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Abstract Recently, the so-called Hubble Tension, i.e. the
mismatch between the local and the cosmological measure-
ments of the Hubble parameter, has been resolved when non-
particle dark matter is considered which has a negative equa-
tion of state parameter (v ~ — 0.01). We investigate if such
a candidate can successfully describe the galactic flat rota-
tion curves. It is found that the flat rotation curve feature
puts a stringent constraint on the dark matter equation of
state parameter @ and @ ~ —0.01 is not consistent with
flat rotational curves, observed around the galaxies. How-
ever, a dynamic w of non-particle dark matter may overcome
the Hubble tension without affecting the flat rotation curve
feature.

1 Introduction

The galactic rotation curve surveys [1] hint the presence of
a dominating non-baryonic component of matter in galax-
ies that are non-luminous (dark) [2,3]. Several other obser-
vations such as the cosmic microwave background (CMB)
measurements [4—8], baryon acoustic oscillations (BAO) [9-
11], lensing in clusters [12,13] also underpin the existence
of dark matter. However, the nature of dark matter is still not
known and it constitutes one of the unsolved mysteries in
astrophysics at the present time.

There are several candidates for dark matter such as
WIMPs [14], Axions [15], Sterile neutrinos [16] etc. There
are proposals for modifications at the fundamental theoreti-
cal level as well which include MOND [17,18] that suggests
modifications in Newtonian dynamics. The conformal grav-
itational theory, which is based on Weyl symmetry, can also
explain flat rotation curves of galaxies without the need for
dark matter [19,20]. The evidence of non-baryonic dark mat-
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ter from the CMB data, however, questions the MOND like
schemes.

Recently, Poptawski [21] has argued that the discrepancy
on the value of Hubble parameter obtained from the cosmic
microwave background [22,27] radiation and that obtained
from the measurements using Cepheid variable stars [23] can
be avoided if dark matter is considered as non-particle with
the negative equation of state parameter. Such a proposal is
also interesting because of the non-detection of any dark mat-
ter particles in any direction (laboratory) observations so far
despite a significant enhancement of experimental sensitivity
over the last decade or so. Hence the non-particle dark matter
hypothesis deserves further investigation.

In this work, we would like to examine whether the non-
particle dark matter could describe the rotation curve feature
of spiral galaxies consistently. We shall particularly consider
two velocity profiles, the universal velocity profile proposed
by Persic et al. [24] and secondly the exact flat nature of
galactic rotation curve at galactic halo region which essen-
tially implies that the tangential velocity is constant, indepen-
dent of radial distance (r) for large r. Note that the gravita-
tional field of galactic halo considering the different velocity
profiles in the halo region has already been studied in the
literature [25,26] but the negative value of the equation of
state parameter (w) was never considered as it sounds unre-
alistic. Here our objective is to extend the analysis of [25,26]
for negative w. Subsequently, we shall explore whether small
negative w, as needed to consistently match the Hubble con-
stants estimated from the observations of two distance scales,
is consistent with the observed galactic flat rotation curve
feature.

The organization of the paper is the following. In the next
section (Sect. 2 we shall briefly discuss the non-particle dark
matter. In Sect. 3 we shall obtain space-time geometry of
galactic halo considering the observed flat rotation curve
feature of galaxies in presence of non-particle dark matter.
Subsequently we evaluate the expressions for pressure and
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energy density of non-particle dark matter field and study the
viable parametric space for the parameter w in Sect. 4. In the
same section, we shall exploit velocity vs baryonic mass data
of a large sample of galaxies to correlate one of the param-
eters of the solution with the baryonic mass of the galaxy.
We discuss our results in Sect. 4 and conclude in the same
section.

2 Non-particle dark matter

The Hubble parameter H (= ?7 where over dot denotes
derivative with respect to time) essentially reflects the expan-
sion rate of the Universe. The present day value of Hub-
ble parameter (H,) is estimated from various observations
involving different distance scales. The direct measurements
in the local universe particularly from separations to super-
nova type la employing Cepheids, masers etc as distant lad-
ders gives H, = 100 h km/s/Mpc where h = 0.732 £ 0.013
[23]. On the other hand the precision observations of the Cos-
mic Microwave Background (CMB) and large scale struc-
ture suggests a smaller value. Based on the concordance
ACDM (cosmological constant and cold dark matter) model
the Planck data reveals h = 0.6736 + 0.0054 [27]. A large
number of measurements with different techniques are avail-
able for H,. The median value of 331 such measurements
was found & = 0.674 £ 0.05 [28] which slightly increases to
h = 0.68 £0.028 when total 553 measurements was consid-
ered a decade later [29]. Note that the error quoted in [28] is
based on 20 confidence level whereas the other errors quoted
above are lo error.

Several suggestions have been put forward in the litera-
ture for the origin of the stated discrepancy in the value of the
Hubble parameter. Poptawski, in his recent paper [21], has
argued that the discrepancy in the value of Hubble param-
eter as obtained from cosmological and local observations
can be settled by considering a non-particle dark matter with
an equation of state p = wp and w ~ —0.01. The idea
of Poptawski rests on the fact that one cannot directly esti-
mate the dark matter content (£2 p,7) in the Universe from the
CMB data but rather judges .QDMhZ(l + 1)3. When 2py
is known from some other measurements, one can infer &
from the CMB data. However, if the dark matter equation of
state is described as ppy = wppum, the time evolution of
dark matter content will be modified and consequently one
obtains 2pah%(1 4 z)>1+®) from the CMB data instead of
2p Mh2(1 + z)3 as often used. Demanding that the h value
from CMB data must match with that obtained from local
observations Poptawski found that such a bid satisfies when
w ~ —0.01. However, observation of flat rotation curves
has been one of the motivations behind consideration of the
dark matter in galaxies and it is, therefore, prudent to fur-
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ther investigate if such a value of w would describe the flat
rotation curves.

3 Gravitational field of galactic halo and non-particle
dark matter

Observations reveal that the orbits of stars and interstellar
gas around the center of a spiral galaxy are approximately
circular. The gravitational field in the halo region of a spiral
galaxy thus should well be approximated as spherical sym-
metric. The general spherically symmetric static line element
is given by

ds? = —e"0dr? 4 "V dr? 4+ r2(do? + sin0de?), (1)

where 1 (r) and v(r) are functions of radial distance r only.
For the above metric the Einstein field equations R, =
8w GTyy give (¢ = 1 through out the paper):
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In the above we have taken the stress-energy tensor of dark
matter as Ty, = (o + p) U, U, + pguv, p is the rest frame
energy density, p is the pressure and U is the four velocity, as
considered by Poplawski for non-particle dark matter [21].

Restricting geodesic motion in the equatorial plane, the
tangential velocity (vg) of a test particle in a circular orbit in
the space-time metric of Eq. (1) is given by

re ),

Ze*ll(r) ’ (5)

2 _
U(p -_
where subscript r refers to derivative with respect to r.

3.1 The metric coefficients for the Universal velocity
profile

Because of the overall resemblance of natures of rotation
curves for spiral galaxies a number of attempts have been
made to describe the rotation curves by a single mathemat-
ical formula. From a sample of around 1100 optical and
radio rotation curves, Persic et al. [24] expressed the rota-
tion curves, comprising both disk and halo components, as a
function of total luminosity and radius by a simple formula
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as given below

2

2 2 T
Vi =0 ———— 6
e (6)

where v, and r, are two constants, v, is a function of lumi-
nosity of the galaxy. The above expression does not contain
any free parameters, and it is often called as universal rotation
curve of galaxies.

For the universal velocity profile (Eq. 6) the Eq. (5) gives

w(r) = v2n[(r* +r2)/R?) 7

where R is a constant.

The solution of e” obtained by inserting the above expres-
sion in (3), and (4) is quite clumsy, involving hypergeo-
metric function and is difficult to handle. Barranco et al.
[26], instead considered the Newtonian limit (i.e. the pres-
sure much smaller than the density) of Egs. (3), and (4) and
subsequently found

2
—v 2 r

e ' =1-2v——
or24r?

®)

where k and R are constants.
The Egs. (3) and (4) give the expressions for energy den-
sity and pressure

_ v_g r2 +3r3 ©)
P= 4 2 1122
vﬁ r 4+ 2r3 (10)

- 8_71 r2 + r§)2

The central density and pressure (at » = () are given by

32
= 11
IO() 47'[7'3 ( )
and
_ % (12)
Po = 4rr?

The equation of state of the matter field leading to the
solutions (7) and (8) can be expressed as [26]

(2L L
P = Do (4,)0 T (1 1+24(p0>>> (13)

Under the condition that p < p,, the equation of state
can be expressed as p = wp where the equation of state
parameter is given by

3po
w =
2p,

(14)

Since both p, and p, are positive, w has to be positive
which implies that non-particle dark matter cannot repro-
duce the universal rotation curves of galaxies. However, since
Newtonian limit of Einstein field equations was considered
in deriving the equation of state of the matter field that leads
to universal rotation curve we cannot rule out the possibility
of negative w in full relativistic treatment.

3.2 The metric coefficients for exactly flat rotation curve
feature

When r > r, the universal velocity profile (Eq. 6) reduces to
aconstant v4, independent of radial distance. The observation
of a large number of galactic rotation curves exhibit such
almost constant vy in the galactic halo region. For constant
vy the Eq. (5) straightway gives

") = Bord, (15)

whereq = 2(v¢)2 and By is an integration constant. Inserting
the solution of e*") (15) in the Eqs. (3) and (4) one gets

ae™" b
e ")+ = -, (16)
r r
where
4(1 — g2
Pl D (17)
2+g¢q
and
4
b=———. (18)
24¢q

The exact solution of Eq. (16) reads

_, b D
e =—-—4 —, (19)
a rd

where D is an integration constant. The Eq. (1) along with
Egs. (15) and (19) give the space-time geometry of galactic
halo for for arbitrary matter field with isotropic pressure field.
Inserting the expressions for p(r) and v(r) in Einstein
field equations ((3)—(4), we get the expressions for p, p as

1

P~ %G
|: q(4—q) r_z_D(6_Q)(1+Cl)rq(2_q)/(2+q)i|
4449 —q? 2+4q

(20)
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Fig. 1 Variation of w with D for different galaxy radii (r)
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Here an analytical expression of equation of state is not
available.

The ratio (w of p to p for the dark matter field is obtained
from Eqgs. (20) and (21),

w=—
P

qzra +D(+qg)4+4qg — q2)

TG D6 -+ ) E+47—q)/2+q)
(22)

Since g is small, w can be written as:

2..a
o~ LT HAD 23)
4qre — 12D

It appears from the above equation that w, in general, is
a function of radial distance. If we demand that w has to be
a constant that can be achieved when either ¢%r® > D or
D > qr®. The former condition, however, contradicts the
condition of negativity of w. So the only option remains is
that D > gr® which gives w ~ —1/3.

To exemplify the above-mentioned point without restrict-
ing w as independent of r we have plotted w vs. D for dif-
ferent r values from Eq. (23) for a typical rotation speed of
200 km/s. The Fig. 1 shows a few of such plots. We note
that negative values of w are consistent with observations as
long as @ < —0.33 which interestingly resemblance with
the dark energy condition. Clearly, @ value never reaches
—0.01 as found by Poptawski [21] to obtain a consistent
unique Hubble constant from the local and cosmological
observations.
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4 Discussion and conclusion

In the Poplawski model the equation of state of dark mat-
ter is assumed that of an ideal fluid p = wp. In the present
work we have employed exactly the same assumption and
explored whether the static spherically symmetric space-
time of galactic halo is consistent with such an assumption
of equation of state with negative w. As mentioned in [21]
a conventional fluid with w < 0 is unstable that likely to
lead inhomogeneity. The instability of the fluid might affect
the stability of the static solution of the halo space-time
which we have ignored in the present work. We have also
not considered the issue of inhomogeneity in dark matter
distribution.

The present study suggests that it is not enough to resolve
the tension between the current expansion rate from the
global and local measurements for a consistent description
of dark matter but the analysis of galaxy rotation curves also
needs to be included. In particular Poptawski [21] has floated
an interesting idea of non-particle dark matter to overcome
the discrepancy in the measured values of the Hubble con-
stant from the local and cosmological observations. However,
here we find that such a scheme is not compatible with the
observed feature of the galactic rotation curves, at least as
long as inhomogeneity of dark matter distribution and sta-
bility issues are not taken into consideration. The magnitude
of the equation of state parameter required to remove the
discrepancy in the estimation of Hubble parameter is found
smaller than that admissible for matching the galactic rota-
tion curve.

The admissible value of negative @ (~ — 1/3) as allowed
from the flat galactic rotation curve feature resembles the dark
energy equation of state parameter required for the late time
acceleration. It is not clear at this stage that whether such
similarity is just a simple coincidence or it indicates some
deeper correlation between dark matter and dark energy.
The admissible negative w value, however, leads to a much
larger and unrealistic & value if one follows the procedure
of Poptawski [21]. Moreover, an analysis of CMBR data
as observed by Planck together with the baryonic oscilla-
tion data (BAO) does not support such large negative w
[30].

Does w of non-particle evolve with time? If it evolves
from its value =~ —0.01 at the recombination epoch to a
vanishing or a slightly positive w or even towards w < —0.33
at present epoch, the Hubble tension will be resolved, as
shown by Poptawski [21], without compromising with the
galactic flat rotation curve feature. Several models have been
proposed in cosmology considering the evolving equation
of state for dark energy. For dark matter, such a feature is
not very common. However, since non-particle dark matter
can be described by a scalar field (or by some other field)
the evolution of @ seems quite feasible theoretically. Even
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it may be possible to choose the time variation of w in such
a way that the non-particle dark matter also contributes to
structure formation which is not possible in the constant w
scheme.
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