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MODIFIED GRAVITY AS A COMMON CAUSE FOR
COSMIC ACCELERATION AND FLAT GALAXY
ROTATION CURVES

Abstract. Nowadays, relativistic theory is very popular among natural
scientists. This is evidenced by the large number of articles published in recent years. Based
on the results of these works, one can be convinced that a huge work is being done in the
study of the universe from a theoretical point of view.In this work approximate simulations
of the redistribution of dark matter, in different proportions to elliptical orbits with different
radii was studied. It was shown that the rotation velocity of objects in a spiral galaxy is
dependent on the enclosed mass at any given radius. The enclosed mass is comprised of
the mass of the stars, the mass of the gas, and the mass of the dark matter. The theory
provided in this work assumes that the law of gravity is different from the usual Newtonian
form.

Keywords: dark matter, the law of gravity, the enclosed mass, the speed of rotation
of objects, the Galaxy.

Introduction. Natural science is now in the beginning of a new, extremely
interesting stage in his development. It is not able primarily to the fact that the
science of the microcosm — the physics of elementary particles and the science of
the universe —cosmology — the science become one of the fundamental properties
of the surrounding world. Different methods they respond to the samequestions:
what the Universeis filled with matter today? What wasevolutionin the past? What
are the processesthat took placebetween elementary particlesin the early universe,
ledeventuallyto itscurrent state? If arelatively recentdiscussion of such matters
stopped at the level of hypotheses, but today there are numerous experimental and
observational data toobtain quantitative. This isanother feature ofthe current stage:
cosmology in the last 10 — 15yearshas becomean exact science. Already, the dataof
observational cosmologyare of high accuracy, even more information about thedate
andthe early universewill be receivedin the coming years [1].

There are strong arguments infavor of the factthat much of thematter in the
universedoes notradiateand thereforeinvisible. The presence ofthisinvisible
mattercan be recognized by its gravitational interaction with the radiating matter.
The study of clusters of galaxies and galactic rotation curves indicates the existence
of this so-called dark matter. So, by definition, dark matter — a matter which does
not interact with electromagnetic radiation, that is, it does not emit or absorb. Dark
matter has been introduced to explain many independent gravitational effects at
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different astronomical scales, in galaxies, groups of galaxies, clusters, super
clusters and even across the full horizon [2].

The first detection of invisible matter dates back to last century. In 1844,
Friedrich Bessel, in a letter to Karl Gauss wrote that unexplained irregularity in the
motion of Sirius may be the result of its gravitational interaction with some
neighboring body, the latter in this case must have a sufficiently large mass. At the
time of the Bessel this dark companion of Sirius was invisible, itsoptically detected
only in 1862. He was a white dwarf, called Sirius — B, while Sirius was named
Sirius — A [3].

Method and theory. Flat galaxy rotation curves and the accelerating
Universe both imply the existence of a critical acceleration, which is of the same
order of magnitude in both the cases, in spite of the galactic and cosmic length
scales being vastly different. Yet, it is customary to explain galactic acceleration by
invoking gravitation-ally bound dark matter, and cosmic acceleration by invoking a
‘repulsive’ dark energy.

Dark matter has been postulated to explain the at non — Keplerian behavior
of rotation curves of galaxies, and the high dispersion velocities of galaxy clusters.
Dark energy/cosmological constant have been postulated as an explanation for the
observed late-time cosmic acceleration. Together, cold dark matter and a
cosmological constant provide the standard CDM model of structure formation and
large-scale-structure which best fits the current cosmological data. Nonetheless,
there are chinks in the amour! Apart from the well-known facts that dark matter
has not yet been detected in the laboratory, and that the inferred value of the
cosmological constant is too low compared to the theoretically preferred value by
some 10" orders of magnitude, there is another remarkable observation which the
CDM model does not seem to account for. And that is the existence of a universal
acceleration cHy~ 10 19 cm sec?, where Hy is the present value of the Hubble
parameter, which prevails in the outer regions of galaxies, in galaxy clusters, and at
the edge of the observed Universe:

GMgal“xY GMcluster GM Universe H
~ ~ ~ c
R 2 R 2 R 2 0 ( 1 )
galaxy cluster Universe

We seek an understanding of the cause for this universal acceleration, and
for at galaxy rotation curves and cosmic acceleration, by postulating a fourth order
modified gravity as a common explanation, as an alternative to dark matter and
dark energy. We propose, for reasons to be discussed below, that the current
structure and evolution of the Universe is described by the following e effective
field equations:

1 &G
IR 1 > T uv 2 puvof
R =g R=="ZT" + PR @)

The length parameter L is scale-dependent and defined as being proportional
to the square-root of the mass M of the system under study, in such a way that
GM=L" is a universal constant equal to cH,. This holographic assumption [mass
proportional to area rather than volume] seems to be universally valid for large
astrophysical systems and entirely consistent with the observation.

We will solve these modified gravity equations for two different space- time
metrics:
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(1) The Newtonian weak- field non-relativistic approximation for the scalar
potential ¢:

2 2¢. 5 ., 2 2 2.
ds —(l+c—2)c dt” —dx" —dy” —dz"; 3)

(ii) The spatially flat Robertson — Walker cosmological metric:
ds* =*dt* —a* (t)|dx* +ady* +dz* | @

In the first case we will show how the resulting fourth order biharmonic
modification of the Poisson equation explains at galaxy rotation curves without
dark matter, and in the second case we will show how a fourth order modification
of the Friedmann equations explains late-time cosmic acceleration without dark
energy.

It can be shown that for the weak- field metric (3) the modified equations
(2) reduce to the following fourth order biharmonic correction to the Poisson
equation (2; 3)

2 274 g
V2p— I’V =4nGu(r) 5)

where ,u(r ) is the matter density distribution of interest. From observations
of galaxies this is known to be

)= st} | o
where i

M(r):4ﬂJ:dr’r’2u(r’):M(l +] o
and

1 for HSB galaxies,
2 for LSB & Dwarf galaxies. ®)

For this mass distribution, the biharmonic equation (5) can be solved to
obtain the following remarkable Yukawa form for the radial component of the
gravitational acceleration a = - V¢ inside the galaxy

T ) )

where My is a conftjnt of integration and M is the total mass of the galaxy
[4]. The rotation curve W) of the galaxy is obtained by setting a(r) = v*(r)/r. If we
choose L according to the prescribed relation GM/L* = cH, [this gives L~10 kpc]
and if we choose My = 10> Mg it is possible to t the at rotation curves of a large
class of galaxies, without invoking dark matter [4, 5]. It is to be noted that the
values of L and M, chosen here are consistent with all known laboratory and
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astronomical tests of departures from the inverse square law [6]. For r«< L, the
inverse square law holds. Also, for r > L the inverse square law holds but with an
e effectively larger value of the gravitational constant. Interesting new physics
arises around r= L.

Greater insight into the modified acceleration obtained by us can be had by
expanding the acceleration (9) around r = L and writing it as a sum of two terms: a
part that falls as 1/r* and is independent of L, and a part that falls as 1/r and
depends on L. This gives

a(r)z_GM}f){u M_{IEHGL(){ %L}_ o)

r M e K M L,

The second term dominates for r = L. Fig. 1 above plots the rotation velocity
curve, and it is clear that the Keplerian fall — off due to conventional Newtonian
acceleration [ first term] is modified to a at rotation curve [second term] forr = L,
because of the proposed generalization of Einstein gravity.
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Figure - 1. Red curve: velocity due to first term, Green curve: velocity due to
second term, Blue curve: total velocity

Next, we turn to cosmology and write the modified Friedmann equations
resulting from Eqn. (2), for the Robertson-Walker metric. Since one is no longer in
the weak- field limit, the equations are complicated, but it is adequate for our
purpose to write them in the form

-2

a ) RN 71 €;
7"'?_ Ut a,a,a,a,a - p (12)

where F, and F, are known functions of their arguments which we do not

write explicitly. In accordance with the scaling principle, s_i]nce we are now

=cH

considering the entire observable Universe, we have Ly 0 . It turns out that

these equations possess a very interesting analogy with the weak- field case
considered above. There is a space <>time symmetry: the behaviour seen in the
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. . >H'
previous case around r = L is repeated here for t2 H, .

For times t < Ly the modifying gravity terms can be neglected and these
equations reduce to the standard Friedmann equations which give a decelerating
solution. This is analogous to the behaviour seen in the solution (9) for the
gravitationlal acceleration: just as the inverse-square law holds for r L in Eqn. (9),

t(H,

for one recovers the standard Friedmann evolution. Things start to get

-1
interesting for t = Ly - H, . For the sake of simplification one can divide the

(H,' t>H,"

evolution into two phases: (i) evolution for K , and (i1) evolution for

In the second case, one can show from Eqn. (12) for the dust case p = 0, assuming
a power-law solution, that the evolution is dominated by the modifying terms, and
the scale-factor is given by

t—L
a(t){T_L‘;j (13)

where T is the current age of the universe. One has an accelerating solution

with 4V This is in complete analogy with the galactic case: the modifying term

increases the acceleration, and in the present cosmological case the rise is enough
to change the sign from deceleration to positive acceleration. Furthermore, the
acceleration decreases with increasing time, and it can be shown that for t>>Hj*
the decelerating phase reappears. It is easily shown that T = 5Hy '=2, and as can be
expected the acceleration is of the order of cHy. [The vanishing of the scale factor
at t = Ly is only an approximation, and simply reflects the smallness of its value at
t = Ly compared to the present value a = 1; the true singularity of course occurs at
the beginning of the previous decelerating phase].
Using the solution (13) for the scale factor in the first Friedmann equation

(11) it can be shown that the dust density evolves as

1 1
p(t)oot—zooﬁ (14)

The density falls with the scale factor slowly compared to the standard case
[where poo1/a’], because the modifying term in the Einstein equation implies that
871G
(—4 T + ’RLSP j =0
c ;

(15)

v

The onset of fourth order gravity at the present cosmological epoch, which
we have proposed as a phenomenological representation of an underlying physics,
implies an exchange of energy-momentum between gravity and matter fields at
galactic and cosmological scales. This is one possible unified way of under-
standing the otherwise unusual features of at rotation curves and cosmic
acceleration.

The underlying physics may possibly have to do with the effect that
averaging over small-scale in homogeneities has on dynamics on larger scales, a
phenomenon which is perhaps not fully understood at present. In fact, such
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considerations led to the suggestion from Szekeres [7] of essentially the same
equation as Eqn. (2) proposed here.

Understanding structure formation in this picture is a challenge. But we have
a unified description of critical acceleration on different scales, which comes, not
from invoking different matter/energy components, but a phenomenological
modification of gravity whose root cause may be the same at different scales, and
which calls for further study.

Results. The results presented above lead to the following description of
galaxy evolution. The galaxies form to a large mass early on. While the majority
of galactic nuclei are active (2 to 5 BY after the Big Bang), galaxies redistribute
their dark matter. During the same period, the visible matter unfolds from compact
orbits to larger orbits (a few times larger, depending on M/L ratios). When the
redistribution of matter is complete (5 to 7 BY after the Big Bang, and in a
timeframe of ~1 BY for any particular galaxy), the galaxies have transformed from
compact structures into highly organized spiral structures. These galaxies have
acquired correlated dark matter and visible matter components; have grown in size
but not mass (although the M/L ratio in the visible part of the galaxy has decreased
significantly); and, have acquired ‘flat’ rotation curves. They appear similar to
those observed in the work [8]. Thereafter, for the next ~7 to 9 BY, if they are in a
crowded space, then they undergo further development by collisions and mergers
(including further growth in size and mass, and the formation of elliptical galaxies
from equal mergers); or, if they are isolated, then they evolve on their own.
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FAPBILTBIK YAEY MEH TANNAKTUKANIAPABIH, XA3bIK AMHANY KUCbIKTAPbIHbIH,
MANMNbl CEBEBI PETIHAE TYPNEHAIPINTEH TPABUTALIUA
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AHHOTauMA. PenaTMBUCTIK TeopuA Kasipri Kesge »KapaTbUibiCTaHy 3epTreyLi
fanbiMaapbl apacblHAa o©Te TaHbiMan. OfaH COHFbl KbINJAPbl  KapblK  KepreH
MaKananapablb, Kentiri ganen. Ocbl XKYMbICTapAblH, HITUMXKeNepiHe cyWeHe OTbIpbIn,
ofieMai TeopuANbIK TypfblaaH 3epTrey OOMbIHIWIA oOpacaH 30p KYMbIC Kyprisinin
aTKaHAblFbIHA ceHimai 6onyFa Gonagbl. Byn XymbicTa KapaHfbl MaTepuAHbl dpTypAi
nponopumnanapaa ap TypAi paguycbl 6ap anaunTMKanblkK opbutanapfa Kanta benyaiH
WwamameH mogenbaeyi 3eptrengi. Cnupanbabl ranakTUKagafbl 3aTTapAblH, aviHany
KbINOAMIbIFbl Ke3-KereH paanycta oHAafbl maccafa 6anaHbICTbl eKeHAIr KepceTinreH.
KopbITbiHAbI Macca Kynabl3gapAblH, MaccacblHaH, rasfgplH, MaccacblHAH KaHe Kapa
MaTepPUAHbIH, MaccacbliHaH Typaabl. Byn KymbICTa yCbiHbIIFaH Teopua rpaBuTaumA 3aHbl
Kaaimri HotoToH popmacbiHaH e3rewe gen 6onxkangbl.

Tipek ce3gep: KapaHfbl 3aT, TapTbLIbIC 3aHbl, KOPbITbIHAbI Macca, 3aTTapablH,
aviHany XelngamaplFbl, Fanaktuka.
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MOAUPULUPOBAHHAA TPABUTALIUA KAK OBLLAA MPUYUHA KOCMUYECKOIO
YCKOPEHUMA N NNOCKUX KPUBbBIX BPALLLEHUA TAJIAKTUK

AHHOTauMA. B HaWW AHU PeNATUBUCTCKAA TEOPUA OYEHb NOMYAAPHA CPeaM YYeHbIX
B 06/1aCTU ecTecTBEHHbIX HayK. Ob6 3ToM cBUAETeNbCTBYET 6O/bLIOE KOIMYECTBO CTaTeM,
onybAnKoBaHHbIX 33 nocnegHue rogpl. Mo pesynbTatam 3TUX PaboT MOXKHO ybeanTbes,
4YTO NPOBOAMUTCA OFPOMHas paboTa MO M3ydyeHUtO BceneHHOM C TeopeTMYEeCKOW TOYKM
3peHna. B 3ton pabote 6bIIO  M3y4eHO  NpUBAMIKEHHOE — MOoAesMpoBaHMe
nepepacnpeaeneHns TEMHOM MaTePUN B PasHbIX NPOMOPLMAX Ha NUNTUYECKNE OPOUTLI
C pasHbIMK pagnycamu. Bblio NOKasaHo, YTO CKOPOCTL BPALLLEHUA OOBEKTOB B CNUPAIbHOM
rasakTMKe 3aBUCMT OT Maccbl Tesfa Ha Nobom 3agaHHOM paguyce. 3amKHyTas macca
COCTOMT M3 MACCbl 3B€3J, MacChbl rasza U Maccbl TEMHOM maTepuu. Teopus, NpeacTaBNeHHas
B 3TOM paboTe, NpeanosaraeT, YTO 3aKOH BCEMUPHOrO TATOTEHUA OT/IMYAETCA OT 0ObIYHOM
HbOTOHOBCKOM pOpMbI.

KnioueBble cnoBa: TeMHas MaTepus, 3aKOH TATOTEHMS, 3aK/YeHHas Macca,
CKOPOCTb BpaLleHUs 06beKTOB, MaNaKTUKa.
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