Eur. Phys. J. C (2022) 82:241
https://doi.org/10.1140/epjc/s10052-022-10204-4

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Moffat’s modified gravity tested on X-COP galaxy clusters

Sreekanth Harikumar, Marek Biesiada®

National Centre for Nuclear Research, Pasteura 7, 02-093 Warsaw, Poland

Received: 20 February 2022 / Accepted: 8 March 2022 / Published online: 21 March 2022

© The Author(s) 2022

Abstract Scalar tensor vector gravity (STVG) is a fully
covariant Lorentz invariant alternative theory of gravity also
known as MQOdified Gravity (MOG) which modifies General
Relativity by inclusion of dynamical massive vector field and
scalar fields. In STVG the mass  of the vector field ¢,, and
the gravitational constant G acquire the status of dynami-
cal fields. We use the reconstructed total cluster mass of the
X-COP sample obtained from X-ray observations by XMM-
Newton telescope in combination with Sunyaev—Zel’dovich
(SZ) effect observed within Planck all-sky survey to estimate
the o and p parameters of MOG theory. The obtained val-
ues are consistent with previous fits by other authors. Hence
the MOG is passing another test and proves its consistency
strengthening thereby its stance of being a promising alter-
native to General Relativity.

1 Introduction

A century after Albert Einstein developed General (GR) we
made the first direct detection of gravitational waves [1] con-
firming the validity of Einstein’s equations in the strong and
highly dynamical regime. This detection can also be called a
milestone in fundamental physics as it is one of the direct tests
of GR confirming its validity. General Relativity has passed
all tests in the solar system and binary pulsar scales and it has
now become an unavoidable tool for astrophysicists. During
this period we have also witnessed a rise of many modified
gravity theories as an alternative to the GR and over the years
one has witnessed considerable blows in experimental tests.
The recent resurgence in exploring and proposing new theo-
ries were driven by the need to address the issues like dark
energy, dark matter and inflation apart from the difficulties in
developing a quantum theory of gravity. The nature of dark
matter is one of major mysteries of contemporary physics.
It began in the early 1930’s when [2] reported an excessive
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velocity of the luminous matter present in galaxy clusters. It
gained popularity with Vera Rubin’s observation that the out-
skirts of spiral galaxies are rotating faster than they should.
There are several approaches to explain this missing mass in
the universe. The most common approach is that dark matter
constituents could be Weakly Interacting Massive Particle
(WIMPs) or Massive Astrophysical Compact Halo Objects
(MACHO:s). Despite several experimental efforts [3] to find
these particle no evidence in favour of them [4] has been
reported. Another possible candidate for dark matter particle
is axion which is an extremely light bosonic particle that is
expected to be detected in ground based experiments and so
far there has been no conclusive evidence for its existence
[5]. In order to remedy this situation many people proposed
alternatives to GR which solve the problem of missing mass
in a natural way without the need for any dark component.
The period 1960-1980 can be called the Golden Era in
experimental gravitational physics during which there were
numerous efforts to verify the predictions of GR. At the heart
of GR is the equivalence principle which underlies metric
description of gravity. Any competing theory should obey
Einstein’s equivalence principle [6] which states that mat-
ter should couple universally to a single metric tensor field,
a symmetric second rank tensor gyg. Such class of theories
can be called metric theories of gravity. There could be other
dynamical or non-dynamical gravitational fields present in
the spacetime besides the metric but they are prevented from
interacting with matter. The factor that distinguishes one met-
ric theory from the other is the number of gravitational fields
it contains in addition to the metric. Alternative theories of
gravity usually have more degrees of freedom in comparison
to the GR. Significant deviations from GR can be currently
probed by searching for extra polarization in the gravitational
waves. Alternative theories have more polarizations besides
plus and cross as a consequence of these extra degrees of free-
dom. With the increasing sensitivity of the upgraded ground
based GW detectors and planned space borne projects like
LISA, DECIGO or TianQin we will be able to detect signa-
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tures of modified gravity beyond the GR, if such possibility
is realized in Nature.

Moftfat’s theory of gravity [7] is a covariant modification
of GR introducing two more fundamental fields (responsible
for gravity) besides the metric tensor: a scalar field and a vec-
tor field. Hence it is sometimes called Scalar—Tensor—Vector
Gravity (STVG). In this theory, the gravitational constant G
and the mass of vector field  are not constant but are allowed
to vary with space and time. In the weak field limit Moffat’s
gravity reduces to ordinary Newtonian potential along with
a Yukawa like repulsive force [8]. Unlike the relativistic ver-
sion of Milgrom’s MOND [9] in which the speeds of light and
gravitons are different [ 10], STVG has photons and GW's that
follow the same null geodesics of the respective spacetime.
The STVG has so far demonstrated good fits to the galaxy
rotation curves and cluster data without non-baryonic matter
and compatibility with CBM cosmological data [8,11-15].
Thus, the inability of GR alone in explaining the “dark” com-
ponents of the Universe is overcome naturally. Galaxy clus-
ters are the most massive astrophysical laboratories which
account for a larger fraction of mass content in the Universe.
It is believed that 80% of the matter content in these clusters
is in the form of dark matter interacting only through gravity.
Galaxies that we observe in the electromagnetic spectrum
including their stellar components and the intergalactic gas
(shining in X-rays) account for the remaining 20% matter
present. In this paper we use the X-COP data of 12 nearby
massive galaxy clusters for which we have high-confidence
total mass estimates to estimate the weak field parameters in
MOG acceleration law. The paper has been organised as fol-
lows: in Sect. 2 we present the key concepts of STVG theory.
The modified acceleration law in the weak field limit of it is
also discussed. In Sect. 3 we derive the modified cluster mass
in STVG assuming hydrostatic equilibrium and estimate the
parameters in two different scenario using the X-COP cluster
data. Last section summarized the results.

2 Weak field limit of scalar tensor vector gravity

Moffat’s modified gravity theory postulates the existence of
a massive vector field ¢, of mass p, which introduces a
repulsive modification of the law of gravitation at short range.
The vector field is coupled universally to matter. The theory
promotes G and u to scalar fields, hence they are allowed to
run, resulting in the following action [7,11]

S=38c+Sp+ S5+ Su €))

where S); is the matter action,

1
SG d*x e (R+2A) )
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is the usual Einstein—Hilbert action for gravity,
Sp = / d*x/ —g

L peip L 20ut — Vy(bud™ | G
X _E aﬁ‘i‘gﬂ Ga®” — ¢(¢a¢) 3

is the action for the vector field ¢, with Byg = 04¢ — ¢
being the Faraday tensor for the vector field and

1 /1
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is the action for the scalar fields G and u, Vi (¢,), Ve and
V, () denote self-interaction potentials for the vector field
and scalar fields.

On astrophysical scales, studying the behaviour of MOG,
one can use the weak field approximation for the dynamics of
gravitating systems with perturbing them around Minkowski
space for the arbitrary distribution of non-relativistic mat-
ter. Under this assumption, it has been shown in [7,13] that
the scalar fields remain constant and the Newtonian law is
modified with a Yukawa like repulsive term in the presence
of the vector field ¢, of mass . Linearised field equations
and corresponding gravitational potential have been derived
in [11].

p(x)
x — x|

(l+ot—oce_”|x_x ‘) d*x'
(5)

(peff(x)z—GN/

where Gy is the Newton’s gravitational constant and « is
defined through the field G = Gy (1 + «). The parameter
« is a dimensionless number which measures the strength
of the attractive part of the potential. Let us recall, that
Q, = JaGyM is the gravitational charge of the vec-
tor field ¢, and plays an important role for applications of
the Schwarzschild-MOG static spherically symmetric solu-
tion (MOG black holes and other fits to data) [16]. The
effective acceleration of a test body can be obtained using
aepf = —V®@.py. For a point mass we obtain the modified
acceleration law in the form:

GNM
Aeff = 2

( l4+oa—ae ™A+ ur)) 6)

The above acceleration reduces to the acceleration in a New-
tonian theory when o = 0. The mass of the vector field u is
treated as an effective running parameter and it scales with
the mass of the physical system. Its evolution is governed by
[17]
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Previously, estimates of the two parameters in the modified
acceleration have been obtained for galaxy rotation curves
and few other astrophysical scenarios. One particular choice
[11] of the parameters that fits the Milky Way’s rotation curve
isayw = 8.89 and uyw = 0.04 kpc’]. Another notable
example is ultra-diffuse galaxy NGC 1052-DF2. Itis believed
to have roughly the same size as the Milky Way but has much
less amount of dark matter than expected. The parameters in
MOG have been estimated for this object in [ 18] and found to
be o = 1.30 and u = 0.443 kpc~!. For a weak gravitational
field the phenomenological formulae for the parameters o
and p can be obtained from [19] and are given by

2 ®)
B=—=
vM
M
¢ =g ©
(VM +E)
D and E appearing in the above equations are universal con-

stants in MOG and take values D = 6.25 x 103Mg2kpc_l,

E=25x 104Mé/2 where oy is defined as follows

Goo — G
aoo:“G—NN (10)

where G is the asymptotic limit of G for very large mass
concentrations. To obtain « and w for the Milky Way galaxy
it is enough to substitute the mass of the Milky Way My w =
1.7x IOHM@ and the value for oo &~ 10 gives aprww = 8.89.
In this paper, we will derive the MOG parameters by fitting
the galaxy cluster data.

3 Hydrostatic mass profiles from X-ray observations

Clusters are the most massive gravitationally bound struc-
tures in the universe. In the current understanding of struc-
ture formation galaxy clusters are formed by the hierarchical
sequence of mergers and accretion of smaller systems driven
by gravity with dominant role of dark matter. This causes
the Intra Cluster Medium (ICM) to heat up to a temperature
T ~ (2 —100) x 10° K and the electrons in the ICM radi-
ate in the X-ray band via thermal bremsstrahlung. Therefore
one of the most robust methods to study their properties is
based on X-ray data. The success of such an approach lies in
the ability of the modern instruments to spatially resolve gas
temperature and density profiles which helps in the recon-
struction of total mass of the cluster. In particular, measur-
ing the X-ray surface brightness integrated along the line
of sight provides the total gravitating mass. Considering the

Inter Cluster Medium (ICM) matter to be a perfect gas in
hydrostatic equilibrium with the gravitational potential of
the cluster, one can use the acceleration experienced by the
gravitating mass ¢ = GM,,; (< r)/r? in the equation of
hydrostatic equilibrium

dP,
% = —p(r)g(r) (11)
to obtain:
2 dp
Migi(<r) = ——— 27848 (12)

- Gpgas(r) dr

where M;,; (< r) is the mass of the cluster measured within
a given radius r. The assumption that ICM behaves as a per-
fect gas obeying the equation of state of the form Pg,y =
ngaskpT, leads to

kp rTgas (r)

M = —
1ot (< 1) m,, G
% dIn Pgas (r) dlIn Tgax (r) (13)
dlnr dlnr

It is convenient to describe galaxy cluster as a spher-
ical region of a radius Rn with mean density A times
the critical density p. . at the clusters redshift z , where
Pe; = 3H2/87G and H, = Hol24 + 2u(1 4 2)7]°7
is the expansion rate at the redshift z. Then the convenient
quantity M 4 is defined as

4
Ma = My (< Rp) = 5yrApC,ZRZ (14)

Similarly the total mass of the cluster within the virial radius
R 4 in MOG can be obtained by using the expression for the
modified acceleration with the parameters « and p given in
Eq. (6). The most general expression for the total mass within
the radius r in STVG theory is:

Mo (< r)
l+a—ae ¥+ pur)

Msryg(<r) = (15)

where M,,;(< r) is the Newtonian mass given by (12).
Hydrodynamical simulations predict that certain amount of
energy content in the galaxy clusters could not yet be ther-
malized and could be present in the form of turbulence and
bulk motions. Therefore masses estimated under the assump-
tion that kinetic energy is fully thermalized might be biased
and needed to be accounted for non-thermal pressure sup-
port to estimate total cluster mass. Although non-thermal
pressure support is a difficult quantity to calculate yet there
exist some promising approaches to this problem. For exam-
ple, total baryon fraction can be used to estimate the inte-
grated non-thermal pressure support [20]. Another approach
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Table 1 Best fit values for apgp and 200 estimated for X-COP cluster sample

Name Moy (10" M) Ra00 (Mpc) @200 1200 Mpe™)
Al644 6.58 £ 0.66 1.778 +0.051 9.102 £ 2.715 0.244 £0.012
A1795 6.76 £ 0.36 1.755 £ 0.021 9.102 £ 2.715 0.240 £ 0.006
A2029 13.29 +0.69 2.173 £ 0.034 9.108 £ 2.716 0.171 £ 0.004
A2142 16.37 +0.89 2.224 +0.027 9.109 +2.717 0.154 £ 0.004
A2255 10.70 £ 0.68 2.033 +0.081 9.106 +2.716 0.191 £ 0.006
A2319 20.11 +£1.23 2.040 +0.035 9.110 £ 2.717 0.139 £+ 0.004
A3158 7.34 £ 0.41 1.766 4+ 0.035 9.103 £ 2.715 0.231 £ 0.006
A3266 14.49 +2.70 2.3254+0.074 9.108 +2.716 0.164 £0.015
A644 8.35+0.61 1.847 +0.059 9.104 +2.715 0.216 £+ 0.008
A85 9.56 £+ 0.49 1.921 4+ 0.027 9.105 +2.716 0.202 £ 0.005
RXC1825 6.87 £0.59 1.719 4+ 0.024 9.103 +£2.715 0.238 £0.010
ZwC11215 13.03 +1.25 2.200 4+ 0.069 9.107 £ 2.716 0.173 £ 0.008

could be to use the Sunyaev—Zel’dovich effect. Its essence
is that high energy ICM electrons change the temperature
distribution of the Cosmic Microwave Background observed
in the cluster direction through inverse Compton scattering:
% = f(x)y, where y is the Compton parameter i.e.
average fractional energy per collision multiplied by average

number of collisions (hence it is proportional to the inte-
grated pressure), f(x) = (x el _ 4) 1+ Asz(x, T,)) ,

e*—1
with x = hv/kpTcpp being the dimensionless photon fre-
quency and Agz(x, T,) the relativistic correction.

In this paper we use the X-COP galaxy cluster sample
[21]. The sample comprises 12 massive galaxy clusters (with
redshifts 0.04 < z < 0.1 ) observed in X-rays on the XMM-
Newton telescope in combination with SZ effect observed
within Planck all-sky survey. Planck SZ signal for these clus-
ters has been recorded with the highest signal-to-noise ratio
[22] translating into the especially good quality of M;,;(< r)
estimates with relative uncertainties around 5%. Hence, X-
COP galaxy cluster sample provided a high-confidence total
mass measurements.

4 Results and conclusions

Based on the ideas outlined in previous section we estimated
the the best fit values for the two parameters, characterizing
the Moffat’s STVG theory: « and p for each galaxy from
the X-COP sample. The fitting procedure was related to the
chi-square objective function:

O ps0bs
Mtot,i

12 th obs \ 2
M (o, ) — M2
Xz _ Z ( STVG,i tot,l) (16)

i=1
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Reconstructed total masses M;’;’tvl of the clusters corrected
for non-thermal support have been obtained from Table 2
of [23], and corresponding cluster redshifts and radii Rx
can be found in Table 1 of [24]. The best fitted param-
eters were obtained using MCMC approach using emcee
sampler [25].

There is a subtlety, due to the system’s mass dependence
of (o, i) parameters, as discussed in Sect. 2, which makes the
fitting not so straightforward. Our approach was the follow-
ing. The u parameter depends on mass of the system accord-
ing to (8), where D has universal meaning. Then, « also
depends on mass according to (9), with E being universal. E
and D were fixed at the values obtained in [19] (see Sect. 2).
Consequently we used the expressions (8) and (9) in (15)
to represent M.g‘hTVG ; (@, w) in (16). Accordingly, from the
X-COP sample the doo parameter has been fitted. The result
iS: oo = 9.12 4+ 2.72 for My data, and oo = 9.99 4 3.40
for M5y data. Based on this fit one is able to assess the
STVG parameters (o, @) representative of the X-COP sam-
ple. These results are shown in Tables 1 and 2, where the
values of ap and p obtained at A = (200, 500) scales
are reported for each cluster. The inverse variance weighted
mean summarizes the values of (o, ;) parameters at each
overdensity scale A:

200, w.m = 9.106 £ 0.784;  14200,1.,.0.183 £ 0.002
a500,w.m = 9.970 £0.979; 1500, w.m.0.238 £ 0.003

In this paper we used the masses M»og and M50p measured
within Rpop and Rsog radii in the X-COP sample of galaxy
clusters to constrain the STVG modified gravity theory pro-
posed by Moffat. Reliable mass measurements in X-COP
sample was possible due to availability of good quality X-
ray data together with measurements of Sunyaev-Zeldovich
effect. ICM was assumed to be a perfect gas in hydrostatic
equilibrium, which allowed to use the modified gravitational
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Table 2 Best fit values for asop and 500 estimated for X-COP cluster sample

Name Msoo (10 M) Rs00 (Mpc) a500 ts00 Mpe™")
Al644 3.52+£0.21 1.054 £+ 0.020 9.963 + 3.391 0.333 £0.01
A1795 477 +£0.33 1.153 £ 0.012 9.967 £+ 3.392 0.286 £ 0.01
A2029 8.98 £0.84 1.423 +£0.019 9.973 +£3.394 0.209 £ 0.01
A2142 10.50 £ 0.73 1.424 £ 0.014 9.975 £+ 3.395 0.193 £ 0.007
A2255 5.87 £0.46 1.196 + 0.026 9.969 + 3.393 0.258 £0.01
A2319 11.44 +1.08 1.346 + 0.017 9.975 +3.395 0.185 £ 0.009
A3158 4.53 +£0.38 1.123 £ 0.016 9.967 + 3.392 0.294 £0.012
A3266 8.94 £ 0.57 1.430 £ 0.031 9.973 +£3.394 0.209 £ 0.007
A644 6.03 £0.66 1.230 £ 0.035 9.97 £3.393 0.255 £0.014
A85 6.22 +0.49 1.235+0.013 9.97 £3.393 0.251 £0.01
RXC1825 3.94 £0.32 1.105 £ 0.012 9.965 + 3.391 0.315£0.013
ZwC11215 7.67 +0.53 1.358 £ 0.031 9.972 + 3.3946 0.226 £ 0.008

potential in MOG to derive MOG modified masses. The mod-
ified mass profiles are found to depend on the parameter
o, a dimensionless parameter which measures the strength
of gravitational interaction and w, the dynamical mass of
the vector graviton. We have shown that MOdified Gravity
can explain the mass of the X-COP galaxy cluster without
non-baryonic matter. The estimated values of the parame-
ters reported above, are close to the previous estimates [11]
based on the analysis of galaxy rotation curves for the Milky
Way galaxy and u = 0.196 Mpc~!. In fact the o parame-
ter is consistent with previous fits by other authors within
the uncertainty range, while u is more sensitive to the mass
scale, as theoretically predicted. One can conclude that MOG
is passing subsequent tests proving its consistency. Hence,
MOG seems to be a promising alternative to General Rela-
tivity. Therefore it must be subjected to other stringent tests,
e.g. related to gravitational lensing or gravitational waves.
The presence of additional fields in MOG will give rise to
extra polarizations in addition to + and x modes present in
General Relativity. Future detectors such as LISA, Einstein
Telescope, DECIGO could shed light in this path.
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