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In this article, I shall propose a new theory of dark matter, in which I introduce a neutral primordial field,
which is a new field beyond the standard model. All the standard model elementary particles are produced spontaneously from this field in the Big Bang epoch of the universe and then these produced elementary particles
decayed or annihilated in the well-known standard model interactions. The relic of the primordial field appears
in a form of vacuum energy can not only give naturally the correct abundance of dark matter in the present universe, but provide a natural solution to the cosmological constant problem as well. We find that the conventional
methods of detecting dark matter either fail or have great difficulties to detect the remaining vacuum energy of
the primordial field, and how to confirm the existence of the remaining energy of the universe’s original energy
in experiment is still an open problem.
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I. INTRODUCTION

Einstein’s discovery of general relativity enabled us for the first time to understand the universe quantitatively and accurately.
Owing to the developments, both theoretical and observational, in the last two decades of the twentieth century, we have enormous undoubted and convincing evidences which point to the existence of dark matter in the universe. The most convincing
and direct evidence for the existence of dark matter on galactic scales come from the observations of the velocity distribution of
galaxies. Apart from the rotation curves of galaxies, the hot gas which produce bremsstrahlung emission of X-rays distributed
throughout the clusters of galaxies and gravitational lensing studies of distant galaxies also provide strong evidence for the
predominance of dark matter in galaxies. Furthermore, the analysis of the cosmic microwave background provide us the information that dark matter is about five times more abundant than baryonic matter, accounting for about 85% of the total matter in
the universe.
Although many experimental attempts have been done to reveal the nature of dark matter, what on earth is dark matter is still
remain mysterious after almost a century since it was initially proposed by Zwicky [1]. Only lower and lower limits for their
masses are set with these experiments. The searches for weakly interacting massive particles are still null results when the latest
upper limit on the WIMP-nucleon spin-independent elastic scattering cross section reaches the level of 10−47 cm2 [2], which is
only about two orders of magnitude higher than the neutrino-induced background. Axion, which arises from attempts to explain
why the strong interaction obeys the CP symmetry, is another popular candidate for dark matter. The major challenges for the
detection of axions in experiments are the particle’s mass and coupling constant are unknown, the predicted masses of axions
range from 1 µeV to 1 eV. The continuing null results from searches for standard axions are narrowing the potential mass range
for hypothetical dark matter axions bit by bit. Since the contradictory results from different experiments for the searches of
sterile neutrino, one of the proposed dark matter candidates, the existence of sterile neutrino is still a question.
Another unresolved problem in cosmology is the cosmological constant problem [3]: a huge discrepancy does exist between
the theoretical value of vacuum energy density and the critical density. Although there are many attempts to solve the cosmological constant problem, including in the framework of supersymmetry or quantum gravity and quantum cosmology, each approach
has its own defect and none of them gives a satisfactory solution.
In conventional viewpoint, dark matter puzzle and cosmological constant problem are two independent problems. However,
in this article, I shall propose a new theory of dark matter, in which I introduce a neutral primordial field, which is a new field
beyond the standard model. All the standard model elementary particles are produced spontaneously from this field in the Big
Bang epoch of the universe and the relic of the primordial field appears in a form of vacuum energy can not only give naturally
the correct abundance of dark matter in the present universe, but provide a natural solution to the cosmological constant problem
as well. The details of the new theory of dark matter and various supporting arguments for the new theory will be discussed fully
in Sec. IV, and in Sec. V, we explain why the conventional methods for dark matter detection either fail or have great difficulties
to detect the dark matter.
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II. EVIDENCES FOR THE EXISTENCE OF DARK MATTER

The observations of the rotation curves of galaxies are the most convincing and direct evidence for the existence of dark matter
on galactic scales, rotation curves are usually obtained by combining observations of the 21 cm line with optical photometry.
The first evidence for the existence of dark matter has emerged for almost a hundred years, credited to the discovery of Zwicky in
1937 [1]. When Zwicky was trying to estimate the mass of large clusters of galaxies by measuring the rotation curves of galaxies,
namely the graph of circular velocities of stars and gas as a function of their distance from the galactic center, surprisingly he
found that the observations are very different from the prediction of Newtonian dynamics if the mass of galaxies are dominated
by luminous objects like stars.
In Newtonian theory the circular velocity is expected to be
√
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v(r) =

GM (r)
,
r

(1)

∫
where M (r) ≡ 4π ρ(r)r2 dr and ρ(r) is the mass density
profile. If the matter in galaxies is mainly made up of luminous
√
objects, the rotational velocity should drop as v ∝ 1/ r, just as in solar system. But at large scale, observations revealed that
rotational curve becomes flat. This led Zwicky to conclude that the most of the matter in galaxies is invisible, i.e., the dark
matter.
Zwicky’s observations were later confirmed by Rubin and Ford in 1970s on the rotation curves of many different galaxies [4].
To date, the existence of significant discrepancies between the visible mass and the conventional dynamical mass of galaxies,
Zwicky’s pioneering discovery, is a firmly established observational result. Fig. 1 is a typical example of rotation curve. The fact
that circular velocity v(r) is approximately constant at large scale implies the existence of a dark matter halo with M (r) ∝ r
and ρ(r) ∝ 1/r2 .

FIG. 1. Rotation curve of NGC6503. The dotted, dashed and dash-dotted lines are the contributions of gas, visible components and dark matter
halo , respectively. From Ref. [5].

Apart from the velocity distribution of galaxies, there are other evidences pointing to the presence of dark matter. One evidence
comes from the hot gas which produce bremsstrahlung emission of X-rays distributed throughout the clusters of galaxies. The
typical temperature of these gases is at the order of 107 ∼ 108 K, which produces bremsstrahlung emission in X-rays. From Xray observations, luminosity can be measured. If the mass of cluster is main from their luminous mass, then the thermal velocity
of hot gas is much larger than their escape velocity, so the mass required to hold hot gas in cluster estimated requires vast amount
of dark matter. One example indicate that the cluster is primarily held together by the gravity of dark matter come from the results
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from Chandra X-ray Observatory on the distribution of dark matter in a massive cluster of galaxies(such as Abell 2029, which
consists of thousands of galaxies surrounded by a huge cloud of hot gas) [6–8]. Another evidence for dark matter comes from
gravitational lensing of distant galaxies [9, 10]. Gravitational lensing, refers to the fact that light rays from a distance source
such as galaxies or quasars are bent towards the regions of large mass and hence there may be multiple images of the distant
objects. The differential deflection of light rays by intervening structures allows us to study the projected mass distribution of
the deflectors without having to rely on assumptions about the state or nature of the deflecting matter, thus gravitational lensing
has important implications for the dark matter problem, galaxy structures and cosmology, and has been proven to be a powerful
tool to study the (dark) matter distribution of a range of objects in the universe [10]. Observations from the Sloan Digital Sky
Survey used weak gravitational lensing provide strong evidence for the predominance of dark matter in galaxies, including the
Milky Way, see lecture [11] and references therein.
Despite evidence of dark matter on distance scales of the size of galaxies and clusters of galaxies appears to be compelling
from above discussions, it do not allow us to determine the total amount of dark matter in the universe. Such information can
be extracted from the analysis of the cosmic microwave background(CMB). The following abundances of baryons and matter in
the universe are from the analysis of the Wilkinson microwave anisotropy probe(WMAP) data [12].
Ωb h2 = 0.024 ± 0.001,

Ωm h2 = 0.14 ± 0.02.

(2)
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where Ωb and Ωm are defined via
ρb ≡ Ωb ρcr a−3 ,

ρm ≡ Ωm ρcr a−3 .

(3)

That is, Ωb is the ratio of the baryon density to the critical density today and Ωm , the ratio of the total matter density today to
the critical density. a is the scale factor, whose present value is set to one. h has nothing to do with Planck’s constant ~, current
measurements set h = 0.72 ± 0.08 [13].
Scott Dodelson has made a wonderful representation about the significant difference between the baryon density and the total
matter density at cosmological scales in his book Modern Cosmology [14], the following paragraph we quote from this book.
There are now four established ways to measuring the baryon density. The first way, which is also the simplest method, is to
observe the baryon density in galaxies. The greatest contributions to the baryon density does not come from stars in galaxies,
but rather from gas in groups of galaxies. In these groups, Ωb is about 0.02. The second way to count baryons is by detecting
the Lyα resonance absorption line in quasar spectra, it is a measure of the intervening hydrogen, and hence the baryon density.
Estimates from Ref. [15] suggested Ωb h1.5 ≃ 0.02 with a fairly large uncertainty. The third method is to estimate the baryon
density by careful observation of the anisotropies of the CMB in the universe. In Ref. [16], the authors used the instrument the
Degree Angular Scale Interferometer(DASI) to measure the power spectrum of the CMB anisotropy over the range of spherical
harmonic multipoles 100 < l < 900, they found that the physical density of baryons Ωb h2 = 0.022+0.004
−0.003 . Similar result was
obtained in Ref. [17]. Finally, the light element abundances is sensitive to the baryon density, and the observations of these
abundances nail down Ωb h2 = 0.0205 ± 0.0018 [18]. Remarkably, these four different ways of measuring the baryon density
with very different techniques all agree reasonably well. They all place the baryon density at roughly 2 − 5% of the critical
density.
Meanwhile, there are also different ways of measuring the total matter density of the universe, such as using large-scale
cosmological simulations to estimate the mass-to-light ratio of galaxy systems [19], to calculate the power spectrum of the
galaxy distribution in the 2dF Galaxy Redshift Survey [20], the redshift and peculiar velocity surveys of galaxies in the nearby
universe [21], etc, for details, I would like to remind readers to read the corresponding parts of the book [14]. Most of these
measurements are consistent with Ωm is around 0.3. The density of total matter in the universe is much higher than that of
baryons, therefore there must be some new form of matter in the universe that is nonbaryonic, i. e. dark matter.
Since the formation of galaxies and the large scale structure of the universe depend on the different components of the universe,
numerical simulation of the formation of cosmic structure could provide us information about the components of the universe.
N-body simulations, the most widely adopted approach to the problem of large scale formation, also suggest the existence of a
universal dark matter profile [22].
Therefore, we have an enormous amount of undisputed evidence for the existence of dark matter, which is about five times
more abundant than baryonic matter, accounting for about 85% of the total matter.
III. CONVENTIONAL DARK MATTER CANDIDATES
A. Standard model neutrinos, sterile neutrinos and axions

After observations of neutrino oscillation from both the sun [23] and from our atmosphere [24] which can happen only if
the neutrinos have masses, neutrinos have been considered, until recently, excellent dark matter candidates for their undoubted
virtue of being known to exist [25]. However, a simple calculation shows that their total relic density is predicted to be [12]

4

Ων h2 =

3
∑
mi
,
93eV
i=1

(4)

where mi is the mass of the ith neutrino.
The laboratory constraint on neutrino mass from tritium β-decay experiments at Troitsk and Mainz was [26]
mν < 2.05 eV(95%C.L.).

(5)

Recently an improved upper limit on the neutrino absolute mass from a direct kinematic method by the Karlsruhe Tritium
Neutrino experiment KATRIN was reported in Ref. [27]
mν < 1.1 eV(90%C.L.).

(6)

This implies an upper bound on the total neutrino relic density
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Ων h2 ≤ 0.04,

(7)

which means that neutrinos are simply not abundant enough to be the dominant component of dark matter. There are other
arguments against neutrino as a viable dark matter candidate. One argument come from the Tremaine and Gunn bound [28],
which is a method often used for constraining the mass of elementary particle candidates for dark matter in galaxies by the phase
space. The original Tremaine-Gunn bound is only applicable to fermions, Madsen generalized the limits to bosons [29, 30]. It
was showed that in most cases particle masses of several eV or more are necessary to explain the dark matter in galaxy halos
from the generalized Tremaine-Gunn limits for bosons and fermions which should be obeyed by any particle candidates for
dark matter [30], apparently that is contradictory to the upper limit on the neutrino absolute mass [27]. A further argument
against neutrino as dark matter candidate comes from the fact that our galaxy appears to be older than the Local Group [31],
and the discrepancy between the predicted late formation of galaxies, at redshift z ≤ 1, against observations of galaxies around
z > 4 [32], for detail discussion, see Ref. [12]. Therefore, we can conclude that the standard model neutrino as the candidate
for the dominant component of dark matter has been ruled out.
Sterile neutrinos were proposed as dark matter candidates in 1993 by Dodelson and Widrow [33]. Several anomalies recorded
in short-baseline oscillation experiments(see Ref. [34] and references therein) suggest the possibility that the well-established
three massive neutrino framework may be incomplete, but can be accommodated, to some extent, by addition of a new heavy
neutrino mass state ν4 with mass in the eV range, which mix with the ordinary neutrinos but without standard model electroweak
interactions. The sterile neutrino hypothesis is the minimal explanation of the anomalous observations. At a phenomenological
level, sterile neutrinos must be introduced without spoiling the basic success of the standard three-flavor framework. This can
be achieved in the so-called 3+Ns schemes, where Ns means the number of new neutrino mass eigenstates that are assumed to
exist. The simplest sterile neutrino model is referred to as the “3+1” model, where in addition to the three known mass states, a
fourth heavier single mass eigenstate ν4 is added. In Ref. [35] and references therein, the authors studied stringent cosmological
and astrophysical constraints on sterile neutrinos from the analysis of their cosmological abundance and the study of their decay
products. The latest experimental results for searching eV-scale sterile neutrino, in the context of a “3+1” model, using eight
years of data from the IceCube Neutrino Observatory were presented in Ref. [36]. An analysis of more than 300,000 muon
neutrino detections provides no evidence of sterile neutrinos, which is a finding at odds with other experiments, for instance,
results from the Liquid Scintillator Neutrino Detector(LSND) and MiniBooNE Experiments, both of which have found hints of
sterile neutrinos [37, 38]. Next steps for the IceCube Collaborations include expanding their analysis to detections of electron
and tau neutrinos, an excess of which may also indicate the involvement of sterile neutrinos. Therefore, at present, since the
contradictory results from different experiments, whether sterile neutrino does exist or not is still a question.
Axion, a hypothetical elementary particle, has also often been discussed as a dark matter candidate. In an attempt to solve the
Strong CP problem in QCD, Peccei and Quin introduced a new global U (1) chiral symmetry(which we call it U (1)PQ ) [39].
Weinberg and Wilczek subsequently pointed out that the spontaneous breakdown of the chiral U (1)PQ symmetry must associated
with the appearance of a pseudoscalar pseudo-Goldstone boson–the axion [40, 41]. The continuing null results from searches
for standard axions have led to the attention of very light(invisible) axions [42]. Laboratory searches, stellar cooling and the
dynamics of supernova 1987A constrain axions to be very light(≤ 10−2 eV) [12]. The present allowed mass of axion is in
the range of 10−6 –10−2 eV [43]. In the last year, several latest experimental results for searching for axion were reported.
In Ref. [44], ADMX Collaboration reported a search for dark matter axions in the galactic halo with the Axion Dark Matter
Experiment, which searches dark matter axions using an axion haloscope consists of a microwave-resonant cavity inside a
magnetic field, their search excluded axions in the mass range 2.81 − 3.31 µeV if the axion-photon coupling values predicted by
the DFSZ model. In Ref. [45], the authors reported an axion dark matter search using the CAPP-8TB haloscope, and found no
signs of the axions with masses around 6.7 µeV, although their experiment is not yet sensitive enough to exclude the possibility
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that axions might be present in that mass range. Jeong et al. presented the first results of a search for invisible axion dark matter
using a multiple-cell cavity haloscope in Ref. [46], their results excluded dark matter axions in the mass range between 13.0 and
13.9 µeV within a coupling gaγγ range. In Ref. [47], the authors used Galactic magnetic field models to calculate the expected
X-rays flux locally from axions emitted from Quintuplet and Westerlund 1 super star clusters, and then combined the axion
model predictions with archival Nuclear Spectroscope Telescope Array(NuSTAR) data from 10-80 KeV to search for evidence
of axions. They found no significant evidence for axions and constrained the axion-photon coupling gaγγ ≤ 3.6×10−12 GeV−1
for axion masses ma ≤ 5 × 10−11 eV at 95% confidence. Bit by bit, physicists are narrowing the potential mass range for
hypothetical dark matter axions, it would be interesting if axions are found not to exist. At this case, it will show that there is no
U (1)PQ symmetry, and an alternative explanation for the Strong CP problem in QCD will have to be found, that’s outside the
scope of this article.

B.

Weakly Interacting Massive Particles
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Perhaps the most attractive one among conventional candidates for dark matter is a weakly interacting massive particle(WIMP), with a typical mass range between tens of GeV to a few TeV, which can naturally explain the abundance of
dark matter in the universe via a canonical thermal production mechanism. WIMPs were in thermal equilibrium with the rest
of the cosmic plasma at high temperatures in the very early hot universe, but then experienced freeze-out as the temperature
dropped below its mass. The Boltzmann equation for the particle number density nX can be written as [12]
dnX
2
+ 3HnX = −⟨σv⟩(n2X − (neq
X ) ),
dt

(8)

where ⟨σv⟩ is known as the thermally averaged annihilation cross section, H is Hubble constant, and neq
X is the number density
at thermal equilibrium. It is more convenient to introduce the dimensionless variables

Y ≡

nX
,
T3

Y eq ≡

neq
X
,
T3

(9)

and a new time variable
x≡

m
,
T

(10)

where m is the mass of the heavy particle X, and T , the temperature of the cosmic plasma. Then the evolution equation (8)
becomes
dY
λ
= − 2 (Y 2 − (Y eq )2 ),
dx
x

(11)

where the ratio of the annihilation rate to the expansion rate of the universe is parameterized by [14]
λ≡

m3 ⟨σv⟩
.
H(m)

(12)

From evolution Eq. (11), the fraction of critical density today contributed by WIMP X can finally be expressed as [14]
ΩX

[ 3
]1/2
ρX
4π Gg∗ (m)
xF T03
≡
=
,
ρcr
45
30⟨σv⟩ρcr

(13)

where xF ≡ m/TF , and TF is the freeze-out temperature of the relic particle, g∗ (m), the effective number of relativistic degrees
of freedom, includes contributions from all the particles in the standard model(three generations of quarks and leptons, photons,
gluons, weak intermediate vector bosons and perhaps even the Higgs boson) and so is at the order 100.
A remarkable feature of Eq. (13) is that ΩX does not explicitly depend on the mass of the X particle, so it is mainly the
annihilation cross section which determines the relic abundance. A good approximate version of Eq. (13) is

ΩX h2 ≈

10−27 cm3 s−1
.
⟨σv⟩

(14)

If we set ΩX = ΩDM ≈ 0.26, then the annihilation cross section of the WIMP X is estimated at the order of 10−37 cm2 .
In 2011, Hooper and Goodenough performed a detailed analysis of Fermi-LAT data, they found an extended γ-ray excess
in the center region of our Milky Way Galaxy [48], and claimed that the observed spectrum of this additional component of
gamma ray emission can be well fit by light(∼ 8GeV) dark matter particle annihilating with an annihilation cross section in
the range of ⟨σv⟩ = 4.6 × 10−27 to 5.3 × 10−26 cm3 s−1 , which is in accord with the the predicted annihilation cross section
by Eq. (14). Similar interpretation of such γ-ray excess was obtained in Ref. [49]. This result was once very encouraging, and
even can be regarded as a hint of dark matter, but other researchers pointed out that a population of millisecond pulsars(MSPs)
of Milky Way can also explain the Galactic center γ-ray excess self-consistently, and satisfying all the current observational
constraints [50, 51]. Interpretations of these excesses are still in debate. An important thing is that if dark matter does exist
in that mass range, it should also be discovered by direct detection experiments of dark matter. The direct detection of dark
matter is a method to search for WIMPs by recording the recoil energy of nuclei as WIMPs scatter off them. The sensitivities
of direct detection increase remarkably during the past 30 years since it was first proposed in the 1980s. Through the efforts of
all the direct detection experiments, such as of DAMA, CREST, HDMS, CDMS, XENON, CDEX, PandaX, DarkSide, etc, the
current upper limit on the WIMP-nucleon spin-independent elastic scattering cross section reaches the level of 10−47 cm2 [2],
which is only about two orders of magnitude higher than the neutrino-induced background. Recent world results are shown in
Fig. 2. Despite very active search worldwide, none of these experiments has observed a convincing WIMP signal yet. Several
experiments are upgrading now, with the goal of further improving the direct detection sensitivities to the so-called neutrino
floor, a limit on dark matter detection. If dark matter particle does indeed exist in the mass range between several GeV to a few
TeV, it should be discovered in the next a few years; if the searches for WIMP are still null results when the detection sensitivities
reach neutrino floor, WIMP as the dark matter candidate will be dubious.
10−38

−2

10−39

−3

S
ES
CR
II
T-

−4

SI WIMP-nucleon cross section (cm2)

9

01

−41

10

Da

rkS

ide

20

18

−5
Bio

no
mi
al Q

−42

10

uen

−6

chi

ng

−43

−7

Post LHC1 mSUSY constraint

10

6
I 201
aX-I
Pand
17
0
2
LUX
7
I 201
aX-I
Pand

10−44
10−45
10−46
N1T
XENO

−47

σSI [pb]

10−40

I2

chinaXiv:202101.00003v3

6

−8
−9

−10

2018

−11

10

−48

−12

10

−49

−13

Neutrino coherent scattering

10

−50

−14

10

1

10

102
WIMP mass (GeV/c2)

103

104

FIG. 2. The current 90% upper limits on WIMP-nucleon SI cross section. From Ref. [52].

On theoretical side, the Standard Model(SM) does not provide a WIMP candidate, though many theories beyond the SM, for
example, Supersymmetry [53](a theory which predicts that every particle has a parter with opposite statistics), Extra Dimensions [54, 55](a theory which considers possible existence of new spatial dimensions beyond the four we see), etc, naturally
predict heavy, neutral and stable particles(WIMPs), these theories themselves have not been proved yet.

IV. THE NEW THEORY OF DARK MATTER

In quantum field theory, for each model of a quantum field there is a zero-point energy 12 ~ω, so the energy density of the
quantum vacuum is given by [56]
∫ ∞√
∑ gi k 4
1 ∑
d3 k
max
≃
,
(15)
ρvac =
gi
k 2 + m2
3
2
(2π)
16π 2
0
fields

fields

7
where gi is the degrees of freedom of the field(the sign of gi is plus for bosons and minus for fermions) and the sum runs over
all quantum fields(e.g., quarks, leptons, gauge fields, etc.). kmax is an imposed momentum cutoff.
On the other hand, the energy density of empty space must satisfy the following observational bound
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ρvac < ρcr ∼ 10−11 eV4 .

(16)

The trouble is that the energy density of the vacuum is likely to be enormously larger than ρcr . To illustrate the magnitude of
the problem, supposing the energy density contributed by just one scalar field with the condition m ≪ kmax . Taking the cutoff
to be the Plank scale, where one expect quantum field theory in a classical space-time metric to break down, the vacuum energy
density will exceed the critical density ρcr by 120 orders of magnitude! If we taking the cutoff to be electroweak symmetry
breaking scale MEW ∼ 200GeV or QCD scale ΛQCD , a huge discrepancy between the theoretical value of vacuum energy
density and critical density does still exist, which is known as the cosmological constant problem [3].
There are many attempts to solve the cosmological constant problem. Supersymmetry, a hypothetical symmetry between
bosons and fermions, appears to provide only partial help [56]. Zumino pointed out that supersymmetry, if unbroken, imply
a vanishing vacuum energy [57]. However, supersymmetry has to be broken in the real world and this destroy the miraculous
cancellation of the various terms participating the vacuum energy. If we taking the momentum cutoff at the scale of supersymmetry spontaneously broken(∼ 1TeV), this lead to a discrepancy of 60(as opposed to 120) orders of magnitude with observations.
Another solution is based on quantum gravity and quantum cosmology [58–60]. However, this approach suffer from various limitations among which is the fact that the path integral is not properly defined and that probabilities are not positive definite [61].
Anthropic principle is also one approach to the cosmological constant problem which involves the idea about the vacuum energy
is a random variable that can take on different values in different disconnected regions of the universe. Because large vacuum
energy would forbid the formation of galaxies, the reason for why the vacuum energy of the universe is so tiny is just that we
could not exist in a region with large ρvac [62]. There are other approaches to the cosmological constant problem, each approach
has its own defect and none of them gives a satisfactory solution. For review, see Refs. [3, 61, 63].
A.

The new theory of dark matter

The fact that all attempts to estimate the size of vacuum energy are at best orders of magnitude too large, which motivates us to
must think outside the box. In conventional viewpoint, vacuum energy is mathematically equivalent to a cosmological constant,
if we give up the old idea, one way out of both the cosmological constant problem and dark matter puzzle appears. First, we
provide a definition of the stability of vacuum state and two basic postulates about the beginning of the universe.
Definition: If a vacuum state, real particle-antiparticle pairs can not be created spontaneously from it, we call it stable vacuum
state; otherwise, it is unstable vacuum.
The moment after the Big Bang is the time when all kinds of particles are created. This process continues to produce all kinds
of particles that fill the universe, including the basic particles that make up atoms, neutrinos and possible dark matter particles,
and finally form the familiar matter. It is very complicated to describe the creation process of particles in detail, but thanks
to Einstein’s mass energy relation E = mc2 , which describes the equivalence of mass and energy. So at the beginning of the
universe, particles were produced by the following process [64]
Energy → particle + antiparticle.

(17)

It must be emphasized that this process can only occur if the energy provided exceeds the total mass of the final particle and
antiparticle to be produced.
When a particle is produced in the universe, no matter what kind of particle it is, its number density is inevitably diluted with
the expansion of the universe. When the number density of particles in the universe drops to a critical value, the average distance
between particles is too large, the interaction between them can not be carried out effectively, and the number of such particles
is gradually fixed [64], which is the thermal decoupling mechanism of the origin of dark matter abundance. The relic abundance
of dark matter can be described and calculated by the standard Boltzmann equation, which we have shown in Sec. III. If dark
matter is really a kind of particle and produced by formula( 17), there is no problem about the thermal decoupling mechanism
of the origin of dark matter abundance. However, we can ask another question: is it true that 100% of the original energy of the
universe is converted into particles without any surplus? Along this line of thought, a new theory of dark matter came into being.
The whole universe must be in an unstable vacuum state in the beginning, or in the pre-big-bang epoch, then big bang occurred
and all elementary particles in the standard model were created spontaneously from it described by formula( 17).
Postulate I: At the first moment of the beginning of the universe, before the production of elementary particles, there is only
energy, no particles. In addition to a very small cosmological constant, all energy of the universe were stored in the form of
vacuum energy of a neutral primordial field.
∫ kmax (t=0) 3
d k 1√ 2
ρ(t = 0) = g
k + m2 + ρΛ ,
(18)
(2π)3 2
0

8
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where the factor g = 2s + 1 accounts for the degree of freedom of the primordial field.
Here we use t = 0 mean the moment of the beginning of the universe, or the beginning of time. In the first term of the right
side of Eq.( 18), we introduce a new field, the primordial field, which is beyond the standard model. The precise value of the
momentum cutoff at t = 0 moment is not known, this is in fact not important. The most important thing is that, as I shall show
below, this vacuum state is unstable regardless of the quantity kmax (t = 0) and all elementary particles in the standard model
would be created spontaneously from it, and its energy density varies with time, while the second term ρΛ with energy density
which remains constant throughout the history of the universe.
√
Postulate II: each mode of this neutral primordial field is stale and has a zero-point energy 12 ~ω or 21 k 2 + m2 .
The accurate value of the primordial field’s mass is not known, but it could be expected that its mass is very light(m < 2mν ).
So each zero-point energy mode of this primordial field is neutral, stable and nonbaryonic, and thus satisfies basic requirements
for dark matter.
Although each mode 12 ~ω is stable, two modes may annihilate into a pair of standard model elementary particles, as described
by formula( 17)
1
~ω +
2
1
~ω +
2
1
~ω +
2
1
~ω +
2

1
~ω
2
1
~ω
2
1
~ω
2
1
~ω
2

→ f f¯,

~ω ≥ 2mf ,

if

→ W +W −,

if

~ω ≥ 2mW ,
(19)

→ Z 0Z 0,

~ω ≥ 2mZ ,

if

→ H 0H 0,

~ω ≥ 2mH ,

if

which explains how the standard model elementary particles are produced from vacuum state in the Big Bang epoch of the
universe. Then these produced elementary particles decayed or annihilated in the well-known standard model interactions and
after the Big Bang Nucleosynthesis, only photon, neutrino and light elements are left. The energy density of the universe
described by Eq.( 18) becomes correspondingly
∫
ρ(t) = ργ (t) + ρν (t) + ρb (t) + g
0

kmax (t)

d3 k 1 √ 2
k + m2 + ρΛ .
(2π)3 2

(20)

The primordial field’s vacuum energy density(the first term on the right side of Eq.( 18)) decreases with time for two reasons:
the elementary particles in the standard model are created spontaneously from it and the universe expands, and correspondingly
so does the maximum momentum kmax , which is determined by the vacuum energy density via the following theorem
Theorem I: The vacuum energy density of the primordial field is given by
∫
ρvac (t) = g
0

kmax (t)

d3 k 1 √ 2
gk 4 (t)
k + m2 ≃ max2 ,
3
(2π) 2
16π

(21)

kmax (t) is momentum cutoff. i.e.
(
kmax (t) =

16π 2 ρvac (t)
g

)1/4
.

(22)

When 12 ~ωmax (t) + 12 ~ωmax (t) ≤ 2mν , i.e. ~ωmax (t) ∼ kmax (t) ≤ 2mν , at that time, say t = t1 , even the lightest
neutrinos can not be created spontaneously from the vacuum state, the vacuum became a stable vacuum(we suppose the process
1
1
2 ~ω + 2 ~ω → γ + γ is strongly suppressed or banned at that time). One may argue that it is at this time, say t = t2 , when the
rate for neutrino antineutrinos created spontaneously from vacuum state becomes smaller than the expansion rate of the universe,
the vacuum became a stable vacuum. The exact time t2 is very difficult to determine because of the unknown annihilation cross
section, but we must have t2 ≤ t1 , it does not change the fact that at the time t = t1 the vacuum was stable and our following
discussions will not be affected by the unknown time t2 .
Therefore, we can get a picture of the universe’s evolution: in addition to a very small cosmological constant, the initial or
original energy of the universe is stored in the form of vacuum energy of a neutral primordial field, because this vacuum state
is unstable, the original vacuum energy is divided into two parts as the universe expands. One part had been transformed into
ordinary matter or radiation through formula( 17), the other part remain in the form of vacuum energy. The part left we call it
remaining energy of the primordial field, its energy density evolutes via
Theorem II: ρrvac (t)a3 (t) = Const.
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where a is the cosmic scale factor. When kmax decreased to 2mν , at that time we set t = t1 , T = T1 and a = a1 , according
to Eq.( 21), we have
g(2mν )4
16π 2
gm4
= 2ν .
π

ρrvac (t1 ) =

(23)
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Because ρrvac (t1 )a31 = ρrvac (t0 )a30 (Theorem II), here t0 is the present time and a0 is the present value of cosmic scale factor,
then we get the present remaining vacuum energy density
( )3
a1
ρrvac (t0 ) = ρrvac (t1 )
a0
( )3
T0
(24)
= ρrvac (t1 )
T1
( )3
gm4ν T0
,
= 2
π
T1
where T0 is the cosmic plasma temperature today, the second step is based on the formula that a(t)T (t) remains constant through
the evolution of the universe. Therefore the ratio of the remaining vacuum energy density today to the critical density is
ρrvac (t0 )
ρcr
( )3
gm4 T0
= 2 ν
.
π ρcr T1

Ωrvac ≡

(25)

Because 12 ~ωmax (t1 ) ∼ 12 kmax (t1 ) ≤ mν , T1 ≃ 12 kmax (t1 ) ≤ mν ; on the other hand, T1 > 0.1mν (the reason will be given
in the appendix). It is reasonable to take the temperature T1 in the range of 0.1mν < T1 < mν . If we set Ωrvac = ΩDM =
0.26 ± 0.01, then we get a limit on the lightest neutrino mass mν , see Table I and Table II, where we have considered two cases:
the primordial field is a scalar field and a vector field.
TABLE I. The limit on the lightest neutrino mass mν (unit : eV) from the remaining vacuum density today if the primordial field is a scalar
field.
mν T1
0.1mν 0.2mν 0.3mν 0.4mν 0.5mν 0.6mν 0.7mν 0.8mν 0.9mν

mν

Ωrvac
0.25 0.0080 0.0639 0.2158 0.5116 0.9992 1.7266 2.7418 4.0928 5.8274 7.9937
0.26 0.0083 0.0665 0.2245 0.5321 1.0392 1.7957 2.8515 4.2565 6.0605 8.3135
0.27 0.0086 0.0691 0.2331 0.5525 1.0792 1.8648 2.9612 4.4202 6.2936 8.6332

TABLE II. The limit on the lightest neutrino mass mν (unit : eV) from the remaining vacuum density today if the primordial field is a vector
field.
mν T1
0.1mν 0.2mν 0.3mν 0.4mν 0.5mν 0.6mν 0.7mν 0.8mν 0.9mν

mν

Ωrvac
0.25 0.0027 0.0213 0.0719 0.1705 0.3331 0.5755 0.9139 1.3643 1.9425 2.6646
0.26 0.0028 0.0222 0.0748 0.1774 0.3464 0.5986 0.9505 1.4188 2.0202 2.7712
0.27 0.0029 0.0230 0.0777 0.1842 0.3597 0.6216 0.9871 1.4734 2.0979 2.8777

Here we have used the input parameters [14]: ρcr = 1.879 h2 × 10−29 g cm−3 = 8.098 h2 × 10−11 eV4 , h = 0.72, T0 =
2.725K = 2.348 × 10−4 eV. From Table I and Table II, we can see that the lightest neutrino mass is in the range of
0.0083 ± 0.0003 eV ≤ mν ≤ 8.3135+0.3197
−0.3198 eV,

(26)

10
if the primordial field is a scalar field; and
0.0028 ± 0.0001 eV ≤ mν ≤ 2.7712+0.1065
−0.1066 eV,

(27)

if the primordial field is a vector field, which are consistent with the latest upper limit on the absolute mass scale of neutrinos
from Karlsruhe Tritium Neutrino experiment KATRIN [27]
mν < 1.1 eV(90%C.L.).

(28)

and the recent upper bound for the lightest neutrino mass from data of the large scale structure of galaxies, cosmic microwave
background, type Ia supernovae, and big bang nucleosynthesis [65]
mν < 0.086 eV(95%C.L.).

(29)
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∑
∑Formula( 26) and ( 27) also implies that the sum of the three generation neutrinos masses mνi ≥ 0.0249 ± 0.0009 eV or
mνi ≥ 0.0084 ± 0.0003 eV, which are also consistent with the minimum sum of the masses derived from atmospheric and
solar neutrino oscillation data [66, 67]
∑
mνi ≥ 0.0584+0.0012
(30)
−0.0008 eV.
Then, we can explain the dark matter as the relic abundance of vacuum energy of the primordial field.
(1). In the beginning, the vacuum energy density of all the standard model’s quantum fields described by Eq.( 15) appeared
as a form of one new field’s vacuum energy density(the first term on the right side of Eq.( 18)), which evolves as the universe
expands, and nowadays its value is ρrvac (t0 ) = ΩDM ρcr , which satisfies the observational bound Eq.( 16). Therefore, the new
theory of dark matter could solve both the cosmological constant problem and the dark matter puzzle at the same time. The
second term ρΛ on the right side of Eq.( 18) remains constant with time, its value is ρΛ = ΩΛ ρcr ≃ 0.69ρcr , which accounting
for cosmic acceleration. At first the first four terms on the right side of Eq.( 20) dominated the energy density of the universe,
then which was dominated by ρΛ , so the evolution of the universe must experience a process from deceleration to acceleration.
Furthermore, this new theory also provides an answer to this question: where did all elementary particles in the standard model
come from in the beginning? They all came from a new neutral filed, I call it the primordial field, which is beyond the standard
model. The most interesting feature of this new theory of dark matter is that it could be incorporated into the standard model
naturally. Although other schemes of understanding the dark matter puzzle are still possible, for example, supersymmetry or
extra dimensions etc, it is obvious that the remaining vacuum energy of this primordial field is the most economical way among
all these approaches to dark matter puzzle, not only because it is simple, but also it provides a solution to the cosmological
constant problem as well.
(2). Collisions between galaxies clusters(containing dark matter) provide a test of the nongravitational forces acting on dark
matter. If dark matter’s particle interact with each other frequently and exchange little momentum, the dark matter will be
decelerated by an additional drag force. In Ref. [68], using the Chandra and Hubble Space Telescope, Harvey et al. have
observed 72 collisions, including both major and minor mergers. They were surprised to find that dark matter will pass through
each other without any obstacles when galaxies clusters collide. Their result disfavoring some proposed extensions to the
standard model. Dark matter’s lack of deceleration was also observed in the giant “bullet cluster” collision 1E0657-558 [69].
These observations show that there is no nongravitational interactions among dark matter, its behavior is more like a kind of
fluid without viscosity. Observations of Ref. [68, 69] are consistent with the new theory of dark matter. It is clear that there
is no self-interaction between dark matter as it is shown in Eq.( 21), since every zero-point energy mode is in its ground state,
the whole behavior of vacuum energy is like a kind of superfluid which flows without any friction, and thus providing a perfect
explanation to the observations of Ref. [68, 69].
(3).The whole vacuum energy has its own state equation, we rewrite Eq.( 21) as [61]
∫

d3 k 1 √ 2
k + m2
(2π)3 2
0
√
[√
(
)]
(
)
4
m2
m2
gkmax
(t)
1 m2
1 m4
kmax (t) kmax (t)
1+ 2
1+ 2
=
1+
−
ln
+
2
4
16π 2
kmax (t)
2 kmax
(t)
2 kmax
(t)
m
m
kmax (t)
(
)
2
4
m
gk
(t)
1+ 2
+ ··· ,
= max2
16π
kmax (t)
kmax (t)

ρvac (t) = g

(31)

where in the last expression, we have expanded the exact expression in terms of the small parameter m/kmax (t). The pressure
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of the vacuum energy reads [14, 61]
∫
g kmax (t) d3 k
k2
√
pvac (t) =
3
6 0
(2π)
k 2 + m2
√
[√
(
)]
(
)
4
1 gkmax
3 m2
3 m4
kmax (t) kmax (t)
(t)
m2
m2
=
1+ 2
1−
+
ln
+
1+ 2
2
4
3 16π 2
kmax (t)
2 kmax
(t)
2 kmax
(t)
m
m
kmax (t)
(
)
4
1 gkmax
(t)
m2
=
1− 2
+ ··· ,
2
3 16π
kmax (t)

(32)

It is clear from the expressions of Eq.( 31) and Eq.( 32) that the state equation of this vacuum energy is pvac (t) ≃ 13 ρvac (t)
as long as m ≪ kmax (t). This mean that this vacuum energy do not behave like a cosmological constant but rather like
radiation, that is consistent with the new theory of dark matter in which the vacuum energy of the primordial field is no longer
mathematically equivalent to a cosmological constant. It should be noted that although the primordial field’s mass is very light
and its equation of state like that of radiation, this do not mean that it move very quickly like a relativistic particle of low mass.
The fact is just the opposite, it move slowly like a cold dark matter particle. The reason is that every mode of the vacuum energy
is in a ground state of the quantum mechanical oscillator, which has a minimum energy required by the Heisenberg uncertainty
principle at absolute zero of the temperature scale. The fact that the whole vacuum energy behave like cold dark matter is good
for the formation of galaxies. To summarize, the primordial field’s vacuum energy, which behaves like a superfluid which flows
without any viscosity, and behaves like cold dark matter which move slowly, at the same time, its state equation like that of
radiation and with a very small mass like hot dark matter. This kind of contradictory behavior is not possessed by ordinary dark
matter candidates(such as WIMP, sterile neutrinos and axions, etc.)
These arguments and Occam’s razor lead us to the assumption that the relic of the primordial field which remains in the form
of vacuum energy is the most likely candidate to be the main component of dark matter in the universe.
V. COMMENTS ON CONVENTIONAL DETECTION METHODS

If there exist remaining vacuum energy of the primordial field in the universe, its present energy density is
ρrvac (t0 ) = ρcr × ΩDM
4
(t0 )
gkmax
,
16π 2
= 0.26 ± 0.01 then we get the present momentum cutoff is

(33)

=

we set ΩDM

+0.0000
kmax (t0 ) = 0.0049−0.0001
eV,

(34)

+0.0001
kmax (t0 ) = 0.0064−0.0000
eV,

(35)

for primordial vector filed and
for primordial scalar filed. and then the present maximum zero-point energy mode is 12 kmax (t0 ) = 0.0025+0.0000
−0.0001 eV(vector
case) or 21 kmax (t0 ) = 0.0032+0.0001
eV(scalar
case).
The
mode
number
density
of
remaining
vacuum
energy
is
−0.0000
∫ kmax (t) 3
d k
nvac (t) = g
(2π)3
0
(36)
3
gkmax (t)
=
,
6π 2
−9
−3
so its present value is nvac (t0 ) = (5.97+0.00
eV3 ≃ 776497+0
for the primordial field is a vector field or
−0.36 ) × 10
−46577 cm
3
+0.21
+27458
−9
−3
nvac (t0 ) = (4.43−0.00 ) × 10 eV ≃ 576727−0
cm for the primordial field is a scalar field, which are much larger than
the number density of CMB(nγ ≃ 411cm−3 ). Therefore we obtain the present averaged energy of each zero-point energy mode
in remaining vacuum energy

1
1
ρrvac (t0 )
~ω = k =
2
2
nvac (t0 )
ΩDM × ρcr
=
nvac (t0 )
−3
= (1.84+0.00
eV,
−0.04 ) × 10

(37)

12
if the primordial field is a vector field; and
1
1
ρrvac (t0 )
~ω = k =
2
2
nvac (t0 )
ΩDM × ρcr
=
nvac (t0 )

(38)

−3
= (2.46+0.00
eV,
−0.11 ) × 10

if the primordial field is a scalar field, which are about 3 or 4 times the averaged energy of photons in CMB, where we have set
ΩDM = 0.26 ± 0.01 and h = 0.72.
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A. Comments on conventional detection methods

Because the maximum energy of zero-point energy modes of the primordial field at present time and its mass are much smaller
than a nuclei’s mass, it is very difficult to detect them using the experiments which we have designed for detecting WIMPs by
recording the recoil energy of nuclei as it scatter off nuclei. And even since 12 kmax (t0 )/me ≃ 10−9 , it is also very difficult to
detect them by recording the electronic recoils as it scatter off an electron.
In the beginning, the standard model elementary particles are produced from vacuum state through Eq.( 19), which are most
likely irreversible processes, in this case, it is impossible to create the zero-point energy modes of the primordial field in a
particle accelerator by the reverse processes of Eq.( 19).
For the conventional indirect detection, in some regions of the universe, such as the galactic center, where the remaining
vacuum energy of the primordial field may accumulate. If its density become dense enough, the following annihilation processes
have a probability to occur, just as it did in the beginning of the universe.
1
1
~ω + ~ω → ν + ν̄,
2
2

(39)

1
1
~ω + ~ω → e+ + e− ,
2
2

(40)

1
1
~ω + ~ω → γ + γ.
2
2

(41)

Based on previous discussions, neutrino and antineutrino has a probability to be produced in a region where if the remaining
gm4
vacuum energy are accumulated up to ρrvac ≥ π2ν , which is depend on the neutrino mass. The energy density condition for the
process (40) to occur is much higher
ρrvac ≥

gm4e
∼ 1022 eV4 ∼ 103 g/cm3 ,
π2

(42)

which is much larger than the density of iron. And nowadays, the averaged energy density of the remaining vacuum energy has
decreased to ρrvac = ρDM ≃ 0.26 × 0.97 × 10−29 g/cm3 , it is very difficult to be accumulated up to 103 g/cm3 again even
in galactic center regions because of gravitational interaction. In Ref. [70], Gondolo and Silk derived a conservative estimate
of dark matter density near the galactic center, they obtained ρDM ∼ (1 − β/3) × 0.24 GeV/cm3 with 0 < β < 2, so the
process (40) mainly occurs in the very early universe. The process (41) describes Gamma rays result from remaining zeropoint energy modes’s annihilations, we have supposed that this process is suppressed strongly or forbidden for the stability
of remaining energy. On the other hand, even the process (41) occur accidentally, the produced photons are usually very soft
photons at present time. For example, the acceptable local dark matter density in the region of our solar system is in the range of
0.2 − 0.8 GeV/cm3 [71], which implies the maximum energy of the remaining vacuum energy mode is at the order of 10−2 eV,
so the maximum energy of photons produced by the process 12 ~ω + 12 ~ω → γ +γ is also at the order of 10−2 eV, which is clearly
very soft photon, and it is very difficult to observe these soft photons. Among all these indirect detections, theoretically the most
viable method is to observe neutrinos result from the remaining vacuum energy modes annihilations in the dense regions of dark
gm4
matter, such as the galactic center where if the remaining vacuum energy are accumulated up to ρrvac ≥ π2ν , but it’s a huge
challenge in practice. I expect future neutrino telescope may confirm the nature of dark matter.
How to confirm the existence of the remaining energy of the universe’s original energy in experiment is still an open problem.
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VI. SUMMARY

In this article, first we review the different evidences for the existence of dark matter and discuss the current experimental
searches for the conventional candidates of dark matter. Then I propose a new theory of dark matter, in which I introduce
a neutral primordial field, which is a new field beyond the standard model. All the standard model elementary particles are
produced spontaneously from this field in the Big Bang epoch of the universe and then these produced elementary particles
decayed or annihilated in the well-known standard model interactions. The relic of the primordial field appears in a form of
vacuum energy can not only give naturally the correct abundance of dark matter in the present universe, but provide a natural
solution to the cosmological constant problem as well. The remaining vacuum energy of this primordial field is the most
economical way among all the existing approaches to dark matter puzzle. We find that the conventional methods of detecting
dark matter either fail or have great difficulties to detect the remaining vacuum energy of the primordial field, and how to confirm
the existence of the remaining energy of the universe’s original energy in experiment is still an open problem.
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APPENDIX

In the appendix, we give the reason for T1 > 0.1mν .
From the Theorem II, we have
4
gkmax
(t1 ) 3
gk 4 (t0 )
a1 = max 2 a30 ,
2
16π
16π

(43)

so the relation between kmax (t1 ) and kmax (t0 ) is
−3/4

kmax (t1 ) = a1

kmax (t0 ),

(44)

where we have used a0 = 1. Therefore from Eq. (44) and the relation formula T1 a1 = T0 , we obtain
T1
1
2 kmax (t1 )

=
=

T0
a1
−3/4
1
2 kmax (t0 )a1

(45)

T0
−1/4
a1
.
1
2 kmax (t0 )

Eq. (34) and Eq. (35) gives 12 kmax (t0 ) ≃ 0.0025 eV or 12 kmax (t0 ) ≃ 0.0032 eV. Substituting the values T0 = 2.348 ×
10 eV, 12 kmax (t0 ) ≃ 0.0025 eV or 0.0032 eV and 12 kmax (t1 ) = mν into Eq. (45), we obtain
−4

T1 ≃

1
× (0.1mν ).
a41

Since 0 < a1 < 1, we get T1 > 0.1mν .
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