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The explanation of the cluster dynamics in the Einstein's theory of gravity via gravitational
lensing observation of the Bullet Cluster (1E0657-558) at a redshift, z 0.296 presumably invokes
the evidence for dark matter. This is revealed by the Hubble Space Telescope (HST) / Advanced
Camera Survey (ACS) images of the cluster cores of the stellar component and the fluid-like X-ray
emitting plasma (the most dominant baryonic component) by the Chandra Space Satellite. It is
observed fram such images that the k-map (a measure of the curvature or convergence of spacetime
through gravitational lensing) and the Y-map (a measure of the surface mass density of the hot
intercluster medium (plasma) throngh King 3 model have the different peaks. However, the peak
value of the k-map does not trace the dominant component (plasma) but rather traces the galaxies
(stellar component). In the present work, we attempt to explain this cluster scale anomaly without
the need of any dark matter of the standard form but by modifving the Einstein’s law of gravity
in a way that under the weak field limit the theory satisfies the galactic dynamics as well as the
local gravity constraints via a chameleon mechanism. We work with the modified Einstein - Hilbert
action using f(R) = R'*/R%, d <<1 shows the deviation from Einstein's gravity theory. We
obtain the gravitational lensing angle formula in the modified gravity background and use it to
calculate the gravitational lensing potential and convergence or the scaled surface mass density, k
(as B [ Eeriticary) for the Bullet Cluster. We claim that this modified convergence may be held
responsible for the observed shifting of the peak of the gravitational potential from the dominant
plasma component of the Cluster.
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I. INTRODUCTION

Precision cosmology is imperfeet without the precise physical observations of systems at different scales. For precise
observations, the physical system must be completely known. Unfortunately, the major portion of our observable
universe is not completely known to us in Einstein’s General Relativity (GR) framework. Also, Einstein's gravity
theory with a positive cosmological constant (A) based on GR supported by observations still can not be regarded
as an ultimate gravity theory because of the recent stronger than before Planck’s observation of an accelerating
universe (having the shifted w from -1) and its inability to reconcile with the quantum theory completely and also,
more importantly, the fundamental properties of the dark sector (dark energy and cold dark matter) is still nnknown
besides its distribution. Thus, the observational evidences at different redshifts nurture the concept of modified
gravity theory instead of the Einstein's physical gravity theory of GR with A (positive) and cold dark matter (CDM)
[1-8]. The investigation of deviation in Einstein’s GR theory has become an active area of research under the study of
precision concordance cosmology. Therefore, it is the need of precision concordance cosmology to opt for an alternative
theory of gravity.

We attempt to explain the dynamics of the special cluster (a Bullet Cluster- formed due to the collision of two
galaxy clusters of different sizes) without invoking any particulate dark matter profile by working with modified
gravity theory ( gravity ) [9-12].

In the present work, we study the deviations in GR in the form R™? (with § being the dimensionless physical
observable quantity) and instead of investigating the Yukawa-like correction potential as others did [13, 14], we
explore the bare madified f(R) effects in the form of § for different abservations without including any versions of the
dark sector. The present paper is organized in different sections as follows. In Section (IT), we mathematically discuss
the Jordan frames dynamical f(R) field equations by obtaining the f(R) potential and deflection angle. In Section
(I1I), we discuss the convergence map for the Bullet Cluster dynamics. We end with the discussion and concluding
remarks of results on the constraints in Section (IV).

Throughout the paper, we follow the signature of the spacetime metric as (—. +, +, +) and indices p (or 1) = (0,
1,2,:3)

II. f(R) GRAVITY AND CONFORMALLY RELATED FIELD EQUATIONS

Recently, in our work, we attempted to explain the dark matter and dark energy issue for the gravity model. gravity
is a generalization of the Einstein's Riemannian geometric theory of gravity. Here,

144
f(R) = R—jo-‘ (1)

with § as a free parameter and R, is the weight constant. A mild deviation in the Einstein theory of gravity may also
explain the dynamics at the galactic and cluster scales without invoking any particulate dark matter components.
We therefore obtain the equation of motion for such model through the variation of action integral approach. The
solution, i.e., the scale factor in the homogeneous and isotropic universe is :
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where y = 12!—;}]07 and ap is the present value of the cosmological scale factor.

We now consider a spherically symmetric source (a typical spheroidal massive galaxy) of mass M in the modified
spacetime background in the complete absence of any other gravitating source. We construct the effective potential
of the system i.e., the potential due to a source (as galaxy) and the potential of the modified spacetime itself in the
weak field limit as:
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where ry is the f(R) background galactic length scale parameter measured in kpe and Hy is the present hubble
parameter.
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Modifying the geometric theory of gravity will affect the light deflection angle. Therefore, the deflection in the path
of photon propagating in z-direction in f(R) gravity background having a gravitating source (typical galaxy as lens)
of mass M with an effective potential, V.freetive is:

G e
QNet = ? VJ_Veffective dZz. ("1)

Now, on making use of r> =22 + 2 + 22 = 2+ 22 with V| = ‘o% and £ is a two dimensional impact parameter,

we get after some algebraic calculations
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FIG. 1: The plot is obtained for galactic plasma of NGC 5533 with é =~ O(107%) and ry = 10?%°° kpe . From the
sub figures 1(a) and 1(b), it become clear that lensing peak due to galaxy plasma lies much beyond the galaxy
centre in Einstein gravity theory due to the psendo isothermal dark matter model of galaxy (Fig. 1(b)) as compared
to the modified gravity theory without dark matter (Fig. 1(a)). Because the density of plasma (baryonic content) in
a galaxy decreases with distance, so the light deflection angle peak lies close to the centre of galaxy.

III. MODIFIED SPACETIME CONVERGENCE MAP AND SHIFTED PLASMA PEAKS OF BULLET
CLUSTER

We consider the Bullet Cluster system as a lens and obtain the surface mass density of the system in modified space-
time background through gravitational lensing angle. The Einstein’s lens potential generated through the deflection
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angle in vector form in general relativity framework is:
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Here ¥, = is the critical surface mass density of the system with Dg, D and Dgy, are the distances
c L L SL

between the OIZ)H[‘I ver to source plane, observer to lens plane and lens to source plane respectively. So, for the effective

source mass obtained from the modified lensing angle equation, we have the corresponding modified effective lens

potential as: =Y
©
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is an effective mass per unit surface area with,X(= f t pdz) is the projected volume mass distribution of the lens
plane. The actual profile of volume mass distribution is glwn by isothermal king beta model, which is:

5

22
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Here,r. = reore is the core radius in a typical cluster system, pg is the central density for a given X- ray peak and r» &
i the radial extent of the cluster with § is the free parameter used to fit with the observations. Hence, we have:
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The parameters r,, 3, and § is used for fitting while regpe.p0, M, G and H, are the usual standard known parameters
for the uw{‘n system. Thus, the modified k-map is reconstructed from the gravitational lensing profile according to,
k= 2— Such modified k-map can explain the ohserved Plasma shift.
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FIG. 2: The existence of the central lensing peak located on the gas is a natural outcome of the baryonic matter.



IV. CONCLUSION

Under the f(R) gravity background, the gravitational lensing behaviour due to the intra galactic plasma (dominant
baryonic component of galaxy) is different from the Einstein gravity theory with dark matter, which is clear from Fig.
1. The constructed modified spacetime convergence, k map for the collisional cluster system can shift the inter-galactic
plasma in a way that the X-ray observations is explained within the certain limit of accuracy without demanding any
dark matter. The existence of the central lensing peak located on the gas is a natural outcome of the baryonic matter
(Fig. 2). As a future possible study, we constrain our model parameters to further investigate the offset of the lensing
peaks from the central gas, due to the baryonic content and modified gravity background. Under this approach, we
may also modify the standard cold dark matter model behaviour, i.e., from non-interacting to interacting dark matter.
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