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STVGDA GEODEZIK ZARRACHALARNING TO'QNASHUVI

Annotatsiya. Ushbu maqolada Gravitatsiya nazariyalari doirasida zarralar to‘qnashuvlarini
o‘rganish fazo-vaqt va gravitatsion o‘zaro ta’sirlarning asosiy tabiatiga muhim tushunchalar beradi.
Skalar-Tenzor-Vektor Gravitatsiya (STVG), shuningdek, Modifikatsiyalangan Gravitatsiya (MOG) deb
ham ataladi, Umumiy Nisbiylikni qo‘shimcha skalar va vektor maydonlarini kiritish orqali
kengaytiradi. Ushbu maqola STVG doirasida geodezik zarralar to‘qnashuvlarining dinamikasini
o‘rganadi, skalar va vektor maydonlari tomonidan kiritilgan qo‘shimcha erkinlik darajalarining
ta'siriga e'tibor qaratadi. Biz STVG fazolarida geodezik bo'ylab harakatlanayotgan zarralarning
yo ‘nalishlarini va to ‘qnashuv natijalarini turli dastlabki shartlar va parametrlar giymatlari bilan tahlil
qilamiz. Bizning topilmalarimiz Umumiy Nisbiylikdan muhim farqlarni ko'rsatadi, ayniqsa zarralar
orbitasi va to‘qnashuviar paytidagi energiya taqsimotida Gravitatsiya. Skalar va vektor
maydonlarining mavjudligi, zarralar tomonidan his etiladigan samarali potensialni o°‘zgartirib,
kuchaytirilgan gravitatsion ta'sirlar keltirib chiqaradi.

Kalit so'zlar: Shvartsshild-MOG fazoviy vaqt, GEODEZIK zarrachalar, STVG, ISCO

COLLISION OF GEODESIC PARTICLES IN STVG
Abstract. The study of particle collisions in alternative theories of gravity provides crucial
insights into the fundamental nature of spacetime and gravitational interactions. Scalar-Tensor-Vector
Gravity (STVG), also known as Modified Gravity (MOG), extends General Relativity by incorporating
additional scalar and vector fields. This paper investigates the dynamics of geodesic particle collisions
within the framework of STVG, focusing on the effects of the additional degrees of freedom introduced
by the scalar and vector fields. We analyze the trajectories and collision outcomes of particles moving
along geodesics in STVG spacetimes, considering various initial conditions and parameter values. Our
findings reveal significant deviations from General Relativity, particularly in the behavior of particle
orbits and the energy distributions during collisions. The presence of the scalar and vector fields leads
to enhanced gravitational effects, which modify the effective potential experienced by the particles.
Keywords: Schwarzschild-MOG spacetime, geodesic particles, STVG, ISCO

CTOJIKHOBEHUVE I'EOJE3UYECKHNX YACTUI]L B CTBI'
AHHoTanusa. lV3yueHue CTOJKHOBEHMM 4YacTWl] B a/ibTeDHATHBHBLIX TEOPUSIX TI'paBUTAL[UU
Tpe/OCTaB/sIeT Ba)KHble CBeZileHWssT O (yH/aMeHTa/JbHOM TIpUpOJle TPOCTPAaHCTBa-BpeMEeHU U
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IPaBUTALIMOHHBIX B3aUMO/ieHCTBUM. ['paBUTALIMS C CKa/ISIPHBIMU, TEH30PHBIMU M BeKTOPHBIMU TOJISIMU
(STVG), takke wu3BecTHas Kak MoauduipoBanHas ['paButaimsa (MOG), pacumipsier OO6ryro
OTHOCUTEBHOCTD, BK/IIOUAst IOTIO/THUTE/IbHBIE CKa/ISPHbIe Y BEeKTOPHBIE TIO/IsA. JTa paboTa uccieayer
JVUHAMUKy CTOJIKHOBEHHWM uacTWl] TI0 Teofe3nuyeckuM B pamkax STVG, cocpejorauvBasch Ha
3¢ deKTax JOMOTHUTENbHBIX CTereHel CBOO0/bl, BBOAUMBIX CKaISPHBIMU M BEKTOPHBIMU TOJISIMU. MBI
aHa/M3UpyeM TPaeKTOPUM U pe3y/IbTaThl CTOJKHOBEHWM YaCTHLI, JBWKYIIUXCS T0 Teo/e3uyecKUM B
npoctpaHcTBax STVG, yuuThiBasi pa3/ivuHble HauajbHble YCJIOBUS M 3HaueHHUsi mapameTpoB. Haim
pe3y/abTaThl TIOKa3bIBAIOT 3HauMTesbHble OTK/IOHeHus OT OOieii OTHOCUTENBHOCTH, OCOOEHHO B
TIOBeJIeHUH OPOUT YaCTHIL] U pacripe/ie/ieHu SHePriuu BO BpeMsi CTOJIKHOBeHHUH. Hanmume CKaisipHBIX U
BEKTODHBIX TOJiell TIPUBOAWUT K YCWIEHWIO T'DAaBUTALMOHHBIX 3((}eKTOB, KOTOpbie HW3MEHSFOT
3¢ eKTUBHBIN NOTEHL1al, UCTIbIThIBAEMbIN UaCTUL[AMH.

KmroueBbie cioBa: IlpoctpanctBo-BpeMsi [lBapuimnbaa-MOI', reone3nueckrde 4YaCTULBI,
CTBI', ICKO

INTRODUCTION

The study of geodesic particles is fundamental in the realm of general relativity and theoretical
physics, as it provides insights into the dynamics of objects moving under the influence of gravity
alone, without any non-gravitational forces acting upon them. Geodesics represent the paths of free-
falling particles in curved spacetime, and their behavior is dictated by the geometry of the spacetime
they traverse. In particular, the collision of geodesic particles is of significant interest, especially in the
context of black holes and high-energy astrophysical events. Such collisions can lead to a variety of
phenomena, including the production of gravitational waves, the emission of high-energy radiation, and
the potential formation of exotic states of matter. The dynamics of particle collisions in a curved
spacetime framework often involve intricate mathematical descriptions, as particles can interact in
ways that reveal the underlying structure of spacetime itself. Studying these collisions not only
enhances our understanding of relativistic physics but also informs cosmological models and theories
regarding the early universe. This introduction aims to explore the key principles governing the
collision of geodesic particles, examining the role of curvature, the conservation laws applicable in
such interactions, and the implications of these collisions for our understanding of fundamental
physics.

BASIC EQUATIONS

Here we briefly discuss the dynamical motion of a massive particle around the Schwarzschild-
MOG black hole in STVG. In the Boyer-Lindquist coordinates x*=(t,r,0,¢ ), the spacetime metric is
expressed as

ds’=—fdé+f " dr*+r’d 0 +sin® 6d ¢°)
(1)

where
M2
r2
with M being the total mass of the black hole and a the STVG (MOG) parameter. The spacetime
metric is associated with the following vector potential

f:1—2(1+a)¥+a(1+a)
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Figure. 1: This graph depicts the function f(r) plotted against r on a logarithmic scale. The
different curves represent various values of the parameter «, as indicated in the legend.
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which is regarded as the fifth force acting on a massive particle. The horizon of the Schwarzschild-
MOG black hole is located at

+i=M (1+a+y/1+a)i
H

which is always greater than the Schwarzschild radius for positive values of the « parameter.
According to STVG theory, a massive particle does not follow a geodesic line. Therefore, the
equation of motion, or the four-acceleration, of a test particle of mass m in Schwarzschild-MOG
spacetime is defined as
u_Du"

wh= =gmB'u’
dS q \4

(2)

u
where u” :dd_x is the four-velocity of the particle, normalized such that u"u,=—1 and orthogonal to
s

the fouracceleration, i.e., u"w,=0. The term B,=0"®,—0,®" is an anti-symmetric tensor, and the

coupling constant is defined as g=km=+/am, which means the MOG parameter a should always be
positive, i.e., a >0.
From equation (2), we see that massive particles do not follow geodesic lines in this theory[9-
10]. Due to the symmetry of the spacetime, there are two constants of motion, namely specific energy
and specific angular momentum, i.e.,
E=fi and L=rsin’ ¢
For simplicity, considering circular motion of the massive particle in the equatorial plane (i.e.,

6 5 ), and using normalization of the four-velocity, the equation for radial motion in Schwarzschild-

MOG spacetime yields
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where the effective potential V*(r) is defined as
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The concept of the effective potential serves as an invaluable tool for gaining insights into the
trajectories of test particles in the vicinity of black holes. It is well-known that a stationary point of the
effective potential corresponds to the position of the so-called innermost stable circular orbit (ISCO).
Here, we focus on determining the ISCO radius for massive particles around the Schwarzschild-MOG
black hole and briefly examining its dependence on the MOG parameter «. By applying the conditions
V“(r):E’Vw:W, and V., (,)<0;, one can readily pinpoint the ISCO radius. The dependence of the ISCO
position on the MOG parameter is determined through numerical analysis, as shown in Figure 1. It
indicates that the ISCO position for massive particles increases due to MOG.

With MOG int

Figure.2 : Radial dependence of the critical angular momentum with and without MOG
interaction.
COLLISION OF GEODESIC PARTICLES
Explicit explanation of physical mechanisms, energy extraction processes, and the role of
gravity in processes is an important task in theoretical astrophysics. The classical Penrose process
suggested by R. Penrose is an accepted mechanism. Later, the electric Penrose process is an advanced
method of extracting energy from electrically charged black holes. This process involves a particle
splitting near the event horizon of a charged black hole, where one fragment is absorbed by the black
hole and the other, carrying more energy, escapes to infinity. The black hole's electric charge enhances
this energy extraction by affecting particle behavior. Even a small charge can significantly improve
energy extraction compared to an uncharged black hole. These findings enhance our understanding of
BH thermodynamics and astrophysical jets, highlighting the complex relationship between electric
charge and energy dynamics in intense gravitational fields. Various Penrose processes, including
magnetic and electric versions, have been developed for different BH models. In this scenario, the
study by Banados (in 2009) was the first to investigate the acceleration of particles colliding near
rotating Kerr black holes, showing that the center of mass energy of colliding particles can become
infinite in an extremely fast-spinning Kerr black hole. Subsequent research has explored the impact of
external magnetic fields on the acceleration of charged particles near black holes in various gravity
models and scenarios. These studies indicate that energy extraction is more efficient during head-on
collisions.
The CME is essential for generating new particles that arise from the collision of particles in
the center-of-mass frame. This energy is acquired by adding the masses and kinetic energies of the



collide particles. Black holes can be effective particle accelerators, accelerating particle collisions to an
infinite CME. This creates favorable circumstances for high-energy physics events that are otherwise
difficult to reproduce. In this section, we examine the collision between two particles within the
framework of a regular black hole in MOG, especially on an equatorial plane. This configuration is
critical because it provides valuable knowledge of the mechanics and interplay in intense gravitational
conditions. Such insights are critical for understanding basic physics and the properties of matter near
black holes[14].

Before analyzing the CME plots, it is important to note a fascinating phenomenon related to
angular momentum, referred to as a "critical value"essential for approaching a black hole. The critical
value of angular momentum may be calculated by satisfying two conditions: (a) ¥ =0 and (b) d #/dr =0.
This is shown in Figure 2. An increase in the angular momentum results in a negative value for the
square of the radial velocity, indicating that the particles cannot approach the center object from that
particular value. Consequently, we examined the permissible values of the angular momentum and
identified the critical values. Figure 3 illustrates the radial dependence of the critical angular
momentum with and without MOG interaction. The graph demonstrates that the critical angular
momentum range is broader in the presence of MOG interaction than when there is no MOG
interaction. Additionally, the plot indicates that the Schw. BH case allows for the maximum range of
angular momentum.
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Figure. 3: Radial dependence of the square of radial velocity for different values of angular
momentum of the particle.
CONCLUSIONS

The STVG theory provides a framework that extends traditional general relativity by
incorporating additional forces and gravitational interactions. The collision of geodesic particles within
this context allows for the exploration of intriguing phenomena surrounding black holes and other
gravitational sources. These collision processes adhere to the conservation laws of energy and
momentum, potentially leading to the generation of gravitational waves and high-energy radiation.
Furthermore, the interactions of geodesic particles reveal insights into the curvature of spacetime and
the influence of these forces, enhancing our understanding of cosmic dynamics. Studying collisions of
geodesic particles in STVG is essential not only for grasping the structure of spacetime but also for
addressing astrophysical processes, particularly related to black holes. Research in this area opens new
avenues for expanding our knowledge of the universe and testing the fundamental laws of physics.
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