consistent with the observed VD for the two galax-
ies. However, when the UDGs are examined in light of the chosen alternative gravity models,
the observed VD is consistent with the alternative gravity choices. The two versatile UDGs
i.e., DM-dominant (DF44) and DM-deficit (DF2 & DF4) provides one galactic regime to test
MOGs. However, the test of an alternative model must be consistent with different galactic
regimes. Therefore, in the next two chapters, we study a rather large collection of rotationally
supported galaxies. Such an analysis not only helps to test the gravity model for a large sam-
ple size but also helps determine the behavior of the model parameters with different kinds of

morphologies present in the Universe.
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Chapter 4

Probing RGGR with SPARC galaxies

4.1 Introduction

The present chapter discusses the phenomenology of RGGR based on the RC of the SPARC
galaxies. RGGR is another choice of alternative gravity model that proposes RG running of
the gravitational constant (G) with the energy scale [60, 61, [185]] to explain the galactic kine-
matics. The logarithmic running formalism considered here, in the weak-field limit, introduces
an extra v dependent component to the Newtonian potential (see Sec 4] for more detail). Stud-
ies on the kinematics of spiral and elliptical galaxies show that the V is of the order of 10’
(190, 193} 233]. The parameter Vv, which determines the strength of the running, is found to
have an almost linear relation with the baryonic mass of the galaxy and has been studied for a
number of galaxies [[193]]. In the following, we analyze the RGGR model with an even larger
selection of galactic rotation curve (RC) from the SPARC [120] datasets. In this regard, we,
based on the galaxy morphological types, investigate the dynamics of a diverse collection of

galaxies.
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The selection criteria on the SPARC data related to the quality of observational data and the
inclination of the galaxies are discussed in Sec[I.1.2] of ChaptefI] Additionally, we impose a
%2 cutoff to ensure that our analysis of the RGGR model shows a consistent fit with the obser-
vations, which further reduces the number of relevant galaxies. For each galaxy, we constrain
the RGGR parameter v from the observed RC data. The linear dependence of the parameter
v for a wide range of masses in SPARC galaxies (108 — 10" M) is also determined in our
analysis. The model parameters of the individual galaxies are statistically constrained using an
Markov Chain Monte Carlo (MCMC) algorithm based on the Bayesian technique [200]. The

consistency of RGGR is also reported by measuring the 2 of individual galaxies.

We extend the phenomenology of the RGGR model further to the well-known empirical re-
lations, the RAR, and the BTFR (see Sec]I.1.2]for a detailed discussion). As both the relations
were evaluated from the observational data, having no model dependence, such relations be-
came a consistency check for the gravity model used. RAR [94] hints towards modified kine-
matics that govern the motion on galactic scales. The other relation, BTFR [[143| 234] signifies
that the baryonic mass contained within all the galaxies present in the SPARC catalog has a
power-law dependence on the flat part of the circular velocity (V) far from the galactic center.
Using the best-fit values obtained from the RC analysis with the emcee sampler, we verify the

above two relations of the SPARC catalog for RGGR.

Similar to the RGGR analysis, we also look into the SPARC galaxies with an alternative DM
scenario. In the DM paradigm, the net matter density of a galaxy, in addition to baryonic matter,
has a contribution from DM [235]. In particular, we consider the NFW density profile [36] for
the DM modeling. Here, similar to the RGGR analysis, we constrain the DM model parameter
(M) using the Bayesian MCMC algorithm [200]]. Furthermore, we compare the fit of the RC
for the two profiles, i.e., RGGR and DM, by evaluating the Bayesian Inference Criteria (BIC)
[201]] and check which model id favored compared to the other. It is important to stress that
in order to treat the two different models, viz. the RGGR and NFW, on the same footing, we
place the same reduced x? cutoff that was chosen for RGGR. This same cutoff criteria for both
models, in turn, provides us with 93 galaxies out of 153 in the SPARC catalog to work with.
Such an elaborate analysis aims to check the consistency and credibility of the RGGR model for

a rather large selection of rotationally supported galaxies to date in comparison to an alternative
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DM (NFW) scenario.

The layout of the chapter is as follows. Section gives a brief account of the RGGR model.
The next Section [.3] discusses the galaxy catalog SPARC adopted for studying the alternative
gravity model. The methodology and the computational packages used to sample the parameter
space of the model are discussed in Section 4.4} The following Section {.5] mentions the results

obtained for our study.

4.2 Models: RGGR and NFW

RGGR

RGGR is a quantum gravity model based on the concept of variation of the gravitational cou-
pling parameter (G) with the energy scale of the Universe [61} 189, [192]. As discussed in detail

in Sec|[I.2.4] our analysis looks into the logarithmic variation of the G with the energy scale

of the Universe [ G(u) = ﬁ . Additionally, to formulate a consistent theory with an

1+vin (“—2
Ho
observational basis, it is required to correlate the energy scale with some observable parameter

(see SeclI.2.4] for more details). The solution for the circular velocity and acceleration in the

weak-field limit gives [89, [190]]

Roor(r) = tule) (125,

2_

ARGGR(F) ~ b () (1 _ q; (‘;)) : 4.1

where vy, (r) and ap,(r) are the Newtonian contribution to the velocity and acceleration, re-
spectively, and c is the speed of light. The analysis of galactic dynamics with RGGR [190, [193]]

suggests that the parameter voe = v follows a close to linear relation with the baryonic mass
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of the galaxy. For the galactic scales, the net circular velocity and acceleration of an object,
in addition to the Newtonian (baryonic) part, have the extra contribution due to the modified
gravity. This extra contribution depends on the model parameter Vv and the potential ¢n(r). The
potential ¢n(r) arises from all the baryonic contents of the galaxy and is crucial to evaluate the
effect of RGGR gravity. This requires mass modeling, i.e., modeling the radial dependence of
the baryonic mass of the galaxy. In general, the baryonic structure of the galaxy is composed
of three components, i.e., disk, gas, and bulge. We assume a radial exponential profile [133]
for the disk and gas component. For the galaxies having bulge, the mass modeling assumes a
spheroidal Hernquist profile [134]. Thus, one may estimate or constrain the phenomenological

parameter V from observations for the given mass profiles.

In what follows, we analyze the consistency of the RGGR model for a large selection of galax-
ies from the SPARC catalog. These galaxies belong to different morphologies with different
characteristics, which gives a measure of the model parameter’s variation over the nature of the

galaxies.

NFW model

We also compare the RGGR model with an alternative scenario where we assume that the
presence of DM can resolve the missing mass problem on the astrophysical scales. For this,
we look into a known DM profile, i.e., Navarro-Frenk-White (NFW) [36] (see Sec[I.2.2] for
details). It has already been shown [193] that a comparison of the RGGR model with the
alternative gravity model MOND [/4] or NFW DM model [36] shows a better or an equally
consistent fit for the observed circular velocity of the spiral galaxies. Along the same line, in
this work, we compare the RGGR model with an NFW DM profile for the SPARC galaxies and
check their favourability. Our analysis for RGGR versus DM looks into a scenario where the
number of free parameters of the model is similar. Thus, in contrast to the two-parameter fit
for the DM profile [[193], we fit a single DM model parameter (M5o) by using a stellar-halo

relation (¢ — Maoo) [[196] (see Sec[I.2.4|for a detail discussion). The velocity contribution from
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the assumed NFW profile is [36]

ATGr3 r r
VIZ\IFWO) B - {_H—r Hlog (1+r_>} .
S

r s

Here, ps and ry are the characteristic density and radius, respectively. Both the density pa-
rameters can be expressed in terms of concentration (¢) parameter and virial mass (Mpqg) as
explained in detail in Sec@ For the DM halo scenario, the contribution to the net circular
velocity for a galaxy comes from the sum of the baryonic component (vy), which for SPARC is

expressed as the sum of stellar and gaseous component and NFW profile (vyrw), 1.€.,

Vit () = VEar (1) + ViEw (7), 4.2)

The free parameter for NFW (Mpqp), in addition to mass model parameters (yy %), are con-
strained from the observational circular velocity. Thus, our analysis aims to draw a comparison
of the RGGR model with an NFW DM halo that helps to determine the favorability of the

gravity model over a DM scenario.

4.3 SPARC catalog

To test the gravity model against the observational data, we look into a collection of galaxies
from the SPARC catalog, also discussed in Sec[I.1.2] In addition to the net circular velocity for
a galaxy, the catalog compiles the radial velocity for the baryonic (disk, gas, and bulge). Given
the velocity for individual baryonic components of a galaxy, the total Newtonian contribution

can be written as

Voar (r) = Ya Vaisk (1) + %oVurge (1) + [Veas ()] veas (r):

where Vyisk (7), Vbulge () and vgas(r) represent the disk, bulge, and gas velocity components for
a particular galaxy in the SPARC catalog. The two baryonic components are scaled by a factor

%a and 7%,, which measure the mass-to-light ratio for the disk and bulge part, respectively. Un-
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der the assumption that the gravity on the galactic scale is RGGR, the modified kinematics of
objects within the galaxy have an additional contribution dependent on the potential energy and

a mass-dependent parameter.

Therefore, comparing the total observed circular velocity vqps from the SPARC catalog with
the RGGR velocity form (vgggr) helps to check the consistency of the gravity model. This
requires the variation of the model parameter of the theory within the allowed parameter space.
This analysis aims to look for the parameters that consistently fit the observed RC of the galaxy
sample. The best-fit values obtained in the analysis are also used to construct the empirical

relation RAR and BTFR.

RAR compares the baryonic (ap,) and observational (a,;s) acceleration of the 153 eligible

SPARC galaxies, showing a trend in the data that follows the relation

Abar (R)

T —exp(—+/abar(R) /)’

Aobs (R)

where a, is the acceleration scale parameter and has best-fit value a, = 1.2 x 10719 ms=2. The
consistency of the RGGR net acceleration (arggr) With respect to the aqps(R) can be probed
by the RAR. In particular, the analytical expression for the net acceleration (Eq[4.1)) in RGGR
includes a v dependent extra component to the Newtonian part. The best-fit value of the v
parameter for each galaxy can be estimated from the circular velocity fitting with the SPARC
data. In the following, we compare the observed RAR with the empirical relation in the context

of the RGGR model for each data point of the qualifying SPARC galaxies.

Another alternative empirical relation shown by SPARC data is BTFR. The relation states that
the baryonic mass has a relation with the velocity measured at the flat part of the RC. BTFR
states that My, = A V{* with A, x to be constrained as 50 Mokm~*s* and 4, respectively [95].
For the RGGR model, the total circular velocity is estimated by vrggr and is dependent on the
free parameters (Y4, J, V) which are constrained using the observed RC of the galaxy. Thus, the
V¢ for the RGGR will also get modified. The relation between the My, and the RGGR predicted
flat velocity for each qualifying SPARC galaxy should follow observed BTFR. This additional

check for RGGR is crucial for the gravity model to remain phenomenologically consistent.
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4.4 Methodology

For the RGGR model, we constrain the model parameters by comparing the modified velocity
with the observed circular velocity of the chosen SPARC galaxies. The free parameters for
the model are constrained using the publicly available emcee package [200] in PYTHON. This
package works on the Markov Chain Monte Carlo (MCMC) principle and samples the posterior

distribution of the free model parameters (see Sec|[I.3|for a detailed explanation).

Assuming that the errors on the observed circular velocity follow a Gaussian distribution, the
likelihood for each galaxy is defined as in Eq To define the likelihood, we require v, (r)
and o,,(r), which represent the total circular velocity and error as compiled within the SPARC
catalog. The analytical velocity vy (r, 5), which represents the total circular velocity for an
alternative gravity scenario computed at a certain radius for a given set of free parameters, is
model-dependent. We fit both the RGGR and the NFW DM models. The net circular velocities
for RGGR (vgggr) and NFW (vyrw) are expressed in terms of their respective free parameters.
These free parameters in velocity vio(7, 6 ) are phenomenologically constrained by comparing
with the observational circular velocity. For both the models, i.e., RGGR and NFW, the normal-
ization mass-to-light factors () introduced for the baryonic components, i.e., the disk () and
the bulge (4,) of the galaxy, are common. Additionally, the RGGR model has a mass-dependent
phenomenological parameter V. Similarly, the NFW model has a singular free parameter M.
Thus, in the alternative gravity scenario 6 is composed of {¥3, %, V} which are to be estimated
independently for each galaxy. For the case of NFW 6 is made up of {%, %> M2} and are
again constrained for each galaxy.

Regarding the priors 7 (é), we assume both flat and Gaussian priors for the model parameters.
In the case of the flat priors, the mass-to-light ratio for both disk (7y4) and bulge (}4,) are assumed
to have no radial dependence on the galaxy and are varied in the range [0.3, 0.8] [[83} 198, [199].
In the case of RGGR, for the mass-dependent parameter vV, a wide range of parameter space
is looked into and is varied within 10~° < ¥ < 1075, This range is motivated by the previous
analysis of spiral and elliptical galaxies where v is found to vary in order of 10~/ [193]]. For the
DM scenario, the NFW parameter M»qg is bound to lie within the range 10% < Mooy /Mg < 10
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[83]. For the Gaussian priors, the parameters J,; and 7, are considered to have a mean value
of 0.5 and a standard deviation of 0.1. The mean and standard deviation for log(v/10~7) and
log(M»pp /M) are taken to be (—0.3, 0.1) and (10.69, 0.1), respectively. To ensure the conver-
gence of the chain, we run the sampler for a sufficient number of steps such that the acceptance
fraction lies within the range 0.2 — 0.5 [200]. Additionally, by estimating the autocorrelation
time (7) for each galaxy, we discard T number of steps as burn-in before performing posterior
analysis. To achieve convergence, we run a sufficient number of steps, i.e., 50 7 as specified in

emcee [200].

Additionally, to quantify the preference of one model over the other, we consider the Bayesian
Information Criteria (BIC) [201]. Here, the number of parameters for a model is same, i.e., we
have 3 parameters, for both the RGGR and NFW models considered here. To compare the two
models, i.e., RGGR and NFW, we evaluate,

ABIC = BICypw — BICrGGR- (4.3)

The measure of ABIC, if less than 2, implies inconclusive preference between the two models.
Similarly, the value of ABIC that is between 2 — 6 implies a positive inclination towards RGGR.
Values of ABIC greater than 6 are considered to have a strong inclination toward the RGGR

model.

In addition to the selection criteria discussed in Sec[I.1.2] (Q > 2 & i < 30°), which leaves
153 SPARC galaxies, we assume galaxies with data points greater than 4 for a well-defined
szed~ Additionally, to ensure that we have a consistent RC fit with the RGGR as well as with
NFW, we reject galaxies whose goodness of fit with the gravity model, i.e., szed > 6. The cut-
off for the goodness of fit keeps the galaxies with various numerical issues fitting out of the
analysis for both models. Two notable issues are difficulty in modeling the gas contribution
due to extreme radial variation and poor quality of data, such as a discontinuity in data points
in certain radii. This selection criteria for the cutoff makes sure that we are liberal enough to
accommodate a larger set of SPARC galaxies in our analysis. Thus, after imposing the above

criteria on the 153 galaxies, we are left with 93 eligible ones.
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4.5 Results

In the following, we analyze the consistency of the RGGR framework with the observational
circular velocity for our selection of SPARC galaxies. We also compare the RGGR model with
the NFW DM scenario. The RC analysis is done for galaxies belonging to different morpho-
logical types. The free model parameters are constrained using the emcee sampler, which scans
the parameter space to evaluate the best-fit values. For this, we look into the rotation curves
of individual galaxies present within SPARC. We also study the mass-dependent nature of the
phenomenological parameter V. These best-fit values must also satisfy the fundamental rela-
tionships between RAR and BTFR. Hence, we compare our results for the RGGR model with
both these relationships. For galaxies consistent with the RGGR model, we alternatively look
into their kinematics in a DM-dominated case. We employ a similar Bayesian technique to con-
strain the model parameter M, for the NFW profile. To measure the favorability of the RGGR

model over the DM NFW profile, we also report the ABIC value evaluated for each galaxy.

4.5.1 RC analysis

Fitting the RC of each SPARC galaxy with the RGGR gravity model helps to constrain the free
parameters. It includes two mass modeling parameters defined for the baryonic component of
a galaxy, 1.e., %3 and %. The additional model parameter, i.e., V, comes from the choice of
RGGR gravity and has been found to have an almost linear dependence on the luminous mass
of the galaxy. We analyze the behavior of the phenomenological parameter v with the baryonic
mass for the large sample of SPARC galaxies. In particular, we study the consistency of the
RGGR-governed model for all four morphological types of the galaxies present in SPARC.
This compares the phenomenological consistency of the RGGR gravity for all the different
galaxy types. A similar RC analysis where galaxies are assumed to be DM-dominated instead
of modified gravity with the radial density profile having the NFW form is also looked into. For
this scenario, in addition to the mass model parameters ¥y and },, we fit M9, which comes

from the choice of NFW halo.
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Figure 4.1: For Early-type galaxies, the RC for 4 specimen galaxies are shown in the four panels
above. The black solid line is the circular velocity when RGGR gravity contributes in addition
to the baryonic part. The black dots with green error bars are the circular velocity data obtained
from SPARC [[120]. The red dashed line is where the net velocity contribution is evaluated in
an NFW paradigm. The dashed grey line represents the gaseous component of the galaxy. The
dot-dashed line shows the variation of disk velocity within the galaxy, and the bulge part is

plotted via the dotted line.

Early-type galaxies

The first category belongs to the early-type galaxies, which can be identified from a bulge at the
center and tight, indistinguishable spiral arms in the outer parts of the disk. From the whole set
of early-type, we analyze 8 galaxies that satisfy the selection criteria. Out of these 8 galaxies,
we illustrate the RC fitting for 4 of them in Figl4. 1| This includes NGC7814 shown in the upper
left panel, NGC4138 in the upper right, UGC06614 in the lower left, and UGC03546 in the

lower right panel of Fig[4.1] For each galaxy shown, the grey dots with green error bars repre-
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sent the observational total circular velocity traced by the HI component within the galaxy. We
also plot the individual baryonic components, i.e., disk, bulge, and gas, for each galaxy using
the gray lines. The dashed gray line represents the radial variation of the gas velocity. The disk
and bulge components of the galaxy scaled by their respective mass-to-light ratio are shown via.

the dashed-dotted and dotted lines, respectively.

In particular, the first panel at the top left shows the RC for NGC7814. Under the assump-
tion of flat priors, the constraints on the free parameters (74, % and v x 107) obtained from our
analysis give 0.53, 0.31 and 7.23, respectively. However, when the priors are considered Gaus-
sian, we see almost no change in the best-fit value. As an example, for the case of NGC7814,
when priors are assumed to be Gaussian (¥g, % and V X 107) are found to be 0.53, 0.28 and 7.53
respectively. The radial variation of the circular velocity (Eq[I.27) in the RGGR model with
these best-fit parameters is plotted using a solid black line. The obtained value of szed for the

galaxy is 1.18, indicating a good fit to the observational data of NGC7814.

A similar RC analysis of the 8 early-type galaxies in the presence of DM with the NFW profile
is also looked into. The statistical analysis to constrain the model parameters of the DM halo
gives the best-fit values evaluated in the case of flat-priors for 74, %, and Mg x 10! M, as
0.79, 0.66 and 24.13, respectively. However, contrary to the case of RGGR, we observe that the
constrained values of the model parameters differ between the flat and Gaussian prior cases. In
particular, for the Gaussian prior case, the 74 1s not rigorously contained in the preferred range
of 0.3 — 0.8 as the Gaussian distribution allows values outside this range. Hence, we consider
the flat prior results over the Gaussian ones. In Figld.T] for each galaxy, the radial variation
of the circular velocity in the DM model obtained by substituting the best-fit value is shown
via the red dashed line. Similarly, the obtained parameters and goodness of fit for the other
early-type galaxies in the panel for both RGGR and NFW model can be found in Table[4.1] The
measured goodness of fit for the early-type galaxies is compiled in Table 4.T|points to a positive

inclination towards the RGGR scenario.

Spiral-type galaxies
The second class of galaxies mentioned in SPARC belongs to the Spiral type. Such galaxies are

characterized by the presence of distinct spiral structures at the outer parts of the disk. Addition-
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Figure 4.2: For Spiral-type galaxies, the RC for 4 specimen galaxies are shown in the panel.
The black solid line is the circular velocity when RGGR gravity contributes in addition to the
baryonic part. The red dashed line is the case where the net velocity contribution is evaluated in
an NFW paradigm. The black dots with green error bars are the circular velocity data obtained
from SPARC [120]. The dashed grey line represents the gaseous component of the galaxy. The
dot-dashed line shows the variation of disk velocity within the galaxy, and the bulge part is

plotted via the dotted line.

ally, the bulge at the center is of comparatively smaller size. SPARC has a large collection of
spiral galaxies, and our selection criteria give us 41 such galaxies. Similar to Figld.T|we show 4
representative galaxies i.e., NGC2683, NGC1090, NGC2841 and NGC3769 in Fig@ Out of
the 4 galaxies shown, only two have a visible bulge component present and are represented by a
dotted gray line in the plot. The gray points with error bars represent the total circular velocity
observed in SPARC. Similarly, the gray lines represent the individual baryonic components in

a galaxy.
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The best-fit parameters for the first subplot for NGC2683 are shown at the top left panel in
Fig@ For the RGGR model, when priors are assumed to be flat, the best values come out
to be ¥4 = 0.56, 1, = 0.54 and Vv x 107 = 1.88 with szed equal to 0.69. Similar to the case of
early-type galaxies, the choice of priors yields little difference in the best-fit values evaluated.
In the case of NGC2683, Gaussian priors results in 73 = 0.58, %, = 0.50, v x 107 = 1.82 with
xrzed equal to 0.71. For the obtained parameters, the net contribution to the total circular ve-
locity, which is the sum of baryonic and RGGR components, is shown by a solid black line.
The goodness of fits evaluated for each galaxy as given in the Table4.1| show that the RGGR
model is a consistent choice in explaining the observed circular velocity of the spiral SPARC
galaxies. Similar to early-type, RC analysis of the 41 spiral galaxies in the presence of DM with
the NFW profile is also looked into. The best-fit value for 73, %, and Magy x 10 M, evaluated
in the case of flat-priors for circular velocity with NFW halo results in (0.7,0.36,4.18) with xrzed
equals 0.84. However, similar to the case of early-type, we consider the flat prior results out
of the two choices of priors. The radial variation of circular velocity in the NFW DM model

obtained by substituting the best-fit value is shown via a red dashed line for all the 4 galaxies in

Fig.2]

Late-type dwarf

The third category of galaxies belongs to late-type dwarf, where the bulge is too faint to be ob-
served. Thus, the baryonic component of the galaxy mostly constitutes disk and gas only. From
the total late-type dwarf galaxies in the catalog, 29 galaxies fulfill the selection criteria. Similar
to the above two categories, we plot four late-type dwarf galaxies in Figl4.3] The galaxies that
are illustrated include NGC4010 (top-left), NGC0300 (top-right), UGC04278 (bottom-left), and
UGCO05721 (bottom-right). The details on the plot corresponding to the observed circular ve-
locity of a galaxy and its baryonic components follow the same convention as mentioned in the

discussion of the previous two types of galaxies.

The circular velocity in the RGGR framework can be obtained by substituting the best-fit val-
ues of the model parameters, i.e., (Y3, T, V X 107) as given in Table in Eq This radial
variation is shown using the solid black line in Figl4.2] Similar to the above two morphological
types, we observe a little variation in the choice of priors. In Table4.1] we report the result for

the flat priors. Similarly, we also analyze the 34 late-type galaxies in the NFW framework. The
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Figure 4.3: For Late-type galaxies, the RC for 4 specimen galaxies are shown in the panel.
The black solid line is the circular velocity when RGGR gravity contributes in addition to the
baryonic part. The red dashed line is where the net velocity contribution is evaluated in an
NFW paradigm. The black dots with green error bars are the circular velocity data obtained
from SPARC [120]]. The dashed grey line represents the gaseous component of the galaxy. The
dot-dashed line shows the variation of disk velocity within the galaxy, and the bulge part is

plotted via the dotted line.

best-fit parameters obtained show preference towards the flat choice of priors and are reported
along with the RGGR model in Table The szed computed in Table for all the galaxies
shows that the late-type dwarfs fit well with the RGGR model. This consistent behavior can

also be visualized from the four sample plots shown in Fig[4.3]

Starburst galaxy

The fourth morphological type belongs to starburst galaxies, which are relatively young and
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Figure 4.4: For Starburst galaxies, the RC for 4 specimen galaxies are shown in the panel.
The black solid line is the circular velocity when RGGR gravity contributes in addition to the
baryonic part. The red dashed line is where the net velocity contribution is evaluated in an
NFW paradigm. The black dots with green error bars are the circular velocity data obtained
from SPARC [120]. The dashed grey line represents the gaseous component of the galaxy. The
dot-dashed line shows the variation of disk velocity within the galaxy, and the bulge part is

plotted via the dotted line.

have a high star formation rate. Such galaxies are dominated by gas and thus make a versatile
region to look for the signature of the alternative gravity model. The morphology of such sys-
tems shows a diffused structure with no visible bulge and spiral arms. We studied 15 galaxies
belonging to this particular morphological type and found that RGGR can give consistent fits
with the observed circular velocities. As an illustration following the convention used in other
morphological types, we plot 4 starburst galaxies, 1.e., UGC06923, UGC07559, UGCO07690,
and UGCO07866 in Figid.4] The baryonic contribution for these galaxies comes from the gas
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and disk component only, as starbursts have no visible bulge within. This is represented in the

above plot by gray lines following the same convention used in preceding cases. Also, the net

observed circular velocity with error bars is shown using gray points.

As mentioned in the previous three morphological types, for the RGGR model, we see a
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Figure 4.5: The plot shows the variation of y,;. The left panel represents the 7, obtained for the
RGGR analysis, and the right panel belongs to the case of NFW. The varying morphological
types are represented using different markers. The square markers represent the early type, and
the circles are for the spiral galaxies. Additionally, 7y, for late-type and starburst are shown via

triangle and diamond markers.

little variation in our two choices of priors, i.e., flat and Gaussian. The constrained free pa-
rameters (¥, ¥%. Vv X 107) obtained for the aforementioned galaxies in reference to the flat
priors can be referred from Table@ From the obtained values of parameters, the total circular
velocity evaluated for each galaxy is shown by a solid black line in Figlf.4] As can be seen
from the plots, the observational circular velocity fits well with the analytical velocity in all 4
cases. Similarly, this consistent nature of the gravity model can also be quantified for all the
starburst galaxies from the goodness of fit as mentioned in Table 4.1 We also studied the 18
starburst galaxies concerning the NFW model for both flat and Gaussian priors and considered
the flat prior results in preference to the Gaussian ones. The best-fit values along with the sze y
for flat-priors are compiled in Table[4.1] For the four different morphological types of galaxies
discussed above, we find that RGGR is a phenomenologically consistent theory of gravity. The
best fit values for the v parameter lies in the range 107% — 1078, The parameters y; and 7y, fall

in the range 0.3 — 0.8, consistent with the choices of our priors. We also observe from Table4.T]
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that the values of v are larger (in the range close to 107°) for the early-type galaxies compared
to the other types. Interestingly, the V values decrease as we go across the Hubble type towards
the late-type galaxies with v around 108, This relation between the parameter v and the galaxy
type can be understood from the baryonic mass content of the galaxies and is discussed in the

next subsection.

Note that, for many starburst galaxies, the rotation curves at the outer radius do not flatten
but keep increasing. The starburst galaxies, in general, have a major baryonic component in the
form of large amounts of gas. This gas is also dispersed throughout the galaxy and, hence, is
not easy to model. The increase of the rotation curve at the outer radius could be due to the

shortcomings of the gas modeling.

To summarise the comparison between the RGGR and the DM NFW scenario, we study 93
galaxies that satisfy our selection criteria, as discussed previously. To measure the evidence
against or in favor of our choice of models (NFW or RGGR), we compute ABIC for each
galaxy. The plot, which measures the number of galaxies belonging to different bin sizes of
ABIC favoring either RGGR or NFW, is shown in Figi4.6] It clearly shows that out of 93 galax-
ies, 38 favors the RGGR model, and the result is inconclusive for 16 galaxies. However, the
remaining 39 galaxies prefer the choice of DM profile. This conclusion remains qualitatively
the same with different cutoffs on xr2ed’ viz. xrzed <5 and szed < 7 as our galaxy selection cri-
terion. This indicates that the RGGR model remains competitive with NFW in explaining the
kinematics of SPARC galaxies with different selection criteria, too. The mass modeling param-
eters constrained for each galaxy in our analysis include y4 and %,, which are assumed to be a
constant having no radial dependence. The bulge component is prominent and can be majorly
seen only in the early-type galaxies. Therefore, we utilize the disk normalization factor to show
the variation of 4 for the galaxies of different morphological types. The plot containing the
values of Yy for the 93 galaxies present in our analysis is shown in Fig/d.5] For RGGR (left
panel), the behavior of 94 represents that this parameter varies throughout the range of [0.3,0.8]
for all galaxies. Also, in the NFW regime, we observe that 7y varies throughout the range for
spiral and late-type galaxies. However, for early-type galaxies, J4 is concentrated towards the

higher end of the prior range. Also, in the case of Starburst, we observe that yy is pointing
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Figure 4.6: The plot represents the ABIC comparing RGGR with NFW. The pink histograms
show the frequency of galaxies that favor RGGR over the DM model over different bin sizes.
For ABIC range within 0 — 2, the claim over a preference of a model is inconclusive. In total,

we observe that RGGR 1is favored by the majority of galaxies when compared with NFW.

toward the lower end of the range. The different markers on the plot in Figld.5| belong to the
different morphological types of galaxies in SPARC. The pink points give the value of 94 for
early-type galaxies. Similarly, green squares, grey triangles, and violet diamond shapes repre-
sent Yy for the spiral, late-type, and starburst galaxies. Additionally, looking into the behavior
of ¥ in Table 4. T shows that as we go from early type to starburst galaxies, the magnitude of the
phenomenological parameter decreases. Such behavior of V with the stellar mass of galaxies is

studied in detail in the next subsection.

4.5.2 Relation of v with baryonic matter

To investigate the RGGR model parameter dependence on the baryonic mass, we rely on the
same galaxies from the SPARC catalog. The baryonic mass of a rotationally supported galaxy

consists of the bulge, disk, and gas components, as mentioned earlier. Each component of the
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Figure 4.7: The plot relates the phenomenological parameter V with the baryonic mass of the
galaxy. The individual points represent the v evaluated for each galaxy studied in SPARC. The
almost linear relation shown in the plot affirms the previous mass dependence claim for the
RGGR parameter. The different markers in the plot show the different morphological types of
galaxies, with the circle representing early-type, a square belonging to spiral, a triangle showing

late-type dwarfs, and a diamond for starburst galaxies.

galaxy (stellar4-gas) is assumed to follow a distinct density distribution. The radial variation of
matter distribution for disk and gas is assumed to vary exponentially [[120, [133]]. Similarly, for
the galaxies having bulges, the density variation can be fitted with the Hernquist profile [134]).
The total baryonic content for a galaxy is a linear mass sum of stellar and gas components. The

galaxies in SPARC constitute a wide range of masses varying from 108 — 10! M, [120].

For the scenario where the underlying gravity is assumed to be RGGR, the velocity contri-
bution is the sum of the Newtonian part plus an additional term dependent on a free parameter
(v). This phenomenological parameter varies independently for each galaxy and is constrained
from the study of RC, as discussed in the previous section. A comparison of the constrained v
obtained along with the stellar mass of the galaxy is represented via an individual datapoint in

Figld.7l The figure shows that the magnitude of the phenomenological parameter V increases
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almost linearly with the increasing mass of the galaxies. Our analysis is thus justified with the
previous study [193]] done for the same gravity model. Different representations are used in the
plot to categorize galaxies belonging to various morphological types. The pink round point-
ers belong to the early type, and the green square shows the spiral, the gray triangle is for the
late type, and the purple diamond represents the starburst galaxies. The figure shows that the
baryonic mass decreases from early to late-type galaxies. Accordingly, the value of V reduces
linearly: a feature which can also be seen from the data provided in Table[4.T] i.e. Vv is smaller
for the relatively younger galaxies. Such a linear relation of the model parameter with the mass
of the system points towards the non-fundamental behavior of the RGGR model. However, as
can be seen from the analysis of RC, the gravity model is consistent with the observations on

astrophysical scales.
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Figure 4.8: The plot compares the RAR relation where the total observed acceleration is eval-
uated in the RGGR framework. The black solid line shows the empirical relation Eq.(I.5)
obtained from the SPARC observations. The green scatter points refer to the individual data

points of all the galaxies analyzed where the net contribution to the acceleration gets modified.
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4.5.3 Empirical relations for SPARC (RAR and BTFR)

Radial Acceleration Relation (RAR)

The data points of the SPARC galaxies projecting the relation between the observed Eq[I.6/and
baryonic acceleration Eq[I.7)is shown to follow an empirical relation as mentioned in EqJI.5]
This shows that in weak-gravity regions, the observed and baryonic acceleration follows the
relation a,ps o< \/apqr and depends linearly in high acceleration scales as is expressed by the
empirical relation. Thus, if RGGR is a consistent gravity model, it must satisfy RAR for the
SPARC galaxies. This relation has been looked into and verified for a large sample of galaxies
present in the SPARC catalog without any prior assumptions for the DM or alternative gravity
model. In the alternative gravity scenario, total circular velocity and acceleration are modified
according to Eq[T.27] and EqH4.T] respectively. The net acceleration is the sum of contribu-
tion coming from different baryonic components of a galaxy (ap,,(r)) with an additional part
dependent on ¢y(r) and V as expressed in Eq In our analysis, we compare the modified ac-

celeration (agggr) with ap,, to study the behavior of RAR in an alternative gravity framework.

The evaluation of the empirical relation requires the knowledge of free parameters, which is
taken from the RC analysis in Sec[4.5.1] The RAR behavior determined for the individual dat-
apoint of all the selected galaxies in the RGGR framework is shown in Figl4.8] The gray solid
line is the analytical relation fitted from the observational data and has the form as given in
Eq Also, for each galaxy in our analysis, we determine the baryonic acceleration (ap,,(r))
at every radial point specified in the SAPRC catalog. Similarly, we also compute the RGGR ac-
celeration (agggr(r)) at every radial point. Thus, each green dot on the plot refers to the RGGR
and baryonic acceleration at a specific radius for a given galaxy. The collection of points in

Fig 48| contains the contribution for all the 93 galaxies selected in our analysis.

Residual computed from comparing the relation with the 1817 data points, as illustrated in the
figure, turns out to be 0.31 dex. Thus, based on the best-fit parameters from the RC analysis,

RAR behaves satisfactorily in the context of the RGGR model.
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Figure 4.9: The posterior distribution of the parameter space in BTFR Eq evaluated using
BayesLineFit [143].

Baryonic Tully Fisher Relation (BTFR)

SPARC galaxies are also found to follow the BTFR (Eq[I.§), which provides a power law rela-
tion between the baryonic mass and the velocity measured at the flat part of the rotation curve.
This relation holds irrespective of the gravity model. Therefore, for RGGR to be a consistent
choice as an alternative gravity model, BTFR must be satisfied by the RGGR-predicted dynam-
ics for the SPARC galaxies. To probe the BTFR,

log(Mpar) = XIOg(Vf) +log A, 4.4)

we consider the V corresponding to the RC fit with RGGR for each galaxy. The flat velocity
(V) for each galaxy in the RGGR framework can be evaluated from the fit of the RC (Sec. P:S_T[)
at a given radius. The baryonic mass M, for a galaxy is a sum of stellar and gas components.
The velocities of these different components are connected to their respective mass profile. For
a given mass profile, Mj,, can be estimated, particularly for the SPARC galaxies, where the

bulge and disk are assumed to have spheroidal and exponential distribution respectively [120].
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Figure 4.10: The BTFR with the flat circular velocity evaluated in the RGGR model. The above
plot estimates V for the RGGR model at 3.2 R;. The gray data points are the measure of flat
velocity evaluated for individual galaxies. The green solid line shows the analytical best fit,

consistent with the observed Vy in the RGGR framework.

BTFR has also been found to be sensitive on the radial choice [143] at which V¢ is measured for
SPARC galaxies. We evaluate the relation at 3.2 R, which has shown an optimal behavior to the
relation. The choice of 3.2 R; [[143,236] ensures that 80% of the stellar matter is encompassed
within the radius. Almost for all the SPARC galaxies we select, the distance of 3.2 R; from
the center of the galaxy corresponds to the flat region of the RC. We use BayesLineFit package
[143]], which is based on emcee algorithm to find (x, logA). The best-fit value obtained for the
parameters (x, logA) is found to be (3.421“8:%8, 3.01%946) with an orthogonal scatter of 0.08(18?02

dex. We also report the vertical scatter given by [143]:

1 n
oy = \/; Y [log(Myar) — xlog(Vy) — log AP, (4.5)

where n is the number of galaxies selected in our analysis, the observed oy for the case of
3.2 R; comes out to be 0.56. The posterior distribution for the fitting parameters, i.e., slope
(x), intercept (log A), and intrinsic scatter, are shown in Figid.9] The solid red lines in the plot
point towards the maximum likelihood values for the parameters. Given the best-fit parameters,

BTFR for all the galaxies included in our analysis is illustrated in Figid.10] The solid gray

TH-3746_196121010 96



circles represent the flat velocity for each SPARC galaxy evaluated at r = 3.2 R;. Additionally,
the green solid line fits the linear equation Eq/4.4] for the best-fit parameters obtained in our
analysis. The BTFR plot in Fig[4.10|shows that the flat velocity evaluated at 3.2 R, consistently

matches the observational results.

4.6 Summary

The chapter focuses on probing the kinematics of rotationally supported galaxies in the RGGR
framework. Here, we study the dependence of the alternative gravity parameter on the galaxy
morphology. We have looked into four different morphological types of galaxies, viz. early, spi-
ral, late, and starburst. We have constrained the model parameter Vv for each galaxy taken from
all four morphological types and have found that the RGGR consistently fits the observed net
circular velocity. Our statistical analysis has probed this consistency for the individual galaxies
using the goodness of fit. We have also checked the linear dependence of the model parameter v
on the baryonic mass of the galaxy. The constrained values for the parameter v for our sample
of the SPARC galaxies lie in the range 10~ — 10~8 and are consistent with the variation of the
masses of the galaxies under consideration. This implies that the older and heavier galaxies lead
to a larger v. Indeed, we have found that the parameter v decreases from the older galaxies to
the younger ones. Note that the allowed range of v found in our analysis is consistent with the
previous studies. For example, studies on spiral and elliptical galaxies found V in the range of
10~7, consistent with the baryonic mass content of the galaxies studied in [[190, 191, [193]. On
the other hand, the solar system [192], and UDG constraints [194] are found to be much smaller
(v ~ 10717 than the standard galactic RC estimates due to considerably smaller baryonic mass

contents in these two systems.

We have further verified our goodness of fit from the RC analysis in light of the well-known
empirical relations: RAR and BTFR. In particular, the RAR compares the radial variation of
the observed and the baryonic acceleration. An additional factor comes in the baryonic acceler-
ation due to the RGGR model. Our analysis has found that the RAR in the RGGR framework
aligns with the established analytical relation obtained from previous observations. On a sim-

ilar note, BTFR compares the baryonic mass with the observed flat velocity (Vr) of a galaxy,
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suggesting a power-law dependence between them. The exact power-law index is sensitive to
the choice of the flat velocity radius. Our analysis finds a tight correlation of the baryonic mass
with flat velocity measured at 3.2R; and has obtained a small orthogonal scatter of 0.08. Ad-
ditionally, we compare the RGGR model with a DM scenario, where we assume the profile to
be NFW. Our analysis clearly shows that leaving aside where both the models perform equally
well (ABIC = 0 —2), NFW and RGGR models behave consistently for almost similar numbers

of galaxies.

In summary, the objective of the current chapter is to explain the observed kinematics for a
large set of galaxies using RGGR. Contrary to RGGR, where the model parameter varies for
the choice of galaxy, there are models involving global parameters. These models are depen-
dent on certain parameters that are expected to be global on the galactic scales. In particular, we
probe one such model, i.e., YMOG, which involves a mixed scenario incorporating both DM

and Yukawa-like corrections to understand the kinematics of SPARC galaxies.
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Table 4.1: The best-fit parameters obtained from the emcee sampler. Corresponding to the
RGGR gravity model, for every galaxy, 3 parameters (y;, ¥, V) are statistically constrained
from the observed circular velocity. Column 2 of the table denotes the galaxy morphology
types, abbreviated as E: Early, S: Spiral, L: Late-type, and SB: Starburst. In the table, the

representation for the free parameter v* = v x 10~7 and M50 = Moo X IOHM@.

Galaxy | Type Y " V| My, X4
Name Y (RGGR) | s (NFW) | %, (RGGR) | 1, (NFW) x%4 (RGGR) | 2, (NFW)

NGC7814 E 0.53 0.79 0.31 0.66 7.23 | 24.13 1.18 1.12
NGC4138 E 0.58 0.79 0.5 0.31 1.58 | 3.32 0.56 0.7
UGC06614 E 0.52 0.31 0.32 0.31 3.6 | 12.89 1 0.54
UGC03546 E 0.59 0.65 0.34 0.37 2.15 | 8.93 0.9 0.87
UGC03205 E 0.55 0.72 0.8 0.8 3.42 | 10.61 4.82 4.13
UGC08699 E 0.69 0.78 0.51 0.67 1.61 | 7.81 1.4 0.64
UGC11914 E 0.3 0.63 0.74 0.8 6.11 100 1.68 431
UGC06786 E 0.39 0.8 0.55 0.75 433 | 26.14 2.28 2.2
NGC1090 S 0.54 0.47 0.55 0.5 1.65 | 4.88 2.85 2.2
NGC2683 S 0.56 0.7 0.54 0.36 1.88 | 4.18 0.69 0.84
NGC2841 S 0.78 0.8 0.79 0.8 5.61 | 40.6 1.86 6.08
NGC3769 S 0.33 0.36 0.54 0.5 141 | 2.61 0.91 0.56
NGC2955 S 0.32 0.31 0.56 0.73 4.69 | 23.23 4.89 3.25
NGC4013 S 0.3 0.42 0.37 0.76 253 | 7.33 2.38 1.35
NGC3198 S 0.54 0.55 - - 1.86 | 4.57 1.37 3.98
NGC5005 S 0.46 0.5 0.35 0.49 3.68 | 38.39 0.13 0.05
NGC6195 S 0.31 0.31 0.56 0.64 4.16 | 15.27 2.17 2.21
NGC7331 S 0.3 0.36 0.36 0.36 3.61 | 20.07 2 0.75
UGC12506 S 0.79 0.79 - - 4.4 | 19.69 3.74 1.58
UGC11455 S 0.41 0.4 - - 5.09 | 31.32 4.16 5.51
UGC09037 S 0.3 0.3 - - 1.83 | 3.09 3.18 5.81
UGCO07151 S 0.78 0.65 - - 039 | 043 2.39 2.23
UGC06983 S 0.79 0.73 - - 1.09 | 1.96 2.42 0.58
NGC4559 S 0.41 0.33 - - 0.7 2.31 1.02 0.22
NGC4100 S 0.63 0.72 - - 1.89 | 5.09 2.11 1.16
NGC4088 S 0.31 0.31 - - 1.62 | 4.86 1.1 0.5
NGC4085 S 0.32 0.31 0.54 0.53 1.13 | 7.28 3.05 3.51
NGC3972 S 0.68 0.33 - - 1.26 | 7.95 2.01 0.99
NGC3893 S 0.38 0.5 - - 248 | 11.6 0.53 1

NGC2998 S 0.67 0.59 - - 2.53 | 9.86 2.47 2.11
NGCO0100 S 0.32 0.32 - - 1.05 0.9 0.63 2.3
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Continued from the previous page

Galaxy | Type Ya % V| Mgy Xred
Name 74 RGGR) | 1 (NFW) | 7, (RGGR) | 7, (NFW) X2, RGGR) | x2, (NFW)
ESO079* S 0.77 0.32 - - 221 | 1422 3.85 4.46
NGC0289 | S 0.65 0.54 - - 227 | 6.46 1.89 1.78
NGC2976 | S 0.54 0.76 - - 0.93 | 0.02 0.5 1.68
NGC3521 S 0.44 0.51 - - 222 | 17.03 0.76 0.29
NGC3949 | S 0.39 0.39 . - 1.39 | 14.01 0.52 0.19
NGC3953 S 0.75 0.69 X - 0.76 | 2.11 0.55 0.34
NGC3992 | S 0.76 0.78 - - 3.65 | 14.08 1.87 0.63
NGC4051 S 0.64 0.48 . - 031 | 1.67 1.3 0.62
NGC4183 S 0.79 0.68 - - 0.88 | 1.39 1.61 0.16
NGC4157 | S 0.33 0.39 0.5 0.42 229 | 7.93 0.57 0.44
NGC0891 S 0.3 0.35 0.33 0.5 3.13 | 25.01 5.67 5.33
UGC02885 | S 0.56 0.45 0.77 0.79 5.59 | 38.97 0.93 1.54
F583-4 S 0.61 0.4 - ’ 0.48 | 0.32 0.23 0.69
NGC6946 | S 0.44 0.47 0.46 0.5 1.74 | 5.62 1.5 1.5
NGC6503 S 0.41 0.54 - - 117 | 23 5.98 2.57
NGC3917 | S 0.78 0.56 - - 1.27 | 3.31 2.73 433
NGC3726 | S 0.4 0.34 - - 1.57 | 473 2.69 2.37
NGC0024 | S 0.79 0.79 - - 1.05 | 2.69 1.79 2.11
NGC4010 | L 0.36 0.32 - - 1.42 | 351 1.44 2.67
NGC0300 | L 0.69 0.32 - - 0.74 | 1.48 0.76 0.97
UGC04278 | L 0.79 0.33 - - 075 | 0.7 3.46 3.82
UGC05721 | L 0.76 0.78 - - 071 | 1.73 2.26 3.31
NGC7793 | L 0.64 0.57 - - 0.53 | 1.24 0.64 0.84
UGC06446 | L 0.79 0.73 - = 0.77 | 0.94 434 0.35
UGC07603 | L 0.37 0.4 - - 048 | 0.7 0.61 1.23
UGC06930 | L 0.77 0.54 - . 0.84 | 145 1.54 0.23
UGC08550 | L 0.79 0.67 - - 03 | 027 3.87 0.55
UGC12732 | L 0.79 0.35 - - 0.89 | 0.9 5.93 0.67
UGC11557 | L 0.35 0.35 - - 0.38 | 0.15 0.84 23
UGC08490 | L 0.78 0.79 - - 0.61 | 0.87 0.54 1.39
UGC07089 | L 0.45 0.36 - - 0.51 | 0.26 0.13 2.63
UGC07261 | L 0.68 0.63 - - 0.59 | 0.57 0.92 0.12
UGC07323 | L 0.6 0.35 - - 0.56 | 0.57 0.21 2.86
UGC07399 | L 0.75 0.76 - - 121 | 7.96 2.64 3.01
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Continued from the previous page

Galaxy | Type Ya Y V| Mo 224
Name % (RGGR) | 77 (NFW) | %, (RGGR) | %, (NFW) %24 RGGR) | x2, (NFW)
UGC06399 | L 0.73 0.38 - - 071 | L12 0.51 0.94
UGC06917 | L 0.75 0.35 - - 0.94 | 251 1.63 0.61
UGC05986 | L 0.39 0.54 - - 1.79 | 4.8 1.02 5.1
UGC04499 | L 0.76 0.34 - - 0.39 | 0.44 1.89 1.39
ESOl16* | L 0.66 0.42 - - 0.9 | 3.26 1.88 2.21
F568-V1 L 0.75 0.65 - - 1.18 | 6.02 1.98 0.57
F571-V1 L 0.77 0.53 - - 2.12 | 0.61 2.39 0.86
F574-1 L 0.67 0.49 - - 0.54 | 1.49 0.41 1.67
UGC05750 | L 0.78 0.61 - - 1.21 | 0.15 3.61 3.05
UGC10310 | L 0.75 0.63 - - 0.53 | 0.33 1.05 0.49
UGC07524 | L 0.76 0.38 - - 0.5 | 051 2.03 2.62
UGC07125 | L 0.79 0.34 - - 0.64 | 0.18 5.69 3.17
UGC06818 | L 0.79 0.34 - - 0.33 | 0.23 2.88 5.69
UGC06923 | SB 0.48 0.38 - - 0.49 | 0.97 0.77 0.82
UGC07559 | SB 0.46 0.39 - - 0.12 | 0.02 0.3 1.61
UGC07690 | SB 0.71 0.71 - - 0.25 | 0.17 0.38 0.46
UGC07866 | SB 0.56 0.38 - - 0.12 | 0.11 0.21 4.09
UGC05414 | SB 0.5 0.37 - - 0.36 | 0.19 0.08 4.45
UGC05829 | SB 0.77 0.44 - - 0.37 | 0.16 2.14 1.32
NGC4068 | SB 0.41 0.39 - - 0.12 | 0.02 0.23 3.41
NGC3741 | SB 0.73 0.37 - - 0.3 | 0.11 2.62 4.72
ESO444* | SB 0.66 0.4 - - 0.32 | 0.75 1.08 0.68
UGC05918 | SB 0.72 0.37 - - 0.32 | 0.09 1.65 0.46
F565-V2 | SB 0.66 0.44 - - 0.61 | 0.68 0.9 1.23
UGC09992 | SB 0.56 0.46 - - 0.13 | 0.03 0.56 0.22
NGC2915 | SB 0.74 0.37 - - 2.96 | 1.36 2.03 1.09
UGC05005 | SB 0.62 0.41 - - 0.62 | 0.69 0.19 242
UGCA444 | SB 0.7 0.44 - - 0.1 | 0.03 0.81 0.77
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Chapter 5

Probing modified gravity with
Yukawa-like potential from SPARC

galaxies

5.1 Introduction

In the present chapter, we look into a phenomenological model, namely, Yukawa Modified
Gravity (YMOG). The motivation for the gravity model comes from the work done in [[83) 154,
161], which suggests that a solution to the modified Poisson equation introduces a Yukawa-like
correction to the Newtonian potential. Such a Yukawa-like nature is vastly found in many al-
ternative gravity models, such as the f(R) gravity model, STVG model, and Horndeski gravity
model. The weak-field potential for the gravity model is dependent on the coupling () and

scale (A) parameter that is constrained from the observations.

Such a gravity model has been extensively studied in the literature with and without DM. For
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the present analysis, we aim to probe the consistency of the YMOG model for a large collection
of galaxies present in SPARC. For this, we constrain the model parameters 3 and A globally for
a group of galaxies selected based on their morphological type, i.e., early, spiral, and late-type.
The motivation for such a division is to inspect the dependence of the model parameters (8, 1)
with the acceleration (mass) scale of the galaxy, with the early type having a larger mass when
compared with the late type. To constrain the model parameters belonging to the fifth force
globally, we use a Bayesian technique, using a Python package emcee. Similar to the RGGR
analysis, we impose criteria, i.e., i > 30° and Q < 3, for selecting the SPARC galaxies. To
ensure the convergence of the emcee chain [200] and due to the computational limitation, we
choose a maximum of 10 galaxies to analyze in a group. In addition to the global parameters,
the gravity model also includes mass-to-light ratio and DM model free parameters that are con-

strained independently for each galaxy within the group.

Using the free parameters constrained by the RC analysis, we further analyze two empirical
relations established from the SPARC catalog, i.e., RAR [94] and BTFR [143, 234]. RAR
shows that the baryonic and observational acceleration for the SPARC galaxies follows a par-
ticular scale-dependent relation. Similarly, BTFR states a power law relation between the bary-
onic mass and velocity measured at the flat region of the RC. Both the empirical relations are
constrained from the observational data irrespective of the underlying gravity model and are
discussed in detail in Sec[I.1.3]in Chapter[I} Thus, comparing the RAR and BTFR in the MOG
framework with the observational one helps to check the consistency of the model further. An
additional test performed on the YMOG model includes a comparison with the observational
normalized additional velocity (NAV). The methodology for NAV analysis as proposed in [99]
studies the difference between the net circular velocity and the baryonic components of the
galaxy. For the present analysis, the circular velocity will have a contribution from the YMOG
model. We also compare the YMOG model with an alternative scenario where 8 =0, i.e., a
purely DM model. To claim the favorability of one model over another, we use Bayesian Infer-
ence Criteria (BIC) [201]. Furthermore, we also measure and compare the average goodness of

fit for a group of galaxies.

The chapter is organized as follows. Secl5.2] discusses the alternative gravity model that is

looked into. Sec[5.3] mentions the galaxy catalog and the empirical relations along with NAV
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that are studied to constrain the parameters and check the consistency of the gravity model. The
next Secl5.4] specifies the technique applied to constrain the global as well as local parameters
of the model. In the following Sec[5.5] we discuss the results of our analysis with RC and the
three SPARC relations (RAR, BTFR, & NAV).

5.2 Yukawa Modified gravity model (YMOG)

The phenomenological gravity model that is looked into introduces a Yukawa-like correction to
the Newtonian potential that influences the kinematics on the galactic scale. In contrast to the
RGGR model, where the presence of DM is completely neglected, our study is in line with work
done by [83]], where it was shown that an attractive coupling between the DM and the Yukawa
potential consistently explains the kinematics of spiral galaxies. Thus, the net gravitational

potential in this formalism becomes [237]]
Y= cI)gas + Pyisk + q)bulge + $pm + q)mg‘ (5.1)

where @gas, Pyisk, Phulge 18 the potential from the baryonic components, i.e., gas, disk, and bulge
parts of the galaxy, respectively. These three components together constitute the Newtonian
contribution (®y) from the baryonic matter. The ®py and Py, are the contributions from the
DM and modified gravity, respectively. The Newtonian potential (@) due to baryonic matter is

expressed as,

on(r) =G [PlD) s (5.2)
[r=r]

here, ppar(7’) is the density, which incorporates the matter distribution of the baryonic compo-

nents. A similar Newtonian contribution arises from the choice of DM profile,

pom(r’)

=7

Opy(F) = -G ar, (5.3)
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where ppy is the density profile for the DM distribution. In addition to the Newtonian potential,

there is a contribution due to the Yukawa-like fifth force expressed as

Pme(7) = —G / pDM Ty, (5.4)

where [ is the coupling constant for the fifth-force interaction with the DM component, which
can be either attractive or repulsive depending on the positive or negative sign, and A is the
range of the fifth-force. Clearly, the fifth force is coupled only to the DM contribution. The
motivation for such an assumption is the smallness of the coupling parameter between baryon-
baryon interaction as determined from the local gravity experiments [[153]] as discussed in detail
in Sec[1.2.2]in Chapter[l] In particular, these model parameters A and 3, associated with the
fifth force, are constrained by comparing the predicted net velocity (v, = \/@) with the ob-

servational RC.

For the choice of the DM density profile, we select the well-known NFW profile as discussed
in Sec[I.2.4] The NFW profile has the following form [36]

Ps
r/rs(14r/rs)?

pom(r) =

where pg and rg are the characteristic density and scale radius for the NFW halo, respectively.
For the galaxy-sized halos, we utilize the following assumption to relate the concentration pa-
rameter (c) with the virial mass My [83) [196]. Given the density profile for the DM, the
velocity contributions from these additional components, i.e., dark matter (vpy;) and modified

gravity (vimg), becomes
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Vmg = r {r—l—rs Texp A rs !
. rs+r rs+r rs+r r
Ez(— 1 )+exp(— 1 )—l—exp(— 7 )(H_I)
2rs . rs . (Ts r+rs
{ex”<7>E’<_I)+E’<I)_E’< P )1} (5:3)

Due to the linearity of the total potential (Eq/5.1)), the analytical expression for the total circular

velocity (v.) is expressed as [237]],

vg(r) = ]vgas(r)|\vgas(r)| + ’ydvéisk(r) + %Vtz)ulge(r) + VIZDM(r) P vrzng(r)7 (56)

here, vgisk, Vbulge, and vgas are the velocities for the stellar disk, bulge, and gas components of
the galaxy for a given radius, respectively. Also, ¥y and ), are the stellar mass-to-light ratio of
disk and bulge components, respectively. The parameter M;qy corresponds to the virial mass
for a NFW halo. Apart from these three local parameters (3,1, M2oo) specific to the galaxy in
question, v, also depends on the global parameters related to the fifth force (8, A) through vy,e.
The velocity corresponding to the baryonic components for a given galaxy is obtained from
the SPARC catalog. Our analysis aims to constrain these model parameters using the Bayesian
technique by comparing the model predictions with the observational data from the SPARC

catalog.

5.3 Observational Data: SPARC

The consistency of the RC in the MOG framework is tested by comparing it with the observa-
tional data from the SPARC catalog. However, contrary to the individual study for the RGGR
model (Secf4.3), the YMOG aims to study a more general global analysis. The net velocity
experienced by an object within the galaxy in the YMOG framework is expressed using Eq/5.6|
The SPARC data contains the radial velocity contribution from the baryonic contribution, i.e.,
disk (vgisk), bulge (Vpuige), and gas (vgqs). The velocity for the two baryonic components, i.e.,
disk and bulge, is scaled by a constant mass to light parameter 7, ¥, respectively. The sum

of the first three terms in Eq is the baryonic contribution represented as V12v in our analysis.
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Also, the parameters 6 and A corresponding to the fifth force are treated globally for a set of
galaxies. Thus, in the YMOG analysis, we utilize the morphological division of the SPARC to
categorize and group galaxies. Hence, the galaxies belonging to the 3 morphological divisions,
i.e., early, spiral, and late-type, are grouped such that f and A are global for each type. How-
ever, the remaining parameters (g, %, M>oo) are constrained independently (locally) for each

galaxy within the set.

We additionally probe two model-independent relations from the SPARC, i.e., RAR and BTFR,
using the best-fit parameters (global and local) obtained from the RC analysis of the selected

galaxies. RAR relates the observed and the baryonic acceleration for the SPARC galaxies as,

— abar (R) : 3 _
(aobs (R) = P Ty ), where a, is the acceleration scale parameter and has best-fit
value a, = 1.2 x 10719 ms—2. For the YMOG scenario, the observed acceleration, in addition
to the baryonic content, has a contribution from DM and DM-coupled fifth force. Thus, the net
observed acceleration becomes

amg(R) = = + (5.7

The best-fit value of the model parameters, present in the definition of velocity contribution, is
constrained from the Bayesian RC analysis for a set of galaxies belonging to a given morpho-
logical type. To test the consistency of the model, we compare the net acceleration obtained in
the MOG scenario (Eq[5.7) with the observed relation. Similar to the discussion in the previous

chapter, the baryonic acceleration (ap,,) is the sum of the disk, bulge, and gas contribution.

A similar empirical relation determined from the observational data is BTFR, which compares
the baryonic mass of a SPRAC galaxy with the velocity measured in the flat part of the RC.
The relation M, o< Vj’f return the slope x as 4 for the 153 SPARC galaxies. In the alternative
gravity model, such as RGGR discussed in the previous Chaptefd] the slope (x) evaluated for the
qualifying 93 galaxies is 3.42 and is consistent with the observational measurements. Similarly,
in the present Chapter, we study the BTFR corresponding to the YMOG scenario such that the
flat velocity on the galactic scales is measured at r = 3.2r R, using Eq[5.6] Also, Mp,, is the

baryonic mass (disk, bulge, and gas) for a galaxy as specified in the SPARC catalog.
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NAV: To further validate the consistency of the MOG model, we examine the normalized
additional velocity (NAV) for the RC fit parameters with the morphological division of the
catalog. NAV focuses on the radial variation of the normalized additional component, which

explains the missing mass of the galaxy and is defined as,

Av? (Fn¥max)

2 _
6V (rn) - sz(rmax) 9

(5.8)
where r, = r/rmax is the normalized radius with rp,x being the maximum distance at which
observational data is recorded. This ensures that the normalized radius r, lies within [0, 1]. For
the observational data from SPARC, Av?(r) = v2, (r) — v, (r) measures the radial variation of

the inadequacy of the baryonic components (vpy (7)) to explain the observed circular velocity

(Vobs(r))-

For the modified gravity model, Av? is the difference between the squares of the net circular
velocity from the model (v.) and the baryonic part (vpae). This results Av having contributions
from the DM (vpm(r)) and the modified gravity (vimg(r)) velocity components. Using the con-
strained model parameters, both the local and global ones, we aim to check the consistency of

the observed NAV for the modified gravity model.

The above-mentioned empirical relations are derived purely from observational data having
no dependence on the underlying gravity model. Thus, if the present mixed gravity model is
consistent in explaining the RC of the galaxy, the phenomenological study must also be com-
patible with the relations mentioned above. This requires constraints on the model parameters
computed from the RC fit for the sample of galaxies. In this chapter, we constrain the model
parameters globally for a set of galaxies grouped based on their morphological type. Addition-
ally, we also check the compatibility of a global parameter using the empirical relations that are

fixed for all the selected galaxies from SPARC [83]].
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5.4 Methodology

To study the SPARC galaxies in the MOG framework, we aim to group galaxies based on their
morphological types and constrain the model parameters, which include both the global (8, 1)
and local (;, %, M2oo). In a given set, the global parameters are assumed to be constant for all
the galaxies, whereas the local parameters are varied independently for each galaxy selected for

the analysis.

To sample the parameter space for our choice of MOG model, we use a Bayesian technique,
i.e., Markov Chain Monte Carlo package in Python [200] also discussed in Chapterfd] Similar
to the RGGR analysis, assuming that the errors in the observed RC data follow the Gaussian

distribution, the likelihood for each galaxy takes the following form

2
2(0;,B,4) = (2m) =N/ {II—VIG_I} Xexp{_%i (Vobs,j(ri) —Vc("i,ej»ﬁ,?t)) } (5.9
i=1

i=1 o(ri)

here 6 j = {4, ¥»,M>00} Which varies with every galaxy, and 8, A are the global parameters for
the given set of morphological type. Also, N is the number of observational data points for each
galaxy, and o (r;) is the error on the observational velocity. For a set of j galaxies, vop,, ()
represents the observed velocity of the j-th galaxy at radius ;. Also, vc(r;,0,B,1) is the net
velocity, which includes the contribution from both DM and its coupling to the Yukawa model
as given by Eq[5.6] As the observational data measurements are independent for each galaxy,

the total likelihood for a group of N, galaxies can be defined as

Ng
Z(0;,8.4) =[1-2i(6;.8,1) (5.10)
j=1
where 6 = 01,...., 0y, is a set of local parameters constrained independently for each set of

Ny galaxies.

The sampler also depends on priors set on each free parameter, i.e., P(6). In our analysis,

similar to [83], we assume uniform flat priors for the parameter space. The stellar mass-to-light
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ratio for disk and bulge are assumed to vary in the range of 0.3 < 7; < 0.8 and 0.3 < 9, < 0.8
[198]. The additional local DM parameter is assumed to lie within 10° < My /M, < 10'3.
Similarly, for the global parameters, —2.0 < 8 < 2.0, A< A /kpc < 100, where A is the aver-

age of the smallest radius for individual galaxies taken in a set.

Additionally, B = 0 in Eq[5.4] corresponds to a standard NFW scenario, where the net velocity
for a galaxy has a contribution only from DM and baryons. Similar to the model comparison
done for the RGGR, we measure the favorability of the chosen MOG with a ACDM model
using Bayesian Information Criteria (BIC). As discussed, BIC for a given model is defined as

[201]
BIC = —2In Ly + 2k(InN), (5.11)

here, k and N are the free parameters and the total number of data points for a set of galaxies,
respectively. Under the assumption that the errors on the observational RC follow a Gaussian
distribution, the first term in Eq 1s xiin. A relative comparison of the MOG model with
the model constituting purely of DM (NFW profile) can be calculated using

ABIC = BIC|_4o— BIC| 5, (5.12)

where B = 0 corresponds to the DM-only model and 8 # 0 represents the model inclusive of
both DM and fifth force. The measure of favorability of the MOG model over NFW is deter-
mined by ABIC being positive. Also, the higher the magnitude, the stronger the preference for

one model over another.

Additionally, measuring the convergence of the emcee chain for a global YMOG analysis re-
mains similar, as discussed in Chapter@ In addition to the hardware limitation, the convergence
test constraints the number of galaxies that can be taken in a sample. Therefore, to ensure we
can run sufficient chains, we sample galaxies based on their morphological types in a maximum

set of 10 galaxies.
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Table 5.1: The global parameters for the set of galaxies belonging to each morphological type
in SPARC. The table compiles the best-fit value for the Yukawa parameters (8, A) for each set
of galaxies. Ng, is the number of galaxies studied collectively for a given set. Additionally,
Npar and Nya, are the number of parameters constrained and data points for the galaxies. The
goodness of fit measured for two scenarios, i.e., MOG and NFW, is represented via sze 4 1n the
table. The favorability of the MOG model in comparison to the NFW is quantified using the
positive value of the ABIC. The global parameters for the set of galaxies belonging to each
morphological type in SPARC. The table compiles the best-fit value for the Yukawa parameters
(B, A) for each set of galaxies. Ngq is the number of galaxies studied collectively for a given set.
Additionally, Npar and Ngae, are the number of parameters constrained and data points for the
galaxies. The goodness of fit measured for two scenarios, i.e., MOG and NFW, is represented
via szed in the table. The favorability of the MOG model in comparison to the NFW is quantified

using the positive value of the ABIC.

Yukawa parameters
Morphology B A (kpc) | Npar | Naawa | X24(MOG) | x2,(NFW) | ABIC
Early-type | 1.15%}}y 29.55%72. | 32 | 292 0.66 3.55 426.17
Spiral | 0.45%0% 8.49237. | 25 | 177 0.63 0.79 24.96
LD 0.49%0%¢  3.6618%, | 22 | 163 0.66 1.03 45.72

5.5 Results

The phenomenological task of fitting the model parameters utilizes the SPARC RC data. The
SPARC contains RC data for different kinds of galaxies. Using the morphological divisions, we
fit the global parameters 8 and A corresponding to the fifth force for a given type. Additional
local parameters, i.e., ¥4, %, and Mo are modeled independently for each galaxy in the sample.
This study gives an estimate of the divergence of the global value for the Yukawa parameters
[83] from the morphology-specific study. The consistency of the YMOG with the observational
RC is measured using the goodness of fit. Additionally, the favorability of the gravity model
is computed using ABIC, which measures the difference in BIC between two models, i.e., pure
DM (B = 0) and DM with the fifth force (B # 0). We also analyze the empirical relations,
such as RAR and BTFR, for the selected galaxies. Additionally, we study the NAV analysis
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Figure 5.1: The plot shows the 26 marginalised posterior of the global parameters 8 and A for
the set of galaxies belonging to 3 morphologies. The gray contour represents the collection of
early-type galaxies. Similarly, the yellow and blue posterior distribution belongs to the set of

spiral and late-type galaxies.

for the selected galaxies in the YMOG framework by comparing it with the observational NAV

computed from the SPARC catalog.

RC analysis

To test the MOG model against the SPARC observations, we focus on 3 morphological types,
i.e., early, spiral, and late-type. For each group, the galaxies are selected from the eligible 153
galaxies based on SPARC selection criteria . Additionally, to ensure that the convergence

of the emcee chain is achieved, we sample a maximum of 10 galaxies for the likelihood analysis.
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Figure 5.2: The net velocity contribution of NGC7814 in MOG framework. The gray points
with error bars are the observational data points. The gray dotted line is the observed contribu-
tion from the gaseous component scaled by 7;. Similarly, the dashed-dotted and dashed lines
are the baryonic contributions from disk and gas, respectively. The green dots with error bars

are the residuals with the best-fit value for the parameters.

Early-type galaxy

The early-type galaxies are characterized by a prominent bulge at the center with tightly woven
spiral arms. Such galactic systems are known to have older stellar distributions with large den-
sities and, thus, are known to lie at the higher end with respect to baryonic mass. We selected
9 early-type objects from the eligible SPARC galaxies. Our analysis constrains the model pa-
rameters, both local (}5, ¥, M2go) and global (B, A) ones. Using the sampler, the best-fit values
for B and A, along with the 10 error estimates evaluated from the credible intervals, are found
to be 1.15f8:(1)$ and 29.551?:;2 kpc, respectively. The positive value for B shows that the cou-
pling of Yukawa potential with the fifth force is attractive in nature. The large value of the scale
parameter implies the large size of the early-type galaxies. Additionally, the parameters ¥y, 1,

and My are constrained independently for each galaxy. The goodness of fit evaluated for each
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galaxy within the sample shows that the YMOG model is consistent with the observed RC. We
compile the global parameters (8, A) for the set of early-type galaxies in Table[5.1} The table
also shows the mean xrzed for the YMOG is 0.66 for this set of galaxies. Similarly, the mean
goodness of fit for the set of 9 galaxies in the NFW model is 3.55. The table also mentions the
number of galaxies (Ng,1), the number of model parameters (Npar), and the total number of data
points (Ngata ) studied collectively for a given set. The last column mentions the relative ABIC
computed for the two models. It is positive and large (426.17) for the early-type galaxies, hint-
ing towards the favorability of the YMOG scenario compared to the pure DM model. The 1o
and 20 marginalized distributions of the global parameters 3 and A are represented in Fig/5.1]

by the pink contours.

For reference, we show the plot for a single early-type galaxy, i.e., NGC7814, in Fig[5.2] The
SPARC observed RC data with errors are shown by gray data points. The gray thin continuous
line is the observed contribution from the disk component scaled by ;. Similarly, the dashed-
dotted and dashed lines are the baryonic contributions from disk and gas, respectively. The
YMOG best-fit values for the local parameters, i.e., %3, %, and Mppy X 1()”M@, are 0.71f8:??,
0.57f8:8§, 5.20‘:8132, respectively. The B and A are taken to be the ones from the Tablel5.1

Substituting the global and local best-fit values in Eq[5.6] the net velocity contribution for the
modified gravity framework is shown by a solid black line. The measured goodness of fit using
the YMOG-constrained parameters is 0.41. The green dots with error bars are the residuals with
the best-fit value for the YMOG parameters, indicating a satisfactory fit. The plot also shows
the velocity for the pure DM contribution, i.e., B = 0 scenario. The best-fit parameters obtained
are Y4, Yo, Maoo X 10" as O.77J_r8:8421, 0.67f8:8§ and 24.54ﬂ:8;, respectively. It is to be noted that
as the contribution from YMOG is switched off, the required DM density to explain observed
circular velocity increases. This is also reflected in the increase in the magnitude of M>gg. The
net contribution obtained for the NFW model is shown via the red dotted line in Fig[5.2] The
measured szed for the scenario is 1.17, which, although still consistent, is larger than the YMOG

model.
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Figure 5.3: The RC for spiral galaxy NGC2683 in MOG framework. The gray dots with error
bars represent the observational SPARC data [120]. The solid black line is the net contribution
from the analytical MOG model obtained by substituting the best-fit parameter. The grey lines
represent the baryonic components of the galaxy as discussed in Fig[5.2] The green dots are the

measured residuals.

Spiral galaxy

Unlike the early type, spiral galaxies have smaller bulges and loosely wound spiral arms, con-
taining a large amount of dust and gas. The collection in SPARC contains a large number
of unbarred spiral galaxies. For our analysis, we selected random sets of about 10 galaxies
to ensure the convergence of the sampler. For the set reported here, we consider 10 random
galaxies and the best-fit value for the global parameters § and A are found to be 0.45Jj8:83 and
8.491%% kpc, respectively. Note the smaller scale parameter consistent with the size of the
typical spiral galaxies compared to the early type ones. Similar analysis with the other sets also
resulted in A of the same order. Table[5.1] compiles the parameters for this typical set of spiral
galaxies. The average szed calculated for YMOG is 0.63, showing a slight preference for this
modified gravity model compared to average NFW with xrzed =0.79. The 10 and 20 marginal-

ized distributions of the global parameters 8 and A for this set are shown in Fig[5.1] by the
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Figure 5.4: The RC for spiral galaxy NGC2683 in MOG framework. The gray dots with error
bars represent the observational SPARC data [[120]. The solid black line is the net contribution
from the analytical MOG model obtained by substituting the best-fit parameter. The gray lines
represent the baryonic components of the galaxy as discussed in Figl5.2] The green dots are the

measured residuals.

yellow contours Fig[5.1] Clearly, the early type and the spiral galaxies, with their morphology
differences, prefer very different model parameters for the YMOG.

To illustrate the fitting of the model, we plot the RC (gray data points) for a single spiral
galaxy viz. NGC2683 in Fig[5.4] The black solid line is the net contribution from the choice
of the modified gravity model. The best-fit values for the local parameters are ¥y = 0.62f8:82,
% = 0.52101% and Mago x 10" M, = 3.8110 10 with the A, taken from table [5.1| spiral set.
The measured szed for the scenario gives 0.72. The baryonic contribution of the galaxy is rep-
resented via the gray lines and follows a similar convention as Fig. [5.2] Additionally, the plot
shows the residual measured for the galaxy using green data points. The figure compares the
YMOG with the NFW model and is shown using a red dotted line in Figl5.4, For the NFW
model, the best-fit parameters (¥4, Y, M2oo X 10! (M.)) obtained are 0.69(18%03, ().49%?1 4 and

4.16{{720 with xrzed as 0.86. A comparison of the goodness of fit for the models shows that the
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Figure 5.5: The plot shows the RC of Late-type dwarf galaxy F568-V1. The gray dots with
error bars represent the observational SPARC data [120]. The black solid line shows the net
velocity obtained with the constrained parameter in the MOG model. The gray lines represent
the baryonic contribution of the galaxy, as discussed previously. The gray and green data points

in the plot show the observational data and residual data, respectively.

Yukawa model fits the data slightly better than the DM model. To state the favorability quan-
titatively, we show the ABIC in Table[5.1] The ABIC measured for the spiral galaxy set has a
positive magnitude, implying that the YMOG model is favored more than the NFW model.

Late-type dwarf galaxy

The late-type morphology includes galaxies with no visible bulge present and containing loosely
wound spiral arms. Such galaxies have a comparatively large gas content dispersed and, thus,
high star formation activity. Thus, similar to the other two morphological types, we discuss a set
of 10 galaxies to study the YMOG model. Using the emcee sampler, we constrain the global and
local model parameters. The best-fit value for f and A is 3.66&8.]92, 0.49(1‘8_908 kpc, respectively
and are mentioned in the Table[5.1] Similar to the early and spiral galaxies, the value for the

coupling parameter (f3) is positive, which shows the attractive nature of the Yukawa force. The
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10 and 20 marginalized distribution of the free parameters 8 and A are shown in Fig[5.1]by the
green contours. The late-type ones show contours similar to those of the spirals. However, the
model parameter difference from the early types remains significant. In Fig[5.5] we plot the RC
for a single late-type dwarf galaxy F568-V1 from the set. The constrained local mass model pa-
rameters for baryonic () and DM components (Mg X 10! (M) are 0.58(1(1).518 and 3.259(8)_673,
respectively. The 8 and A values are the global values for the set from Tabl5.1] The evaluated
szed obtained for these best fit YMOG parameters is 0.21. The black solid line shows the net
velocity contribution, including DM and the fifth force. The gray dots with error bars are the
observational data points mentioned in SPARC. The gray lines show the baryonic contribution
of the galaxy and follow a similar convention to other morphological types. The dotted red line
is the net velocity contribution from the pure DM (NFW) model. The best-fit value obtained
using the sampler for the NFW case gives (¥4, T.M200 X 10" (M)) as 0.77‘18_204, 0.6798_303,
5.29&?.707 with xrzed 1s 0.52. The plot also shows the residual evaluated from the observational
and analytical velocity, represented by the green points. The measured relative BIC between the

two models has a large positive magnitude, signifying that the YMOG model is preferred over

the pure NFW DM scenario.

This morphology-based RC analysis for the YMOG is best summarized in Figl5.1] Clearly,
galaxies with similar scale values have overlapping contours. However, the larger early-type
galaxies create tension due to vast size differences from the other two kinds. We found this
tension resulting in non-convergence of best-fit analysis when samples are created with equal
representation of each kind. As computational bounds did not let the sample size go beyond 10
objects in one set, a proper global analysis remains elusive. However, we also find that giving
more significant weight to one kind, like sets consisting of spiral galaxies, yields convergence

and results in best-fit values similar to the spiral ones [83].

Empirical relations and NAV

Using the best-fit parameters constrained from the RC analysis, we aim to check the consistency
of the model-independent empirical relation, i.e., RAR and BTFR. We also verify the fit with

an additional NAV analysis and compare it with the observational relation. Assuming that the
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Figure 5.6: The plot shows the RAR measured for the selected SPARC galaxies in the MOG
framework. The free parameters of the gravity model (global and local) are constrained using
RC. The black solid line is the observational RAR evaluated from the observational data [[120].
The galaxies belonging to different morphology are color-coded with green representing the
RAR for early-type in the YMOG scenario. Similarly, gray and purple data points are the RAR

shown for spiral and late-type galaxies, respectively.

modified gravity influences the galactic kinematics, we compare the YMOG-modified empirical

relations with the observational RAR and BTFR.

RAR: The observational RAR for the 153 SPARC galaxies is shown by the solid black line in
Fig[5.6] To evaluate the RAR in the YMOG framework, we estimate the net acceleration by the
Eq[5.7 where the last term contains the contribution from the Yukawa model. For 8 and A, we
use the values from the morphological fits in Table[5.1] Additionally, the local parameters, i.e.,
Ya> Y and M»qq are constrained individually for the galaxies. The mass-to-light ratio for disk and
bulge is fixed to be 0.5 for all the galaxies analyzed. The ay,, is the sum of disk, bulge, and gas
acceleration given by Eq[I.6]and is taken from the SPARC [120]. The individual data point in
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Fig[5.6 represents the modified acceleration at a particular radius for all the selected galaxies in
the MOG framework. A comparison of the observational RAR with the corresponding relation
for MOG in Fig[5.6] shows that the model is consistent. The residual computed for the 1366
data points for galaxies belonging to different morphological types for MOG is 0.13, similar to
the observational RAR [94]. In total, we use the data from 63 galaxies to construct the RAR
plot in Fig[5.6 We have plotted the galaxies with different morphologies in different colors.
The green, gray, and purple data points represent the early-type, spiral, and late-type galaxies,
respectively. This study, for the first time looking into morphology dependency of the RAR,
reveals that the early types and the spiral galaxies follow the RAR to a much larger degree than
the late dwarfs. This behavior of the late-type galaxies might be linked to their smaller scale
length and, hence, limited data points in these objects. This calls for a detailed analysis beyond

the scope of this discussion.

BTFR: In the second empirical relation, BTFR, we compare the baryonic mass (Mp,;) with
the observed flat velocity (Vy), i.e., Mpyr o< Vi¥(x). A similar relationship can be established for
YMOG, where the flat velocity is measured at 3.2 R, for the modified kinematics. As discussed
earlier, the choice of 3.2 R; ensures that 80% of the mass within the galaxy contributes to the
net velocity evaluated for the MOG model. Substituting the best-fit value for the parameters in
Eql5.6/for at 3.2 R, the V; for the galaxy is estimated and the My, is referred from the catalog.
This data for each galaxy is plotted in Fig[5.7] The individual data points compare the My, with
the V; measured for the YMOG model for each galaxy. To study the morphology dependence,
the early-type, spiral, and late-type galaxies are plotted with green, gray, and purple data points,
respectively. Clearly, the heavier and older galaxies of the early-type and spiral kinds point to
larger baryonic masses and flat velocities. In contrast, the younger late-type galaxies remain on
the lower end of the My, — V; scale.

To estimate the best-fit BTFR parameters (A, x), we constrain the relation,

log(Mp,:) = xlog(Vy) +1log A.

Using the BayesLineFit package, the parameters x and logA are estimated to be 4.72 and 0.38,

respectively. The intrinsic scatter comes out to be 0.31. We also measure the vertical scatter
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Figure 5.7: The BTFR evaluated for the MOG framework. The Mj,, corresponds to the bary-
onic mass, and V; is the flat velocity measured for the MOG model at 3.2 R;. The dots cor-
respond to the Vy measured for each qualifying galaxy, with green points corresponding to
early-type galaxies. Similarly, gray and purple dots represent the spiral and late-tye galaxies.

The black solid line fits the data using the best-fit values evaluated using BayesLinFit.

[143]] for the BTFR,

1 n
o) = \/ - Y [log(Myar) — xlog(Vr) —logAJ?, (5.13)

where 7 is the number of galaxies. The oy for our set of galaxies turns out to be 1.49. Substitut-
ing the best-fit value for the parameters, the BTFR obtained for the MOG model is shown via. a
black solid line in Fig[5.7} The BTFR parameter x from all eligible SPARC galaxies is estimated
to be [143] around 4. Though YMOG for our set of galaxies maintains a BTFR-like relation,
the fit value is much larger (x = 4.72) than expected. This might be due to the limited dataset
and the inefficiencies in the best-fit estimations. Analysis with a larger set of galaxies might

reveal the true behavior. Overall, we do not claim a major breakdown of the BTFR relation for
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Figure 5.8: NAV analysis for the YMOG model. The blue dots represent the measured NAV
for the best-fit parameters in the YMOG analysis. The gray and red lines are the HDR regions
estimated for the YMOG and observational NAV [120], respectively.

the YMOG.

NAV: The expression for NAV in the MOG scenario takes the following form

2 VIZ\IFW(rn Fmax) +Vr2ng(rrl Fmax)
8vymoc(r) = 3 >
Vpw (Fmax) + Ving (rmax)

(5.14)

where r, ranges from [0, 1] and ryax is the maximum radius for a galaxy [99]. For the NAV
analysis, we also look into the sets of galaxies divided based on their morphological types. To
evaluate NAV in the YMOG scenario, we substitute the constrained parameters from the emcee
analysis to evaluate a normalized difference in velocity that comprises the contribution from the
DM and Yukawa models. In the Fig the 8v%,,0(rn) and the corresponding r, for each of
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the data points for all the 63 galaxies in our sets are plotted. Again, the different morphology
types are plotted with different colors, using the same convention of green, gray, and purple

data points representing the early-type, spiral, and late-type galaxies, respectively.

We additionally fit the data to represent the high-density regions (HDR) analogous to the 10
and 20 distribution. The HDR regions obtained in the case of the YMOG model for our sets
are shown via the gray solid lines. The thick and thin gray lines in the figure are analogous
to the 10 and 20 HDR regions, respectively. A comparison of the HDR in YMOG with the
observational NAV expresses the consistency. The plot Fig[5.8|shows the observational 16 and
20 distribution of NAV [99] obtained from the net circular velocity mentioned in SPARC via
the red solid lines. The inner thick red lines are for the observed 1o distribution from all el-
igible SPARC galaxies, and the outer thin red lines are for the observed 2o distribution. The
plot clearly shows that the HDR for YMOG covers the broad spectrum and slightly overlaps
with the observational NAV. Thus, for the limited set of galaxies studied here, the NAV analysis
suggests that YMOG cannot be ruled out, although there is a clear discrepancy in the global

nature of the Yukawa parameters, as discussed above.

5.6 Summary

The present chapter looks into a phenomenological gravity model studying the scenario where
the fifth force is coupled only with the DM component. Our analysis focuses on constraining
the model parameters of the Yukawa potential globally for a set of SPARC galaxies. However,
rather than looking into arbitrary galaxies, we systematically study the problem for groups of
galaxies of the same kind. Our analysis shows that for a given morphological type, a constant
value for B and A is consistent with the observational RC. However, both the model parame-
ters vary for galaxies belonging to different morphological types. In particular, for early and
spiral-type galaxies, it is observed that the coupling parameter 3, although different, follows a
similar trend, i.e., the nature of the fifth force is attractive. The scale length A of these galaxies
are also found to be smaller in comparison to the early types. The larger early-type galaxies are
expected to have longer scale lengths. We also see much larger 8 in comparison to the other

two morphology kinds. This results in tension in the best-fit analysis when samples are created
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with equal representation of each kind of galaxy, eventually leading to the non-convergence of
the Monte Carlo chain. Thus, the phenomenological study of RC in this paper suggests that it

is difficult to converge towards a global value for all the SPARC galaxies.

We additionally verify the claim for the non-global nature of the Yukawa parameters by prob-
ing into empirical relations such as RAR and BTFR. We perform these tests using the Yukawa
parameters from the morphological study. The YMOG is found to maintain both the empirical
relations broadly. We further extend the analysis by checking the NAV for the galaxies in ques-
tion. The HDR from the SPARC observed NAV overlaps with the HDR from our selected set
of galaxies. Thus, the YMOG model parameters extracted solely from the RC analysis satisfies
the empirical relations. We also look into the distribution of the galaxy morphology in these
empirical relations. These analyses show the different behavior of the different morphologies.
Specific kinds of galaxies crowd in specific areas of the empirical relation parameter space.

This nature is not yet well understood and needs more detailed analysis.

In summary, our analysis shows that a mixed scenario incorporating both DM and fifth force
disfavors the kinematics study for an accurate global analysis. The model parameters, i.e.,
and A, fail to converge for a global nature for the SPARC galaxies. The discrepancy may arise
from the choice of the DM coupling with the fifth force. The global nature of the couplings
is the most important characteristic of the YMOG model. However, the tension between the

different morphologies in the likelihood analysis makes realizing such a scenario difficult.
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Chapter 6

Summary and Conclusions

Einstein’s development of GR laid the foundation for our understanding of the Universe.
A key strength of GR lies in its simplicity, as it has no free parameters that require tuning to fit
the observational data. However, GR leaves certain gaps in the understanding of the Universe,
many of which can be addressed through the ACDM or alternative gravity theories. The flexi-
bility offered by such alternative gravity models has its advantages in explaining observational
discrepancies by constraining the parameters. Yet, this very flexibility introduces certain chal-
lenges. The higher number of parameters may improve data fitting, but questions the fundamen-
tal predictive power and universality of the theory. Many alternative gravity models explored
in the present thesis exhibit a scale dependence in the model parameters, which questions the
fundamental nature of the gravity model. Nevertheless, it is important to note that the models
demonstrate consistent behavior when tested against the observational data. Additionally, for
any gravity model to be considered a viable alternative to GR, it must fulfill essential criteria
such as being relativistic, self-consistent and free of any instability. It must also satisfy the grav-
itational dynamics both in strong and weak-field regimes [45}215]]. In this thesis, we focused on
understanding the discrepancies in galactic scales by considering an alternative gravity frame-

work. For this, we employed models that look into the modification from GR to understand the
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observational data. We divided the analysis into two major studies. For the first half of the the-
sis, we probe different spectrums of UDGs, namely, DM-dominated and DM-deficit. In this, we
looked into the kinematics of DM-dominated UDG, namely, DF44, in alternative gravity mod-
els assuming the absence of a DM component. Alternatively, the study also involved looking
into DM-deficit galaxies, i.e., DF2 and DF4, to analyze the VD kinematics in accommodating
alternative gravity models. For the second half of the thesis, we focused on the RC analysis
of rotationally supported galaxies in SPARC by studying two modified gravity models, RGGR
and MOG. Our analysis for both gravity models aimed to check the consistency by comparing
the observational data and constraining the model parameters. Among the alternative gravity
models that are studied, the free parameters of the model may be dependent on the scale of
the system. Though this scale dependence of the phenomenological parameter may question
the fundamental nature of these alternative gravity models, they remain a consistent theory of
gravity. However, for any alternative gravity model to be considered viable, it must satisfy the
consistency criteria, i.e., relativistic, self-consistent, and a complete theory free of ghosts and
instabilities. The theory also requires the ability to explain the gravitational dynamics both in
the strong and weak-field regimes as well, and it should regain a valid Newtonian limit on the
Solar System scales [45, 215]. Thus, the focus of the present thesis was to probe one such
regime, i.e., galactic scales, to understand the behavior of modified kinematics from the chosen

gravity models.

The first part of the thesis looked into UDGs, which are galactic systems dominated by a large
number of globular clusters but having low luminosity. Such galaxies are expected to contain
a large amount of DM and thus become an interesting place to test the consistency of alterna-
tive gravity models. For this, we looked into a DM-dominated UDG (DF44) in the context of
alternative gravity models, i.e., MOND, f(R), and RGGR. Thus, by looking into such UDGs
where the observational VD fits well with the DM scenario helped us to test the consistency of
alternative gravity models. The phenomenology of the modified gravity models in the context
of such UDGs draws a comparison with the DM-dominated scenario. To model the DF44 VD,
we looked into three scenarios for the anisotropy parameter. MOND is considered the refer-
ence model to understand the influence of anisotropy on VD regarding these modified gravity
models. MOND is parameterized by a single acceleration parameter, fixed globally from prior

observations. In the case of f(R), we assumed a general Taylor series expansion of the func-
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tional form about the Minkowskian background. This assumption adds a Yukawa-like term to
the Newtonian potential constrained by free parameters d and A. Additionally, we looked into
the RGGR model, which studies the scale-dependent variation of the gravitational constant.
The weak-field potential obtained for the model has a mass-dependent free parameter V that
is constrained from the observations. These gravity models were also compared with the DM
NFW scenario. The consistency of a gravity model was statistically quantified by xrze 4 analysis.
Additionally, we have evaluated BIC to compare the favorability among different anisotropy

scenarios.

In the case of MOND, a comparison of sze , for the three anisotropy cases showed that a choice
of radial profile fit poorly with the observations. This could also be observed from the differ-
ence in BIC measured between the scenarios. It was also noted that for all three gravity models,
the sze 4 Was slightly improved or remained similar as one moved from isotropic to a constant
anisotropy case. However, the difference in BIC between the two cases (§ = 0 and & = const)
showed that the results were inconclusive to favor one model over the other for MOND and
f(R). Similarly, for the RGGR model, the isotropic model had a slight edge over the tangential
choice of the anisotropy parameter. For the case of the f(R) model, the sze 4 for isotropic versus
& = const case showed that both models fit equally well with the observations of DF44. A small
difference of ABIC between the two scenarios showed that the result was inconclusive to favor a
certain model. However, similar to MOND, the Osipkov-Merritt profile was the least favorable
among the three choices of anisotropy profile. The RGGR model had a single mass-dependent
parameter V. For the isolated RGGR case, the best-fit value obtained for the parameter was
an order less than constrained by the spiral or elliptical galaxies but was consistent with the
mass-dependent claim of the model parameter. Also, similar to the other two gravity models,
the ABIC measured suggested that the radial anisotropy profile was the least favorable among
the three choices for the anisotropy. Finally, in this analysis, we compared our choice of gravity
models with an NFW DM halo model. The comparison of BIC evaluated for each case sug-
gested MOND as a preferred choice. However, the DM model had a slight edge over the f(R)
model, whereas RGGR performed equally well.

Unlike DF44, UDGs, such as DF2 and DF4, which lack DM, pave the path to study modi-

fied gravity models. The kinematics of these UDGs can be explained with normal stellar matter
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without invoking the need for DM. Hence, the phenomenological study of the alternative grav-
ity models is free from the DM properties. In this study, we have analyzed the line of sight
VD for such galaxies for two alternative gravity models, i.e., f(R) gravity (a chosen f(R) form
and a general case) and RGGR gravity. The free parameters of the gravity models were esti-
mated using likelihood analysis. While constraining the model parameters from both UDGs,
we looked into two scenarios, i.e., local and global analysis. For the former choice, to probe the
phenomenology of alternative gravity models, both DF2 and DF4 were treated independently.
Alternatively, as both galaxies have similar mass and size, certain parameters of the gravity
model were assumed to have a global nature. The case of f(R) gravity was studied from two
perspectives. The first gravity model chooses a functional form f(R), which adds a Yukawa-like
term to the Newtonian potential similar to the case of DF44. The second choice takes an effec-
tive power law form for the f(R), which resulted in a radius-dependent power term (o< B) to
the Newtonian potential. Studying the DF2 and DF4 galaxies for the two f(R) local scenarios
showed that the best fit VD curve lies within the 10 region of the observation. Similarly, for
the RGGR model, the free parameter of the model increases in a nearly linear manner with the
mass of the galaxy. Hence, when constrained locally, the free parameter (V) for the two UDGs
was similar and was of the order 10~8 that is consistent with the UDG DF44. The optimized

VD fitted with the free parameters also lay within the 10 range of observations.

Similar to the local case, a phenomenological study was performed for both the UDGs, where
certain parameters of the gravity model were treated globally. In the case of f(R) choice, a
generic model has a coupling parameter that can be global for both galaxies. Similarly, for a
specific choice of f(R) = R", the power-law n was treated to be similar for DF2 and DF4. For
RGGR, the model parameter v studied to vary with the mass linearly was considered a global
parameter for galaxies such as DF2 and DF4. Using a similar technique employed in the local
scenario, the phenomenology study of both gravity models showed a consistent behavior with
the observational VD. Thus, all the alternative gravity models in this discussion were found to
be reasonable while explaining the VD data. The analysis with the choices of alternative grav-
ity theories suggested that these models cannot be ruled out with the present observational data

precision.

In the following chapter, we studied the impact of running G on the kinematics of a collec-
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tion of rotationally supported galaxies compiled in the SPARC catalog. For this, we looked into
four different morphological types of galaxies, viz. early, spiral, late, and starburst contained
within SPARC. We constrained the model parameter v for each galaxy taken from all four mor-
phological types and found that the RGGR consistently fits the observed net circular velocity.
Our statistical analysis probed this consistency for the individual galaxies using the goodness
of fit. From our analysis, we concluded that the RGGR model consistently explained the RC
observations for 93 galaxies. The constrained values for the parameter v for our sample of the
SPARC galaxies lay in the range 107 — 1078 and were consistent with the linear variation of
the masses of the galaxies under consideration. This implies that the older and heavier galaxies
lead to a larger V. Indeed, we found that the parameter V decreases from the older galaxies to

the younger ones.

Using the constrained values of free parameters, we verified the goodness of fit in light of
empirical relations, RAR and BTFR, that are known to be valid for the observational data of
SPARC. In particular, the RAR compared the radial variation of the observed and the baryonic
acceleration. An additional factor comes in the baryonic acceleration due to the RGGR model.
Our analysis found that the RAR in the RGGR framework aligns with the established analytical
relation obtained from previous observations. On a similar note, BTFR compared the bary-
onic mass with the observed flat velocity (V) of a galaxy, suggesting a power law dependence
between them. The exact power law index was found to be sensitive to the choice of the flat
velocity radius. We selected a radius of 3.2R;, which is known to show optimal behavior with
the observations. Our analysis found a tight correlation of the baryonic mass with flat velocity
measured at 3.2R;, which evaluates a small orthogonal scatter of 0.08. The consistent behavior
of both the empirical relations in the context of the RGGR model further solidified the claim in

favor of the gravity models.

Additionally, we compare the RGGR model with a DM scenario, where we assumed the pro-
file to be NFW. Our analysis clearly showed that leaving aside where both the models perform
equally well (ABIC = 0 —2), NFW and RGGR models behaved consistently for almost similar
numbers of galaxies. An important aspect of the RGGR model was that the model parameter
v is dependent on the mass of the gravitating system. Many other alternative gravity models

exhibit dependence of the model parameters on the scale of the system. Though this scale de-
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pendence of the phenomenological parameter may question the fundamental nature of these

alternative gravity models, they remain a consistent theory of gravity.

Following the RGGR study, we looked into a rather global analysis for the SPARC galaxies un-
der the assumption that YMOG governs the dynamics of the galaxies. In this study, we probed
the phenomenological gravity model that introduced a Yukawa-like term to the Newtonian po-
tential. The additional fifth force is coupled only to the DM contribution. Thus, the present
model explored a mixed scenario to probe the galactic kinematics. The model introduced certain
parameters that needed to be constrained from the observations. This includes local parameters
such as mass-to-light ratio (¥, 9») and virial mass (M>go) to model DM halo. Also, the model
additionally contained parameters such as 8 and A that were expected to be global for a galactic
system. For our analysis, we utilized the morphological divisions (early, spiral, and late-type)
to randomly group the galaxies in a maximum set of 10 as allowed by the present computational
capabilities. The model parameters (local and global) were constrained from the observational
RC analysis. From our study, we concluded that there was a clear tension towards the global
nature of the Yukawa parameters when galaxies are grouped morphologically. The early-type
galaxies, having a comparatively larger size and baryonic mass, showed a large magnitude for
the coupling (f3) and scale parameter (A1) in contrast to late-type and starburst. It was also to be

noted that the coupling parameter 8 being positive suggests an attractive nature to the fifth force.

Using the global values for the set of galaxies belonging to a given morphological kind, we
further verified the consistency of the fit parameters using empirical relations such as RAR and
BTFR. For this, we selected 63 SPARC galaxies of different morphological kinds with 8 and A
taken as constrained from the global RC study. Our analysis clearly showed that the RAR and
BTFR, when looked into in the context of YMOG, were consistent in nature. The slope of the
BTFR, although slightly larger (4.72 instead of 4), cannot rule out the model within the scope of
the current analysis. As an additional test, we also compared the model using the NAV analysis
that looked into the radial difference between the observations and the baryonic contribution.
In the context of YMOG, this difference will constitute the contribution from the DM and the
fifth-force term. Thus, a comparison of the observational NAV with the model-dependent NAV
helps to verify the consistency of the model. From our analysis, we conclude that the NAV

in the context of YMOG covered a broad region with a slight overlap with the observational
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one. Thus, we concluded that a morphological analysis of the YMOG model, which was in
sharp contrast to the global claim towards the model parameter, is consistent with the model-

independent relations ( i.e., RAR, BTFR, and NAV).

The thesis has investigated various choices of alternative gravity models to assess their ability
to reproduce galactic dynamics. Our phenomenological analysis has revealed that the selected
gravity models have provided a viable explanation of the galactic kinematics for both the large
set of galaxies in SPARC and selected UDGs. Further support for these models has been estab-
lished by comparing them with competing scenarios and by evaluating their consistency with

empirical relations such as RAR and BTFR, particularly in the case of SPARC dataset.
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