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Abstract: The laboratory verification of the existence of gravitational eigenstates and studies of

their properties in the Earth’s gravitational field raises the question of whether the prediction of

particle behaviour in gravitational wells would be any different if it were analysed using quantum

theory rather than classical physics. In fact, applying Schrodinger’s equation to the weak gravity

regions of large gravitational wells shows that particles in these wells can have significantly reduced

optical interaction cross sections and be weakly interacting compared to classical expectations. Their

cross sections are dependent on their wavefunctional form and the environment in which they

exist. This quantum phenomenon has implications for the dark matter (DM) problem. Analysis

using gravitational quantum mechanics (GQM) has shown that a proton, electron, or any other

particle within the standard model of particle physics (SMPP) could potentially function as a “dark

matter particle” when bound in a gravity well, provided the gravitational eigenspectral ensemble

of their wavefunction contains a sufficient proportion of the gravitational well’s weakly interacting

gravitational eigenstates. The leading theoretical paradigm for cosmic evolution, Lambda Cold Dark

Matter (LCDM), currently lacks a suitable weakly interacting DM candidate particle, and gravitational

quantum theory could provide a resolution to this. This article reviews the GQM approach to DM

and provides some new results derived from the GQM analysis of particles held in the weak gravity

regions of deep gravitational wells. It also outlines some predictions of the gravitational quantum

approach that might be tested through observation.

Keywords: gravitational eigenstates; quantum theory; dark matter; neutron quantum states

1. Introduction and Background

In 2002, Valery Nesvizhevsky et al. [1,2] first reported on an experiment carried out
in the laboratories at the Institut Laue-Langevin in Grenoble, France. In this experiment,
ultra-cold neutrons from the institute’s reactor passed through a waveguide above a
horizontal, mirror-like reflecting surface. During their travel, the neutrons were constrained
in a vertical potential well bounded by a hard mirror-like surface below and the Earth’s
gravitational field above. What was found in this experiment was new and significant
both for quantum theory and for gravity: Particles in gravitational wells form gravitational

quantum eigenstates analogous to charged particles in Coulomb potential wells 1 [3,4].
From a quantum viewpoint, this observation is entirely expected, but given the lack of
unification of general relativity (GR) with quantum mechanics (QM), many physicists had
already concluded either that quantum theory does not apply to gravity outright or that
quantum physics breaks down on large gravitational scales. Nesvizhevsky’s experiments
provide irrefutable proof that particles in gravitational potentials behave according to
quantum rules, and so far, no large-scale limit to the validity of quantum physics has
been observed. The behaviour of low-mass particles in gravitational wells, particularly
their optical (electromagnetic) scattering cross sections, should be equally predictable from
quantum theory.
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In quantum analysis, the optical scattering cross sections of particles are predicted
using QM applied to the weak gravity regions of these wells. It is assumed (as is generally
the case in large wells) that particles remain bound before and after scattering and the
unbound gravitational states are energetically inaccessible. Additionally, the theory does
not consider scattering events in regions of strong gravity or in a scenario of quantized space-
time, as in [5–9]. The principal difference between bound–bound scattering amplitudes
calculated in gravitational wells and free–free scattering amplitudes (such as Klein–Nashina
Compton scattering calculations [10]) is that the sloping potential well spatially isolates
weakly interacting gravitational eigenstates with significant energy differences from each
other, whereas in the free–free case the eigenfunctions are always overlapping. This allows
the bound states to remain optically isolated from other energetically distinct states in the
well and provides a possibility for particles to become weakly interacting in these wells.
Transition rates between non-spatially isolated states are also disfavoured because of the
extremely low energy differences and so close that changes to a particle’s wavefunction are
physically negligible even after a multitude of transitions.

Importantly, despite the macroscopic nature of the eigenfunctions themselves and the
spatial overlap of the of energetically close states, the narrow linewidth of the relevant
states enables them to form a discrete energetically non-overlapping quantized set. In the
outer region of a typical galactic halo the natural linewidth of long-lived states (where
n ∼ 1033) is ℏ

τ ∼ 10−40 eV (τ = state lifetime ∼ 1025 s), whereas the eigenstate separation

∆E is ∼ µ G2m2 M2

ℏ2n3 ∼ 4× 10−32 eV. Additionally, the eigenstate temporal periods in complex

space are ∼ 10−15 s compared to typical free–particle–particle interaction times of halo gas
particles ≫ 1 s. The properties of localized wavefunctions (for example, Gaussian-type
functions) representing pseudo-classical elementary particles can be calculated using the
eigenspectral composition of the base gravitational eigenstates. It might be anticipated
that quantum-derived photon scattering behaviour will yield the same results as those
obtained from classical considerations, as expected from a quantum analysis of a baseball
toss (historically the Correspondence Principle). But this is not to say that quantum physics

will always predict classical outcomes 2 [11], and we should be prepared for the possibility
that gravitational quantum mechanics (GQM) could lead to novel and unexpected effects.

GQM leads to an astonishing result: Ordinary elementary particles, when bound in the
weak gravity regions of large gravitational halos, can exhibit significantly reduced optical
interaction cross sections simply by virtue of their phase space location and their eigenspectral
distribution, determined by their environmentally related wavefunction [12,13]. This should
happen, possibly to a lesser extent, with other types of interactions as well. If this effect
is sufficiently large, even stable, “normally visible” particles of the Standard Model could
function as the weakly interacting massive particles (WIMPS) of the Lambda Cold Dark Matter
(LCDM) theory or other dark matter particle theories. Thus, in GQM, particle darkness does
not originate from the fundamental type of gauge boson mediating the particle’s interaction
but instead from the quantum rules of particle interaction in a bound structure (the gravity
well) and involves the particle’s quantum environment and eigenspectral composition. This
quantum “environmental” darkness (so-called quantum dark matter or QDM) eliminates a
need to invoke new physics or new particles beyond the standard model. This should be
possible without significant modification to the relatively successful LCDM paradigm [14].
GQM may also be able to solve other observational conflicts of LCDM, including the “cusp”
problem, the “satellite abundance” problem, and the “angular momentum problem.” (See [15]
for a review.)

This article is organized as follows. Sections 2 and 3 provide a review of previous work
in GQM reported elsewhere [12–14,16–21]. They include a description of the mathematical
procedure for interaction cross sections calculations and a discussion of the physical struc-
ture of the eigenstates that leads to them being “dark,” as well as the trends in “particle

darkness” with quantum parameters for simple systems 3. Section 3 extends the GQM
work of [12–14,16–21] and then presents new work reported at conferences of calculations
of the eigenspectra of simple “toy model” Gaussian wavefunctions needing only a range
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of low quantum-value eigenfunctions for their approximate description. The trends in
particle darkness with quantum numbers seen in these simple wavefunctions suggest how
GQM might solve some astrophysical problems, some of which are described in Section 4.
Section 5 then offers a discussion of the formation of primordial halos in the early universe
and in the scenario in which GQM would operate. It also discusses the need for reanalysis
of Big Bang nucleosynthesis (BBN) and cosmic microwave background (CMB) anisotropy
theory within the GQM context. Section 6 discusses some existing observational evidence
for GQM and outlines observational tests of some of the predictions of GQM.

2. Mathematical Approach

2.1. Gravitational Potentials: Their Eigenstates and Eigenenergies

The demonstration of environmentally induced weak interaction of bound gravita-
tional environments on a large scale can be carried out in a straightforward way using
Schrödinger’s equation applied to gravity [12]:

−
ℏ2

2m
∇2ψ + V(r) ψ = iℏ

∂ψ

∂t
, (1)

where m is the reduced orbit mass, V(r) is the gravitational potential, and the other symbols
have their normal meanings. In the case of a single central mass M and a small orbit
(reduced) mass m, the potential V(r) is −GmM/r , essentially a Coulomb-like potential.

A better approximation to real halo potentials is, of course, one that leads to flat
rotation curves [16] and has a density profile of ρ(r) ∝ 1/r2. In this case, the potential has a
logarithmic form V(r) = −(GmM0/R0)ln(R0e/r) [16], where e is the exponential constant
and R0 and M0 can be related to the virial parameters of the halo. Schrödinger’s equation
must be solved numerically in this logarithmic potential case.

Most investigations so far have been carried out using the simpler central point
potential case (and it serves as a proof of principle of the effect). Simple schematic energy
state diagrams for the central point mass potential (essentially a Coulomb-type potential
for atomic hydrogen) and the logarithmic potential cases are shown in Figure 1, with
energy increasing up the page. For the logarithmic potential, state energy increases with
the quantum numbers n and l. The plotted purple and blue lines represent constant n and
l, respectively. Each solid bar represents a set of 2l + 1 degenerate m-valued eigenfunctions
for each distinct (n, l) value. The ∆l = 1 and ∆n = 1 energy spacings for typical states in
the outer halos of galaxies are of the same order (for n ∼ 1030, ∆E ∼ 10−32 eV). We define
a quantum parameter p ≡ n − l, which relates to the number of oscillations in the radial
component of an eigenfunction and is the same quantum parameter ν = 1, 2, 3 . . . used in
the atomic case, where angular momentum is included as part of a pseudo-potential [16].

2.2. Concept for Determining Optical Cross Sections of Halo Particles

The procedure for determining an effective optical cross section for a halo particle is
as follows: The solution to (1) yields a base set of gravitational eigenstates |ui 〉≡

∣

∣un,l,m

〉

for a given potential. We do not expect that halo particles will be permanently in pure
eigenstates. Even if a particle were in an eigenstate at a time t (say, because it had just
undergone a radiative transition), collisions and temporal variations in the potential due to
galactic processes mean that it would not be in an eigenstate for very long.

Any halo particle will have a wavefunction |ψ 〉. The form of |ψ 〉 is determined by our
state of knowledge of the particle (Figure 2). |ψ 〉 might be represented, for example, by a
complex Gaussian wavefunction with a position centred on that of the particle and a packet
speed (the Gaussian function’s spatial oscillation frequency in complex space) determined
by that of the halo temperature at the particle’s position. We determine the Gaussian width
(or spatial dispersion in phase space) from the particle’s mean free path (related to the
particle number density) and the momentum spread (variation in the Gaussian spatial
oscillation frequency) from the spread in the Maxwellian distribution of speeds.
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Figure 1. Simple schematic gravitational eigenstate diagrams for quantum numbers n and l (a) for the

simplest 1/r Coulomb-like potential for a single central mass M0 and (b) for a logarithmic potential

arising from a 1/r2 radial mass density profile. (Each bar represents the 2l + 1, m-valued, z-projection

sub-levels).
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between a particle’s wavefunction (in general
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Figure 2. Schematic diagram illustrating the relation between a particle’s wavefunction (in general,

complex) and its eigenspectral amplitudes (also complex).
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|ψ 〉 can be represented by a weighted sum of the derived eigenfunctions |ψ 〉 = ∑
i

wi |ui 〉,

whose weightings wi are given by wi = |〈ui|ψ〉|
2. In general, the cross section σparticle for

any arbitrary interaction depends on the weighted sum of the individual cross sections σi for

each of the separate eigenstates σparticle = ∑
i
|〈ui|ψ〉|

2σi, where, again, |〈ui|ψ〉|
2 is the fractional

contribution or weighting of |ui〉 to |ψ〉 and ∑
i
|〈ui|ψ〉|

2 = 1.

2.3. The Interactions of Photons with Wavefunctions

The present study involves the optical interactions of single photons with bound single
particles in gravitational potentials. As noted above, the photon energy is such that the
particle is gravitationally bound both before and after the scattering event, and the final
and initial wavefunctions are assumed to be describable in terms of mixtures of bound
gravitational eigenstates. The dark characteristics of halo particles arise through the relative
differences in the structure, position, and range of the initial and final bound eigenstates
in potential wells whose gradient decreases with radius [14,17]. This is very different
behaviour to that calculated for spherical–square, finite, or infinite-sided potential wells [21]
and for particles in field-free regions [10]. The cross section for a single photon scattering
event involving a single localized Gaussian wavepacket is determined by the weighted
sum of the state transfer probabilities per unit time over all the relevant eigenspectral
component states on the state diagram. These are the Einstein B coefficients for state | i〉 to
state | f 〉 , Bi f , given by:

Bi f =
πe2

3ε0ℏ
2gi

∑
mi ,mk

|〈mk|r|mi〉|
2

=

(

c3π2

ℏωi f
3

)

(

g f

gi

)

Ai f

(2)

where Bi f = ρ
(

ωi f

)

/Pi f , ρ
(

ωi f

)

is the radiation energy density per unit angular frequency,
〈 f |er|i〉 is the optical dipole matrix element for states | i〉 to | f 〉 , e is the electronic charge, ε0

is the electrical permittivity, c is the speed of light, and ℏ is Planck’s constant. 〈 f |er|i〉 is
summed and averaged over the final |mk〉 and initial |mi〉 degenerate g f and gi states,
respectively. Ai f is the Einstein A coefficient [12,13], given by:

Ai f =
ω3

i f |〈 f |er|i〉|2

3ε0πℏc3
(3)

The probability of a photon of finite line width being scattered significantly on an
entire journey across a potential well thus depends on the summation of the interaction
rates for all available eigenspectral transition channels over all photon frequencies and
Gaussian wavepackets representing all particles in the potential. The Einstein A coefficients
are therefore of fundamental importance in determining the probability of bound–bound
scattering events [12,13]. Particle–particle interactions can be similarly calculated with the
relevant interaction Hamiltonians. In these cases, structural features still result in reduced
cross sections, but it is not expected that the effect will be as great because of the more
stringent angular selection rules in photon emission and absorption. The same arguments
should apply to interactions of three bodies or more.

The high-n and high-l gravitational eigenstates in large-scale gravity wells have weak
optical interaction because they have extremely low Einstein A coefficients with respect
to virtually all energetically accessible states (Figure 3). Particles in these eigenstates
have cross sections than the equivalent cross sections measured in a localized lab-based
environment. Although somewhat analogous to the Rydberg states of electrons in atoms,
the high (n, l) macroscopic gravitational eigenstates of the gravitational wells of galaxy
halos have much greater binding energies, are more stable, and are longer-lived. It has been
shown [12,13] that the higher the quantum number n is and the closer l is to n on the state
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diagram in Figure 3, the darker and more weakly interacting an eigenstate is. Additionally,
the number of states represented by each point on the state diagram in Figure 3 increases
with l because of the degeneracy factor (2l + 1). Indeed, the larger the structure, the more
prevalent these dark gravitational eigenstates become as a fraction of the total available
well-bound states. In the large gravitational wells of galaxy and cluster halos there is an
overwhelming predominance of these well-bound, stable, dark states.

𝑝 (𝑛, 𝑙) 𝐴𝑖𝑓𝜔𝑖𝑓 ⟨𝑓|𝑒𝒓|𝑖⟩𝐴𝑖𝑓
⟨𝑓|𝑒𝒓|𝑖⟩ 𝑙 = ±1

𝑓(𝑟) 𝑟 𝑝 = 1𝑝 ≫ 1

Figure 3. Schematic state diagram indicating qualitatively the relative variation in the interaction

strengths of eigenstates (black squares) across the state diagram from strongly interacting (bright

yellow) regions to weakly interacting (darkly shaded) regions.

As a general trend, therefore, the QDM effect increases with scale, as more dark states
can potentially become incorporated into the particle’s wavefunction (depending on the
particle’s wavepacket form and its position in phase space within the gravitational well).
The specific darkness of any particle in a galaxy halo depends on (1) the distribution of its
occupied states across the state diagram and (2) how the individual occupied eigenstate
interaction rates vary with position on the state diagram. Both things can, in principle,
be calculated using the formalism developed [12,13]. Because of the large quantum num-
bers involved, exact calculation of the degree of darkness is far beyond the scope of this
manuscript. However, it is clear from current investigations (the results of which are still
to be published) that approximate methods and trends can be developed and can be used
to obtain accurate information on the average interaction rates of particles in a halo and
hence the fraction of dark matter that a halo would appear to have. This highlights the
need for extensive subsequent investigation into such calculations, and this is a primary
consideration for our current and future research effort.

The scale at which GQM predicts a noticeable reduction in a particle’s scattering
cross section is clearly rather vague and depends on the eigenspectral composition of the
wavefunction. At the scale of the Sun, the lifetimes of the highest high-n,−l states are
already of the order of hundreds of days, so it might be expected that dark storage of
particles in the low-density corona environment beyond the chromosphere is feasible and
could signify a detectable reduction in optical interaction cross sections beginning at this
scale (high-(n, l) gravitational quantum states in the solar corona region have equivalent de
Broglie kinetic energies similar to the corona temperature, and this may also explain how
corona particles are trapped and maintained in the corona for long periods). A possibility
exists for detecting the degree of reduced cross sections in the Sun’s corona. The Sun is
close enough that space probes travelling within the Sun’s corona could directly measure
the plasma density via in situ electron plasma resonance using a cavity (as is done by the
Voyager probes—see Section 6.2) or via some other direct method. Such a measurement
would yield particle densities unencumbered by any GQM-predicted reduced optical
interaction of the individual particles. These density measurements could be compared
with corona particle density measurements completed remotely via traditionally assumed
Bremsstrahlung cross sections or other spectroscopic techniques. Calculating the exact
theoretically expected difference in corona particle density using QDM versus traditional
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Bremsstrahlung cross sections is beyond the scope of this manuscript (because of the
quantum numbers involved) but should be calculable in the future using approximate
methods to be developed.

2.4. Physical Properies and Structure of the Overlap Integral Leading to Weak Interaction

The low-p, high-(n, l) states have low Ai f values because either (1) the energy dif-
ference between states and hence ωi f is small or (2) 〈 f |er|i〉 is small. In situation (a) of
Figure 4, the states have a significant overlap integral, but there is little difference in energy
between the states and the frequency term in Ai f is small. In (b), the frequency becomes
significant, but by this stage the states are spatially disjointed and the overlap integral
is zero. In (c), in states where the energy is substantial, there are vast differences in the
spatial oscillation frequencies (SOFs) of the initial and final states and, again, the overlap
integrals become negligible [14,17]. For binary optical interactions, the angular momentum
selection rules associated with 〈 f |er|i〉 further restrict transitions involving interactions in
the low-particle-density regions of halos, as only l = ±1 transitions can take place.

 

𝑛, 𝑙) 𝑝
 𝒏, 𝒍)

–
– 𝑙𝑛

nal contribution they make to the particle’s packet wavefunction. Section 𝑛 < 100 𝑛

Figure 4. The structure of radial eigenstate component functions, showing the various physical

reasons for weak interaction properties of (high-n, l), low-p states), Ernest [14]. In cases like (a) the

overlap integral is not negligible but the energy difference is close to zero. In cases like (b) the initial

and final eigenfunctions are spatially disjoint and the overlap integral is essentially zero. In cases like

(c) there are vast differences in the SOFs.

The physical reason why particles in field-free regions do not exhibit the same degree
of quantum environmental darkness is that in field-free regions eigenstates always overlap
and spatial separation of highly differing energy states never occurs. Particles in wells
with vertical walls also always have overlapping states. Spherical potential wells whose
potential gradient function f (r) decreases with r are uniquely able to produce weakly
interacting eigenstates. Overlapping integrals in these gradient wells that involve p = 1
states are essentially zero, even for overlapping states with p ≫ 1.

3. Calculation of Cross Section Trends for Simple Systems (Low n, l)

The rationale for studying simple systems is as follows: The aim of GQM is to calculate
interaction rates for various two-body interaction processes in the low-density environ-
ments of macroscopic gravitational systems. The quantum representation of particles
in macroscopic gravitational systems involves extremely large quantum numbers. It is
essential, therefore, to develop methods for calculating interaction cross sections for eigen-
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states with arbitrarily large values of quantum numbers applicable to this environment.
Future calculations for these large-scale environments will be approached by two methods:
(1) developing mathematical procedures for approximating overlap integrals with high
spatial oscillation frequencies and (2) developing formulae for trends that can be used to
accurately extrapolate interaction rates across the state diagram for both particle–radiation
interactions and particle–particle interactions. Additionally, it has been shown [12,13] that
some interactions for the highest l-valued states can be calculated directly for arbitrary
values of n. These calculations will provide a check on the accuracy of the extrapolation
procedures.

For now, in this section, the results of calculations carried out on some simple grav-
itational quantum systems are presented. The two factors influencing the darkness of a
halo particle are the darkness of the individual eigenstates in its eigenspectral composition
and the fractional contribution they make to the particle’s packet wavefunction. Section 3.1
contains the results of the calculations of trends in the interaction cross sections (Einstein A
coefficients) carried out for simple toy systems (n < 100). These results show the variation
in eigenstate darkness across the state diagram for constant n. Section 3.2 provides the abso-
lute value of the eigenspectral contributions needed to form simple Gaussian wavepackets
with various radial positions and momenta. These provide an intuitive feel for how a reduc-
tion in Einstein A values comes about because of the shift in the eigenspectral distribution
into dark or visible regions of the state diagram and how wavepacket shape and phase
space position influence the degree of darkness.

3.1. The Variation of Cross Section/Einstein A Coefficients across the State Diagram

The quantum numbers of the eigenstates in an actual galaxy halo can be very large.
The darkest states in the top right-hand corner of Figure 3 have n and l values of typically
∼ 1030. The eigenfunctions can, in general, have an intractable number of terms in their
functional forms. For the states along, or very close to, the right-hand diagonal of Figure 3,
however, p = 1, and there are approximate formulae for Ai f for any optically allowed
state (∆l = ±1) involving them. Ernest [12,13] derived an approximate formula for Ai f for
transitions where one state is on the right-hand diagonal. For high −(n, l) states in a typical
Milky Way-sized halo, the Einstein A coefficients can be typically of the order of 10−25 s−1,
corresponding to a lifetime many orders of magnitude greater than the age of the universe.
As a result, these states are totally invisible, unable to transfer to other positions across
the state diagram either electromagnetically or gravitationally, and are therefore unable
to participate in gravitational coalescence and facilitate any scattering processes (such as
Compton scattering).

In [12,13], Ernest considered the rate of stimulated scattering of high −(n, l) states by
various types of halo radiation, including the cosmic microwave background, stray visible
starlight, and Thomson, Rayleigh, and Compton scattering. In each case, the scattering rate
of the high-(n, l) states is so small that it can be considered negligible. These states have
no optical way of transferring to the more strongly interacting region of the state diagram,
and to do so would require the (still feeble) particle–particle interactions or three-body
mechanisms, which are extremely rare in the outer halos of galaxies.

Photon-induced optical transition cross sections, appropriate to galactic halo particles,
could also be investigated by calculating and extrapolating empirical scaling relationships
for smaller (n, l). Because Ai f is a proxy for optical absorption and scattering cross sections,
relative state-to-state cross section trends can be obtained directly from Ai f values. Figure 5
shows how the relative cross section varies with l and n across the state diagram for low
n and l [18]. The ratio of the optical absorption cross section for the darkest (l = n − 1)
to the most visible (l = 0) transition is strongly dependent on the value of n and l and
on the size of the quantum jump ∆n. Of importance for dark matter is how significantly
the dark-to-visible state-to-state absorption cross section ratio is reduced when one moves
to galaxy halo scales ( n ∼ 1030, for example, corresponding to average radii in the outer
Milky Way) and one considers optical frequency transitions ( ∆n ∼ 1021). In this case, the
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ratio of the least visible (high l, low p) to most visible (low l, high p) state transitions (for

n ∼ 1030) is ∼ 10−1021
[12,13], making particles with significant fractions of high −(n, l)

states in this region potentially extremely dark across most of the electromagnetic spectrum.

 𝐴𝑖𝑓, ∝ 𝑛𝑙 𝑛 𝑙Δ𝑛 = −1 Δ𝑛 = −2 Δ𝑛 = −2, 𝑙104 Δ𝑛~1021101029
𝜏(𝑛, 𝑙) 𝜏 ∝ 𝑛3𝑙2𝐴𝑖𝑓(𝑛, 𝑙)

Figure 5. Variation of Einstein A coefficient (Ai f , ∝ state-to-state absorption cross section) with n

and l for low values of n and l < 100 for a Coulomb-type potential. The red arrows correspond to

∆n = −1 and the blue arrows to ∆n = −2. Note that, here, for ∆n = −2, the highest l states are

about 104 times more weakly interacting (i.e., darker) than the most visible states. For ∆n ∼ 1021,

values equivalent to optical frequencies in the halo, this relative darkness factor is 101029
(Whinray

and Ernest [18]).

Whinray and Ernest [18] also found a relation between the net state lifetime τ and the

(n, l) value of a state τ ∝ n3l2. Since this net state lifetime originates from the inverse of the
sum of the decay rates to multiple allowed decay channels, it still fixes an upper limit to
the value of Ai f for any individual channel that provides upper limits to any high-(n, l)
state visibility.

3.2. Wavefunction Eigenspectra and Particle Properties in Toy Models

A greater fraction of dark eigenstates in a particle’s eigenspectrum leads to more DM-
like properties. The aim here is to investigate how the eigenspectral distribution is affected
by the wavefunction and environment. The figures in Figure 6 show the calculated absolute
values of eigenfunction contributions to various Gaussian toy model wavefunctions. Be-
cause these calculations are computationally intensive, parameters of the so-called toy halo
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potential wells and Gaussian wavefunctions have been chosen here so that the significant
(n, l)-value eigenspectral contributions are <100. These toy models can be used to predict
qualitative trends. The variables of the Gaussian wavefunction investigated include radial
position in the halo and particle radial velocity. Figure 6a shows that Gaussian wavefunc-
tions (particles) that are further out in a halo and in larger halos have larger dark eigenstate
contributions and greater potential for darkness. Figure 6b compares the eigenspectrum of
stationary particles with those moving radially. A particle with a larger radial velocity has
relatively less angular motion and therefore fewer high-l (dark) and more low-l (visible)
eigenstates in its eigenspectrum, which means it interacts more. Despite the very small
values of n and l, there is no reason to suspect that the trends shown here should not be
extendable to real halos.

A greater fraction of dark eigenstates in a particle’s eigenspectrum leads to more DM

𝑛, 𝑙

 
(a) 

 
(b) 

Figure 6. Schematic diagrams showing 3-D plots of calculated absolute values of the relative con-

tributions of eigenfunctions across the (n, l) state diagram to Gaussian-type wavefunctions with

low-quantum-value (low (n, l)) eigenspectra (<100) in a simple simulated toy model 1/r-type po-

tential. The vertical axis is a measure of the probability that a particle with a given Gaussian

wavefunction occupies a given (n, l) (m = 0) state. No allowance has been made in these calculations

yet for m degeneracy, which obviously increases with l value. (a) When a particle is further out

from the potential centre (Gaussian centre = 10, 20, 30 and the Gaussian width (arbitrary units),

its eigenspectrum contains a greater fraction of dark states (shifts to darker, higher (n, l) regions).

(b) The effect on the eigenspectral composition of radial motion. When a particle has a higher radial

velocity (either moving inwards or outwards and achieved by incorporating a Gaussian function of

the form e−ikx+(r−r0)2/4∆r2), where k is the wavenumber relating to the particle momentum via the de

Broglie relation), the eigenspectral distribution shifts to a more highly visible ensemble of eigenstates.
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4. Consequences for Astrophysics

4.1. Particle Radial Density Profiles in GQM

Each value of (n, l) comprises a set of (2l + 1) m-degenerate eigenstates that, taken
together, form a spherically symmetric radial probability density distribution. Maxwell–
Boltzmann statistics provide the probabilistic relative occupancy of the (n, l) levels at
equilibrium. Binning and summing the corresponding eigenstate probability density
functions leads to a scale-invariant radial mass density profile ρ(r) ∝ 1/r2, as shown
in Figure 7, as approximately observed in most galactic rotation curves. Note that a
logarithmic potential does not necessarily imply that an inverse square density would be
predicted at equilibrium.

𝑛, 𝑙𝑛 𝑙 1/𝑟𝑛, 𝑙) (𝑚 = 0) 𝑚𝑙 𝑛, 𝑙
𝑒−𝑖𝑘𝑥+(𝑟−𝑟0)2/4Δ𝑟2) 𝑘

(𝑛, 𝑙) (2𝑙 + 1) 𝑚
–(𝑛, 𝑙)𝜌(𝑟) ∝ 1/𝑟2

 1/𝑟2

dark eigenstates in a halo particle’s eigenspec-𝑙𝑙−(𝑛, 𝑙 ∝ 2𝑙 + 1
–

—

Figure 7. Binning and summing the equilibrium state population probability densities leads to 1/r2

scale-independent radial density profiles.

4.2. Darkness Fraction and Equilibrium; Significance for Star Formation and Quenching Rates

Two factors tend to increase the fraction of dark eigenstates in a halo particle’s eigen-
spectrum with the approach to equilibrium: One is that the occupancy of dark, high-l states
is favoured by the fact that eigenstate energies decrease with increasing l, and two, the dark
high −(n, l) states have high degeneracies (∝ 2l + 1). Thus, as equilibrium is approached,
the contribution of dark states to the galactic halo wavefunction increases, the halo becomes
less visible, and the particles become less interactive, resulting in an increase in the effec-
tive dark matter fraction of the halo. Isolated halos equilibrated through particle–particle
coupling (though still weak) can be shown to have a less visible halo ensemble of states,
which leads to a reduction in available star-forming material. When merger events occur,
however, particle radial velocity components can be relatively increased. Figure 6b shows
what happens to the particle eigenspectrum—it shifts to a more active regime with more
visible states. In addition to infalling gas, weakly interacting, non-coalescing star-forming
material is already there; merging shifts baryons into more highly interactive states that
can participate in usual star formation processes. On the other hand, isolated halos slowly
evolve toward less interactive equilibrium wavefunction ensembles with subsequently less
star formation. This shows how quantum theory provides an additional mechanism for the
ebb and flow of star formation in galaxy halos.

4.3. How Eigenstate Spatial Oscillation Frequencies Affect Interactivity in Galaxy Halos

When the spatial oscillation frequencies of the initial and final eigenstates differ
markedly, the overlap integrals are significantly reduced, and interaction cannot take place
as effectively [22]. The qualitative effects that de Broglie wavelength differences have on
the size of the overlap integrals and the degree of interaction can be seen in the jets of
streaming particles from galactic centre black holes. De Broglie wavelengths of the emitted
particles close to the black hole are extremely small but decrease with radial distance
as the jet particles slow down while travelling against the direction of the gravitational
field. Eventually, their wavelengths are close enough to the surrounding halo baryons
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and interaction becomes more likely. In the same way, the so-called jellyfish galaxies leave
extended trails or “tentacles” of star formation, when the de Broglie wavelength/velocity
of the halo particle and host cluster halo is favourable for particle interaction.

4.4. Globular Clusters and Dwarf Spheroidal Galaxies: A Common Primordial Ancestor?

LCDM predicts many more dwarf satellite galaxies than are observed. The situation
is closer to being resolved if globular clusters are included in the count of dwarf satellite
galaxies. GQM provides a mechanism to enable globular clusters (GC) to be part of the
satellite galaxy population. In GQM, the conjecture is that GCs and dwarf spheroidal
(dSph) galaxies are the direct descendants of the same primordial halo objects. Both contain
evidence of one or more central massive black holes, as expected if they were the same types
of objects. However, dSphs are the most dark matter-dominated structures known, whereas
GCs have little to no DM. At first sight, this would suggest that they are objects with very
different origins. How is the dark matter difference resolved in the GQM conjecture?

It is asserted in the GQM scenario that the baryonic halos of dSphs have been largely
undisturbed since their original formation (apart from star formation). Left alone, these
baryonic halos have equilibrated so that their overall eigenspectral ensemble is dominated
by dark eigenstates (as discussed in Section 4.2), making them some of the most dark
matter-dominated structures in the universe.

Globular clusters are, however, speculated to have had a very different history by
virtue of having had considerably more interaction with their host galaxies by having
orbits that passed around and through the discs or halos of their large host galaxies. With
each pass through a halo, weak particle–particle interactions shift their baryons into more
highly interacting eigenspectral compositions (Figure 6b), resulting in the gravitational
coalescence of gas and a burst of star formation. Once a GC has left the densest part of the
host halo, the remaining uncoalesced gas re-equilibrates, and the cycle repeats on each halo
pass until most of the baryons have been converted to stars. In this way, we observe GCs to
have little dark matter but still contain massive central PBHs, like dSphs. We thus predict
GCs to be associated with larger galaxies or galaxy cluster halos and to be predominantly
composed of ancient stars, with possibly two or more stellar generations. Lone GCs far
away from other galaxies or galaxy cluster structures should not be common, whereas lone
dSphs would be more likely. This scenario predicts that the long-term averaged radial
positions of a galaxy’s GCs will be less than that of its dSphs. This has been seen to be the
case for the GCs and dSphs of the Milky Way and M31 [20].

5. The GQM Scenario for Halo Formation—Primordial Black Holes from the e+/e−

Phase Transition and Their Relation to Galaxy Number Density

Particles with dark eigenspectral ensembles form naturally in large gravitational wells.
Ernest (2003) [23] suggested that if GQM was correct it would imply a need for the for-
mation of supermassive primordial black holes in the early universe. It was predicted
that these black holes should be < ∼ 1036 kg at formation and that they can be found
today at the centres of galaxies of all sizes and at the centres of globular clusters [23].
Although controversial at the time, the evidence for these supermassive black holes has
grown [24], and it is now reasonably well established that they exist in the centres of most
galaxies. These primordial supermassive black holes provide deep wells to enable the
capture formation of baryonic material in the form of dark eigenspectral ensembles and
explain how a universe can be all baryonic yet still be consistent with the two pillars of
evidence that originally led to the hypothesis that dark matter is composed of a particle
beyond the standard model. The two pieces of evidence are the predictions from BBN [25]
and an analysis of the CMB anisotropies [26]. Strong evidence from measurements of
the light element abundances as predicted from BBN and analysis of the CMB anisotropy
observations implies that baryonic matter makes up at most only about one fifth of the total
matter content. GQM does not claim that the observational data are wrong but suggests
that the theoretical basis of these observations needs reformulation in a universe where
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gravitational quantum mechanics implies that the cross sections used may be in error in
the environment of bound gravity wells [14,16]. In the GQM scenario, such deep grav-
ity wells would form as a result of direct collapse during phase transitions in the early
universe [27–31]. This enables the existence of dark eigenspectral ensembles before recom-
bination and even at or before BBN [32]. One possible scenario [14,23] to achieve this is
further discussed below. Even at the earliest times, LCDM modelling of early cosmic evo-
lution such as in [33] needs to be formulated against the backdrop of a universe scattered
with the potential wells of black holes with masses over several ranges, corresponding to
their formation at each of the phase transitions that enabled their production.

It is well known theoretically that the production of primordial black holes (PBHs),
with masses up to approximately the horizon mass, is possible in over-density regions
at various phase transitions in the early universe [25,27]. At the t ∼ 1 s, e+/e− phase
transition, this corresponds to PBH masses of ∼ 1035 − 1036 kg. Ernest [16,23], in discussing
the early halo formation scenario in GQM, suggested that galactic centre black holes should
be of at least this mass and possibly a lot greater, with a primordial origin that originated
from this particular phase transition. By applying Carr’s PBH number density relation [25]
to the t ∼ 1 s phase transition, it is possible to obtain an order of magnitude estimate of
the present-day equivalent number of such supermassive black holes. This number density
is similar to the present-day number density of galaxies [14], although the estimate is
dependent on the equation of state softness parameter, as discussed by Carr [25], and what
is taken as a merger rate over cosmic history. Nevertheless, the equivalence is intriguing.
Furthermore, recent observations of galaxies formed very early that are now being observed
by the James Webb Space Telescope [24,34] suggests that these supermassive primordial
black holes from the electron–positron phase transition are a necessity for such early
formation of the galaxies.

The gravitational potential around t ∼ 1 s phase transition PBHs is significantly
deeper than the thermal energy of the particle–radiation background at the time for a
considerable distance out from the PBH. Even without the formation of weakly interacting
eigenspectra, the radiation–particle collision processes cannot prevent halo formation near
these very massive PBHs at or before BBN [14]. Protons and electrons can be gravitationally
held in these PBH wells, even without the possibility of weakly interacting eignespectral
compositions. As time proceeds, the surrounding cosmos cools and expands, increases the
contrast density, and enables further capture as the PBH–halo gravity field travels outwards.
The GQM-predicted reduced scattering cross sections add to the potential for capture. A
simplistic model [14] shows that quite massive halos can form before the completion of
BBN, with masses limited only by the presence of adjacent halos. This early halo formation
enables much earlier structure formation and differs from standard LCDM, where baryon
capture occurs later, after DM halo formation. In the GQM scenario, the size and number of
primordial baryonic halos are inversely related and depend on the number of over-density
regions and on the value of the softness parameter in the Carr number density equation [14].
Hence, an estimate of the number density of equivalent pre-merged galaxies in the universe
should yield information about the conditions at the t ∼ 1 s phase transition time.

Supermassive black hole formation by direct collapse would be expected to be accom-
panied by the emission of gravitational waves. We would expect that if virtually all of
the supermassive black holes found at galactic centres were of primordial, direct collapse
origin, then the universe should be filled with the gravity wave noise of these collapse
processes. The gravity wave spectrum should reflect the number density and size of these
t ∼ 1 s black holes and the black hole mass spectrum, calculable from [25]. The recently
suggested detection of super-long wavelength gravitational waves using pulsar timing [35]
may be evidence for such a direct collapse. At t ∼ 1 s, the supermassive black holes of
the GQM scenario should produce gravitational waves of wavelengths of the order of the
gravitational waves seen since the t ∼ 1 s horizon distance ( rh ∼ 3 × 108 m) multiplied by
the t ∼ 1 s redshift factor ( z ∼ 2.7 × 109) ≈ 8 × 1018 m.
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In the QDM scenario, the t ∼ 1 s direct collapse black holes and their primordial
halos are in place at a very early time [14]. This results in severe inhomogeneity during
the BBN process, much more than has been assumed so far in the literature. Preliminary
(unpublished) work on this using the density variations expected from primordial halo
formation, with the standard BBN elemental abundance prediction curves, suggests that
inhomogeneity alone may be sufficient to allow for a baryonic universal density fraction
of ΩB ∼ 0.3. This suggests that a reanalysis of BBN that includes the reduced BBN cross
sections different from those obtained in reactor measurements, but potentially predictable
from GQM theory inside primordial halos, is also necessary. Such reanalysis could lead to
a final deuterium abundance consistent with what is currently measured but for a greater
original baryon-to-photon ratio (η10). It may also help with the lithium problem [36], as the
abundance curves for lithium-7 and lithium-6 versus η10 have opposite gradients around
the expected η10 value.

An Important process in the formation of CMB anisotropy is that of baryon acoustic
oscillation (BAO) [31,37], which is critically dependent on the Compton scattering cross
section from free electrons. Ernest [14] discussed the possibility that, at decoupling, pre-
existing halos were so close that there may have been only small regions between halos
that could be considered field free. In this case, the Compton scattering process takes
place predominantly in the bound halo wells, where the scattering cross section is much
reduced. No theory of BAO in a region of space containing such a high concentration
of halo wells has yet been investigated. The number density of halo wells at decoupling
(equivalent to the present galaxy number density evolved back to z ∼ 1100) corresponds
to l ∼ 20, 000, so anisotropy relating to individual halo well number density will not be
directly observable in the anisotropy power density spectrum.

6. Observational Tests and Predictions from GQM

6.1. Dark Matter Fractions of High-Temperature Halos

No direct evidence of a dark matter particle has been observed. The possibility that
a dark matter particle may simply be a consequence of a particle’s environment and
quantum history is attractive because it does not require a particle beyond the standard
model. But how is the existence of a particle wavefunction with a predominantly dark
eigenspectrum verified? We cannot specifically distinguish the detection of a proton with
such a wavefunction from one with a more highly visible eigenspectrum. Its detection
would simply be a proton, and its presence would not be unexpected, because gravity
would suggest that it existed there anyway. Additionally, it would not necessarily carry any
history of its pre-detection wavefunction. A better test of GQM is to make GQM predictions
about halo composition and dark matter fractions and compare them with observations.
The GQM prediction is that the DM-to-gas mass ratio would be larger for large structures
with less interaction history [14,19] and that equilibrated structures might have observed
DM-to-gas mass ratios that vary in a predictable way with scale (Figure 6a).

Observationally, the DM fraction of a galaxy halo is determined by adding together
the galaxy’s stellar and gas mass components and subtracting this “visible” mass from the
dynamical mass, as determined from observations of rotation curves and lensing. One
possible test is to use the procedure of Section 3 to better determine the true mass of the
gas component using the predictions of GQM. The eigenspectral distribution of the halo
particle wavefunctions is estimated from the wavefunction quantum interaction history,
mean free path, velocity, and associated uncertainties. Theoretically, by calculating the
GQM eigenstate interaction cross sections for all combinations of eigenstates in the halo
well, the in-situ cross sections for all processes and particles in the halo can be obtained
under any conditions. These theoretical data can then be used to recalculate the GQM-
based estimate of the galaxy’s gas mass. The stellar plus revised GQM-calculated gas
mass can then be compared to the dynamical mass of the galaxy as before and used to
determine whether exotic dark matter is still required. It is well known that large spiral
and elliptical galaxies and clusters of galaxies have very hot (106 − 108 K), almost totally
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ionized halos [38]. Calculating halo mass using GQM-derived cross sections is probably
the only way to get a true measure of the halo density and determine whether the total
eigenspectral ensemble of particles (plus stars, black holes, etc.) will match the observed
dynamical mass.

6.2. GQM Predictions for Low-Tempertaure Halos: HI-Dominated, Dark Matter-Free Galaxies,
and H2-Dominated, High-Dark Matter Galaxies

Perhaps the most definite test to explain the nature and origin of dark matter from
GQM comes from observations of low-temperature halos. In particular, the recently dis-
covered dark matter-free galaxies and dark matter-dominated low-temperature halos will
provide outstanding observational testing grounds. Not all halos are hot, and lower-
temperature halos may be composed of compound particles with an internal structure
such as HI or H2. Absorption or emission of radiation from the internal transitions in
these species will yield an accurate measurement of their number density because the cross
sections for internal processes are not dependent on the gravitational eigenspectra of the
wavefunction itself. Thus, for low-temperature halos where there is little to no HI, it is
possible to obtain an accurate mass of the halo gas component provided the temperature is
known.

The Doppler dispersion σT of the internal gas transition linewidths provides a direct
measurement of the gas temperature of an equilibrated halo. Caution is needed, however,
because any observed galaxy dispersion σobs includes the bulk rotation and other motions
of the halo gas as well as the internal dispersion of the transition linewidths. Additionally,
observed velocity dispersions are usually line-of-sight or radial measurements 〈v2

r 〉—that is,
σ2

obs ≡ 〈v2
r 〉 =

1
3 〈v

2
total〉 [39]. The halo’s M0/R0 ratio (see Section 2) yields the bulk rotation

speeds of stars and gas using the enclosed mass M0r/R0 and mv2
r

r = GM0r
R0r2 , respectively, but

can also provide an approximate upper limit on the gas temperature, assuming that the
gas temperature can be related to the average eigenfunctions’ de Broglie wavelengths. In
GQM, eigenstates have an equivalent kinetic energy, as determined by the eigenfunctions’
de Broglie wavelengths when averaged as per the virial theorem. Assuming that the σobs

can serve as providing an approximate upper limit to these de Broglie wavelengths, M0/R0

can be used to yield an estimate of a halo’s temperature. In virtually all astrophysical
situations, this yields at least one order of magnitude of agreement with measured halo
temperatures, ranging from the largest clusters of galaxies to dwarf galaxies, the Sun’s
corona, and the Earth’s ionosphere [19]. For an equilibrated halo, the mass M0, size R0, and
effective concentration (M0/R0) of an equilibrated halo can then be related to the fractional
phase composition of HII, HI, and H2. Importantly, GQM predicts that the variation in
M0/R0, ratios, the associated gas temperatures, and proximity to equilibrium give rise to a
large range of observed dark matter fractions, ranging from halos that are virtually dark
matter free to ones that are dominated by dark matter. Of course, a galaxy could appear to
have no dark matter simply because it has little to no gas whatsoever (like most GCs and
galaxies like the relic galaxy NGC 1277 [40,41]). In GQM, however, a low-temperature halo
could have substantial gas content and appear either dark matter free, if it was almost all HI
(detected by, say, 21 cm radiation), or dark matter dominated, if it was not in equilibrium
or contained large fractions of H2.

For equilibrium conditions and halo particle densities of 106 − 107 m−3, the Saha
equation provides the 50% dissociation temperature (H2 ↔ 2 HI) between 900 and 1100 K,
depending on density and other factors. Similarly, the range of ionization temperatures
(HI ↔ HII + e− ) is between 3000 and 4000 K. There is a narrow range of temperatures
between dissociation and ionization where an equilibrated and necessarily quiescent galaxy
halo could consist almost entirely of atomic hydrogen. GQM predicts that such HI-rich and
HII- and H2-deficient galaxies would then appear to be dark matter free. Dark matter-free
or almost dark matter-free galaxies are expected to be rare because there are many processes
that could result in a galaxy being contaminated with potentially dark HII or H2. The halo
must contain a large diffuse (HI) gas component, it must be in a high degree of equilibrium,
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and it must have a tightly constrained M0/R0 ratio. Its equilibrium temperature must
lie in the narrow range required for HI dominance (1 − 3 × 103 K), and lastly, it must be
quiescent and isolated so that there is little production of HII or H2 from ongoing internal
processes or from external infall. Although rare, such quiescent, HI-rich, dark matter-free
galaxies have recently been observed—for example, the ultra-diffuse galaxy (UDG) AGC
114905 [42]. For an equilibrated, virialized halo with an inverse square radial density profile,
the halo temperature T relates to the observed face-on, radial HI velocity dispersion σr via
T ∼ mHI σ2

r /k, where k is the Boltzmann constant. The HI dispersion value in AGC 114905
is ∼ 5 km/s, implying an equilibrium halo temperature of ∼3000 K, a halo temperature in
the range where almost all hydrogen could be present as HI. Significantly, AGC 114905′s
halo also has far more HI than expected for a typical galaxy. This excess of HI in AGC
114905 is equivalent to a situation where all the dark matter of standard LCDM had been
replaced with atomic hydrogen. Other UDFs with halo velocity dispersions that suggest
that they could have HI-dominant halos and be dark matter free include NGC1052-DF2
( σr ∼ 7.8 ±5.6

2.2 km/s) and NGC1052-DF4 ( σr ∼ 4.4 ±4.2
2.2 km/s).

There are many even smaller halos in the universe with lower masses and lower M0/R0

ratios (e.g., dSphs). The existence of these galaxies whose halo temperatures, as per their
velocity dispersions, could be considerably lower than AGC 114905 suggests a further ob-
servational test for GQM. These galaxies generally have a very high dark matter content.
If their halos are in equilibrium, their lower M0/R0 ratios mean that their halo tempera-
tures could be low enough that the halo composition may include, or even be dominated
by, hydrogen in the molecular phase. Examples include ultra faint galaxies such as Segue
1 and Segue 2. These galaxies are considered some of the most DM-dominated galaxies in
the universe. GQM, however, predicts that the dark matter observed in these dwarf galax-
ies is molecular hydrogen. Molecular H2 does not emit 21 cm radiation, and so it is not
surprising that the H2 has gone undetected and been interpreted instead as the (dominant)
dark matter component of the halo. It is proposed that efforts be put into the detection of
this molecular hydrogen. Currently, H2 densities are deduced using CO as a proxy. This
proxy is known to be unreliable [43], and the transfer rate between CO and H2 is likely
be problematic, according to GQM. H2 would be detectable via emission of radiation from
rovibrational transitions of the molecule and, as already mentioned, the flux of this radiation
will only depend on temperature and will not be affected by the gravitational eigenspectral
distribution of the H2 molecule itself. Hence, according to GQM, if the total mass of the H2 in
these halos can be accurately measured using this radiation, then the halo should show no
mass deficit. The emission of rovibrational radiation depends on the gas temperature (via
T ∼ mHI σ2

r /k) and the degree of excitation of the rovibrational energy levels, and these need
to be deconvoluted. Possible candidates include Hydrus I (σ = 2.7 ± 0.5 km/s), Reticulum II
(σ∗ = 3.3 ± 0.7 km/s), Carina II (σ = 3.4±1.2

0.8 km/s), and Segue I (σ = 3.7±1.4
1.1 km/s) [44,45].

Infrared and microwave radiation from this rovibrational radiation may be detectable via the
James Webb Space Telescope if the halo temperatures are suitable. Another way of measuring
the H2 mass without using a proxy is to look for absorption of the molecular Lyman–Werner
lines from radiation passing through the low-temperature halos. This, of course, requires
a continuum source such as a background quasar directly behind the dwarf galaxy. Both
observations need the temperature of the halo known to a high degree to determine the H2

number density. Specifically, the GQM prediction is that these low-temperature, super dark
matter-dominated halos will be composed almost totally of molecular hydrogen. Provided
the mass of that molecular hydrogen can be measured accurately by JWST or by background
quasar Lyman–Werner line scattering, this molecular hydrogen should make up the shortfall
in the mass of these galaxies and eliminate the need for exotic dark matter, just as was found
for the dark matter-free galaxies that contained principally atomic hydrogen.

6.3. Other Evidence for Excess HI?

There are two recent observational results that hint at excess hydrogen atoms in
the universe. The first comes from the EDGES experiment [46], designed to study the
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epoch of reionization (EoR) in the early universe. The experiment detected a 78 MHz
absorption feature, corresponding to red-shifted 21 cm HI radiation originating at z = 17.
The significance of the result is in the amplitude of the signal, which was considerably
greater than expected and could be interpreted as indicating a much greater concentration
of atomic hydrogen in the early universe than theory predicts. Several other suggestions
have been put forward for why the signal is so much larger than expected, but further
observations are needed to establish the origin of the discrepancy.

The second result comes from the Voyager space probes that are believed to now
be beyond the heliopause of the Solar System and in a position to make in situ electron
density measurements of the interstellar particle number density. This direct particle
number density measurement uses electron plasma oscillations in a cavity. These den-
sity measurements show an increase in electron density beyond the heliopause that is
greater than expected, 0.12 cm−3 ± 15% [47,48], compared to theoretical predicted values of
~0.3 ∼ 0.03 cm−3.

7. Discussion and Summary

The physics behind GQM is straightforward and sound: We now have experimental
proof that (1) particles exist in gravitational quantum states formed in gravitational potential
wells and (2) current experiments have entangled wavefunctions spanning hundreds of
kilometres, and it is expected that there will be no limit to the scale at which QM can be used
to predict particle behaviour and properties. GQM is not a theory but a prediction based
on these two aspects of physics. The optical cross sections of the interaction of photons
with particles (scattering and emission) are predicted to be significantly reduced in large-
scale gravitational wells of galaxy halos when compared to what might be expected from
measurements made in Earth-based laboratories or those that are theoretically predicted in
field-free regions. What follows from this is an understanding of the nature of dark matter
in terms of currently known physics using particles without a need for particles beyond
the standard model. GQM also introduces important new requirements for modelling
galaxy formation from supermassive black holes formed at the last phase transition and
the subsequent evolution of galaxy structure. It provides an understanding of the origin
and quenching of star-forming material, the origin of GCs and their relationship with dSph
galaxies and primordial halos, the origin of the satellite galaxies required by LCDM, and
the origin of galactic centre black holes and the mass correlations they have with their host
galaxies. Taken together, this would suggest that GQM is as fundamentally necessary to
include in understanding the nature of the cosmos as is general relativity. Ultimately, the
test of any theory is how well it describes future observations, and it is necessary to devise
observations to detect the predicted H2 in dark matter-dominated low-temperature halos.
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Notes

1 More recently, a rudimentary transition energy spectrum for these gravitational eigenstates, somewhat analogous to spectral

series for electrons, has been demonstrated.
2 There are many examples of novel macroscopic quantum effects—long-range quantum entanglement, superconductivity and

superconducting quantum interference, and Bose–Einstein quantum states.
3 The terms “dark particle,” “dark matter,” and “particle darkness” are taken to mean both non-radiative and optically weak

interaction.
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