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Abstract:
The complex particle energy, appearing in this article, with the suggestive choices of physical parameters,is transformed
simply into the real particle energy. Then with the bicubic equation limiting particle velocity formalism, one evaluates the
three particle limiting velocities, c1, c2 and c3, (primary, obscure and normal) in terms of the ordinary particle velocity, v,
and derived positive m+ = m ≻ 0 and negative m− = −m ≺ 0 particle masses with m2

+ = m2
− = m2.

In general, the important quantity in solving this bicubic equation is the real square value z2(m) of the congruent parameter,
z(m), that connects real or complex value of particle energy, E, and the real or complex value of particle velocity squared,
v2, 2Ez(m) = 3

√
3mv2. With real z2(m) one determines the real value of discriminant, D, of the bicubic equation, and

they together influence the connection between E and v2. Hence, when z2 ≺ 1 and D ≺ 0 one has simply that E ≫ mv2.
However,with D ≽ 0 and z2 ≽ 1 , both E and v2 may become complex simultaneously through connecting relation
E = 3

√
3mv2/2z(m), with their real values satisfying

Re E < m
(
Rev2

)
, keeping, however z2 the same and real.

In this article, this new situation with D ≽ 0 is discussed in detail.by looking as how to adjust the particle parameters to
have ImE = 0 with implication that automatically also Imv2 = 0..In fact, after having adjusted the particle parameters
successfully this way, one simply writes ReE = E and Rev2 = v2. This way one arrives at that the limiting velocities
satisfy c1 = c2 # c3, which shows the degeneracy of c1 and c2 as the same numerical limiting velocity for two particles.
This degeneracy c1 =c2 is simply due to the absence of ImE. It would start disappearing with just an infinitesimal ImE.
Now,while c1 = c2 is real, c3 is imaginary and all of them associated with the same particle energy, E. With these
velocity values the congruent parameter becomes quantized as z(m±) = 3

√
3m±v2/2E = ±1 which, with the bicubic

discriminant D = 0 value, implies the quantization also of the particle mass, m, into m± = ±m values . The numerically
equal energies,from E = ReE can be expressed as

E(c1,2( m±)) = E(c3(m±)) either directly in terms of c1(m±) = c2(m±) and c3(m±) or also indirectly in terms of particle
velocity, v, as well as in the Lorentzian fixed forms with v2# c2

1, c
2
2 or c2

3 assuring different from zero mass, m # 0.

At the end, with here developed formalism, one calculates for a light sterile neutrino dark matter particle, the energies
associated with m± masses and c1,2and c3 limiting velocities.
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1. Introduction

The discussion of particle limiting velocities is done rather efficiently with the bicubic equation limiting particle velocity
formalism as developed in Śoln (2014, 2015, 2016, 2017, 2018a, 2018b). Here, the essentials of limiting velocity bicubic
equation elements, convenient for this discussion are from Śoln (2014, 2018a, 2018b) since these contain both positive
and negative masses, m+ = m ≽ 0, m− = −m ≼ 0, or as m+,− = m± = ±m, m ≽ 0 . The global adjustable values
of the congruent parameter, z(m),which, as such, may be even quantized, and the cubic equation discriminant, D(m),
affect the limiting velocity solutions with preferred energies. For instance, in Śoln (2014, 2018a, 2018b), the congruent
parameter, z(m), and the discriminant, D(m), satisfied z2 (m) ≺ 1 and D(m) ≺ 0, respectively, which correspond to rather
high particle energies, E ≫ mv2 , with v denoting ordinary particle velocity. In what follows we wish to discuss lower
energy regimes with light ordinary or dark matter particles, in which some energies and velocity squares may become
complex. In these discussions the congruent parameter, z(m), assumes specific ”quantized” values of +1 ad -1, assuring
the real values of final E and v2. This is possible because, as seen in (1.2), the real and imaginary E and v2values are
respectively proportional to each other. The bicubic equation for particle limiting velocity, c, with global particle mass,
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m, and energy, E, is given in (1. 1),

(
c2

v2

)3

−
( E
mv2

)2 (
c2

v2

)
+

( E
mv2

)2

= 0. (1.1)

The aim of this article is to process the chosen physical parameters so as to make the particle energies, velocity squares
and limiting velocities real as shown in (1.2). In the course of this process, the quantization of the particle mass, m, into
positive mass, m+, and negative mass, m−,occurs which, in turn, is affecting he particle velocity square, v2, and particle
energy, E , respectively with making changes Rev2 7−→ v2, Imv2 7−→ 0 and, ReE 7−→ E, ImE 7−→ 0.

m+,− = m± = ±m,m ≽ 0, E =
3
√

3m±v2

2z (m±)
, z2 (m±) ≽ 1,

D (m±) =
(

27
8

)2 1
z4 (m±)

(
1 − 1

z2 (m±)

)
≽ 0.

(1.2)

With this selection process, the congruent parameter, z(m), will get quantized as z2(m) = 1, z(m±) = ±1, so that numerical-
ly in (1.2) z2 (m) ≽ 1 with D(m) ≽ 0 are satisfied, where m± = ±m, m ≽ 0 . Taking these facts into account, the following
are important elements of the particle limiting velocity bicubic equation as taken from Śoln (2014, 2018a, 2018b) but
adjusted for new parameters. Here, one assumes that the derived real energy, E, will not be much larger than mv2 (Re
E ≽ mRev2), with resulting z2 (m±) ≽ 1 and D(m±) ≽ 0 as shown in detail in (1.2).

With derived real energy, E, (implying also real v2), the negative particle mass, m− = −m ≺ 0, is unavoidable in this
presentation which will reflect explicitly on the values of the congruent parameter, z, satisfying z2(m) = 1, yielding of
course z(m±) = ±1, so that z(m+) = −z(m−) = 1 with m± = ±m, m ≽ 0 and with D(m±) = 0.

In Section 2 the solutions for squares of primary,c2
1, obscure, c2

2, and normal , c2
3, particle limiting velocity solutions

are given. According to Burrington (1973), c2
1 and c2

2 are two conjugate complex roots of the bicubic equation and, as
such, with their imaginary portions affecting the particle energy and velocity-square to be complex. Adjusting the particle
parameters so as to make imaginary portions of the energy and velocity squared simultaneously equal to zero, ImE = 0,
Imv2 = 0, one obtains that c2

1 and c2
2 become numerically the same limiting velocity squares of m+ = m and m− = −m,

m ≽ 0 massive particles. Although the square of normal,limiting velocity satisfies c2
3 ≺ 0, and implying the c3 to be

imaginary, the corresponding particle, never the less,has real ordinary velocity and the same real energy as particle with
either c2

1 or c2
2 limiting velocity squares. A particle with a real ordinary velocity, v, and real energy, E, but imaginary

limiting velocity c3, making it difficult to identify, might be a potential example of a dark matter particle. In fact, the
interest today is rather strong to explore large ranges of dark matter particles from ultraviolet to sub-MeV in energies (see,
for instance Alonso, Blas, & Wolf, 2018). Hence, here in this work, we wish to address the behaviors of light ordinary or
dark matter particles and see how these can be used when applied to the light sterile neutrino dark matter particles Ng et
al. (2019).

Section 3 is devoted to summary with discussion and the treatment of specific examples of sterile neutrino dark matter
particles.

2. Limiting velocity solutions with positive and negative particle masses

The mathematical solutions (Burrington, 1973) for the squares of primary, obscure and normal limiting velocities, c2
1, c2

2
and c2

3, are derived from (1.1) as follows,

c2
1,2(m)

v2 =
3

2z(m)
csc 2 tan−1

(
tan

(
1
2

sin−1
(

1
z(m)

))) 1
3

± i
3
√

3
2z(m)

ctn2 tan−1
(
tan

(
1
2

sin−1
(

1
z(m)

))) 1
3

c1,2 =c1, c2 : c1#c2

(2.1, 2)

c2
3 (m)
v2 = − 3

z (m)
csc 2 tan−1

(
tan

(
1
2

sin−1
(

1
z (m)

))) 1
3

, (2.3)

where in (2.1, 2) for c1,2 , at this stage the inequality still holds between limiting velocities c1 and c2. Hence, it is easily
seen that c2

1+ c2
2+ c2

3 = 0 . While mathematically, these solutions are satisfactory, physically, as yet, they are not. From
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(1.2) we have for the particle energy expression E = 3
√

3mv2/2z (m), so that with v2 from (2,1,2) and (2.3) each energy
can be expressed directly in terms of c2

1, c2
2 and c2

3 yielding two complex energy expressions and one real. For further
easier discussions of energy relations it is worthwhile introducing the following notation,

α (m) = 2 tan−1
(
tan

(
1
2

sin−1
(

1
z (m)

))) 1
3

. (3)

From relations (2, 1 2) and (2. 3) one can express the energy with each particle limiting velocity as,

E (ci) =
3
√

3mv2 (ci)
2z (m)

, i = 1, 2, 3, (4)

and, after expressing v2 (ci) , i = 1, 2, 3 in terms of c2
1,2 (m) and c2

3 (m) yielding from (2.1, 2) and (2.3) the multiple energy
expressions, labeled by limiting velocities,

E
(
c1,2

)
=
√

3mc2
1,2 (m)

[
cscα (m) ± i

√
3ctnα (m)

]−1
. (5.1,2)

E (c3) = −
√

3
2

mc2
3 (m) [cscα (m)]−1 . (5.3)

The simple question now is, what values of physical parameters will make the energies E (c1) and E (c2) real without
imaginary portions ? To begin with, the imaginary portions in either (2. 1,2) or (5.1,2) disappear when α (m) = ±π/2.
These values of α (m) quantize the congruent parameter, z(m), into z (m±) = ±1 and the mass, m, into the positive mass,
m+ = m, and the negative mass, m− = −m,m ≽ 0, through the following chain of deductions,

(α(m) = 2 tan−1
(
tan

(
1
2

sin−1
(

1
z(m)

))) 1
3

= ±π
2

ctnα(m) = ctn
(
±π

2

)
= 0, cscα(m) = ±1 −→

(6.1)

csc 2 tan−1

tan
(

1
2

sin−1
(

1
z(m)

)) 1
3

= ±1

tan−1

tan
(

1
2

sin−1
(

1
z(m)

)) 1
3

= ±π
4

tan
(

1
2

sin−1
(

1
z(m)

))
= (±1)3 = ±1

(6.2)

1
2

sin−1
(

1
z(m)

)
= ±π

4
,

1
z (m±)

= ±1

cscα (m±) = ±1 = z (m±) ,m± = ±m,m ≽ 0

z (m±) =
3
√

3m±v2

2E (m±)
= ±1 : E (m±) =

3
√

3mv2

2
.

(6.3)

As one sees, these deductions not only eliminated the imaginary parts from energies E (c1) and E (c2) but also from
limiting velocity squares, c2

1 (m±) and c2
2 (m±). One should notice the appearance of the energy, E (m±) = 3

√
3mv2/2, in

(6.3) which, numerically, it will turn out not only to be E (c1) and E (c2) but also E (c3). In other words, the same energy
for all three particle with limiting velocities, ci, i = 1, 23. Also,important thing to notice is the fact that these deductions
in a simple way quantized the congruent parameter, z (m±), into ±1 values which, in turn quantizes he mass into m± = ±m
with m ≽ 0. . Furthermore, with parameter values from relations (6.1, 2, 3), the primary, obscure and normal limiting
velocity squares follow from (2.1, 2) and (2.3) to be
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c2
1,2 (m±) = c2

1 (m±) = c2
2 (m±) =

3v2

2z (m±)
cscα (m±) =

3
2

v2,

c2
3 (m±) = − 3v2

z (m±)
cscα (m±) = −3v2.

(7.1,2;3)

At this point one notices that numerically c2
1 (m±) and c2

,2 (m±) are equal to each other for either m+ = m or m− = −m with
m ≽ 0 simply because the imaginary portions of energies are eliminated by choices of parameters in (6.1), (6.2) and (6.3).
One retains notation c2

1,2 (m±) which may allow to differentiate between c1 and c2 with some other possible attributes, if
and when necessary.

Next, we demonstrate that E (m±) = 3
√

3mv2/2 from (6.3) is universal. Namely, as suggested by (6.1) and (5.2), one starts
with real portions of (5.1,2) and (5.3), and then with the same choice of parameters from (6.1,2;3 ) obtains for particle
energies with primary, obscure and normal limiting velocities for either m+ = m or m− = −m with m ≽ 0 , the following
expressions (with cscα (m±) = z(m±) = ±1):

E
(
c1,2 (m±)

)
=
√

3m± (cscα (m±))−1 c2
1,2 (m±)

= m±(±1)
3
√

3
2

v2 = m
3
√

3
2

v2.,

E (c3 (m±)) = −
√

3
2

m± (cscα (m±))−1 c2
3 (m±)

= m±(±1)
3
√

3
2

v2 = m
3
√

3
2

v2.

(8.1,2;3)

Indeed, this same numerical energy is associated with three particles, having the same m+ or m− masses and the same
ordinary velocity, v, but two different limiting velocities, one real c1,2 and one imaginary c3. This last fact, makes these
particles rather difficult to associate with each other. Are the so called dark matter particles from this class of particles?

Utilizing the connections between particle ordinary velocity, v, and the single valued doublet, c1,2, limiting velocity or, c3,
limiting velocity in (7.1,2; 3) one re-expresses particle energies from (8.1,2; 3) in the bicubic equation limiting particle
velocity formalism with multiple limiting velocities in fixed Lorentzian like forms from reference (Śoln, 2017) as follows,

E
(
c1,2 (m±)

)
=

3
2

m±(±1)v2

1 − v2

c2
1,2 (m±)

−
1
2

=
3
2

mv2

1 − v2

c2
1,2 (m±)

−
1
2

,

v2 =
2
3

c2
1,2 (m±) > 0.

E (c3 (m±)) = 3m±(±1)v2
1 − v2

c2
3 (m±)

− 1
2

= 3mv2
1 − v2

c2
3 (m±)

− 1
2

,

v2 = −1
3

c2
3 (m±) > 0.

(9.1,2,3)

One thing that one sees immediately from (9.1,2; 3) is that these forms for the energy expressions are very accommodating.
Here, consistent with (6.3), we have particles with the same energy E, the same mass m+ or m− with the same velocity
v; along with a single valued doublet limiting velocity, c1,2, and the other with imaginary value, c3, limiting velocity. In
other words, while the particle velocity, v, is fixed, the limiting velocities are not.The limiting velocities although being
so different, nevertheless steer the particle in question to the same energy and with the same particle velocity, v . One also
should notice that all these energies coming out with the same value are consistent with same congruent parameter values
of, z (m±) = ±1,in relations (5.1,2; 3) and (8.1,2; 3) even before going into details of determinations of energies with
limiting velocities.

3. Discussion, one example and conclusion

Although, the energy expressions in (9.1,2; 3) have form similarities, on one hand, with the Lorentzian particle energy
expression in the theory of relativity (Alonso, Blas, & Wolf, 2018) with the velocity of light, c, as the single limiting
velocity, it is, on the other hand, the bicubic equation limiting particle velocity formalism (Śoln, 2017) with multiple
limiting velocities, c1,c2and c3, that yield the Lorentzian like particle energy expressions with fixed particle velocity, v,
but with interchangeable limiting velocities, c1,2 and c3. A rather interesting and intriguing fact is that a particle with fixed
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ordinary velocity can change the limiting single valued doublet real velocity, c1,2, into the imaginary velocity, c3, and still
retain the same energy, E.

We can actually, give an outline of the real and imaginary limiting velocities occurrences on an example from the literature.
Namely,recently Kenny C. Y. Ng et al. (2019) in studying the constraints on sterile neutrino dark matter from NuSTAR
M31 observations, have put forward a well-motivated sterile neutrino dark matter candidate denoted as χ. This well
studied sterile neutrino candidate can radioactively decay into mono-energetic photon, γ, and into an active neutrino, ν.
It was concluded that the mass of the sterile neutrino satisfy mχc2 ≽ 12keV , with c the velocity of light. Here, it may be
assumed that the sterile neutrino dark matter particle physical parameters nature chose so as to only real portion of the
energy remains. If so, this sterile neutrino dark matter particle should through limiting velocities, the real one, c1,2, and
the imaginary ,c3, obey the same value energy expressions (8.1,2; 3), allowing the masses to be positive and negative. For
simplicity we choose that c1,2 = c , the velocity of light, and that mχc2 = 12keV. Then, consistent with (7.1,2; 3) we can
immediately write, with the help from (8.1,2; 3):

(±1) m±χc2 = mχc2 = 12keV :

De f . : c1,2 = c; v2 =
2
3

c2
1,2

(
m±χ

)
=

2
3

c2 ←↩ c2
3

(
m±χ

)
= −2c2,

E
(
c1,2

(
m±χ

))
= (±1) m±χ

3
√

3
2

v2 =
√

3mχc2 =
√

312keV = 20.8 keV,

E
(
c3

(
m±χ

))
= −

√
3

2
(±1) m±χc2

3 (m±) =
√

3mχc2 =
√

312keV = 20.8 keV,

Both particles, one with real limiting velocity, c1,2, and the other with imaginary limiting velocity, c3, have the same
energy, something that it should not be too surprising for particles belonging to the dark matter species.

In conclusion one may say that,on one hand, consistent with our present understanding,some portions of the nature appear
to be rather simple and predictable, but on the other hand, some portions of the nature can also be rather complex,
indicating that some answers are still at a distance and eventually to be uncovered,leading to better understanding.
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Śoln, J. (2016). Limiting velocities of primary, obscure and normal particles: Self-annihilating obscure particle as an
example of dark matter particle. Applied Physics Research, 8(5), 1.
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